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Results of the second phase of deep-sea polymetallic 
nodules geological survey in Interoceanmetal 
Joint Organization licence area (2016–2021)

PETER BALÁŽ

Interoceanmetal Joint Organization, Szczecin, Poland

Abstract: The exploration rights of the Interoceanmetal Joint Organization for exploration of polymetallic no-
dules (PMN) are granted from 29 March 2001 to an area located within the Clarion-Clipperton Zone (CCZ) in 
the eastern central Pacifi c Ocean. Exploration area covers 75,000 km2 and consists of two sectors (B1 and B2). 
The B2 sector comprises four exploration blocks (H11, H22, H33 and H44). The most prospective area, selected 
for detailed research, is marked as H22_NE exploitable block and delineated within the H22 exploration block. 
The article presents results of geological survey, based mostly on the data collected during the second phase of 
exploration in the licence area (2016–2021, extension of the contract). Results are based on IOM’s expeditions 
and relevant analytical work. During the IOM-2018 expedition high resolution bathymetric survey of H11, H22, 
H33 and H44 exploration blocks was carried out. The IOM-2019 expedition provided a new set of the data obtai-
ned using the distance methods (side-scan sonar, profi ler) and contact methods (box-corer and gravity corer) in 
H22_NE exploitable block, H33 exploration block and preliminary delineated Preservation Reference Zone. The 
study was focused on analytical work based on sediment and nodule analyses of samples in H22 exploration block 
and H22_NE exploitation block. New estimation of mineral resources in B2 sector was caried out using the geo-
statistical method of ordinary block kriging with Yamamoto correction. The polymetallic nodule resources have 
been classifi ed within the Inferred, Indicated and Measured Resources categories of the CRIRSCO classifi cation 
system.

Key words: deep sea exploration, seabed minerals, polymetallic nodules, Clarion-Clipperton Zone   

Introduction 

The exploration rights of the Interoceanmetal Joint 
Organization are granted from 29 March 2001 to an area 
located within the Clarion-Clipperton Zone (CCZ) in 
the eastern central Pacifi c Ocean. All activities related 
to exploration of minerals in the CCZ (the Area – the 
seabed and ocean fl oor beyond the limits of national 
jurisdiction) come under the United Nations Convention 
on the Law of the Sea (1982), the Agreement relating to 
the implementation of Part XI of the Convention (1994) 
as well as Regulations on Prospecting and Exploration for 
Polymetallic Nodules in the Area – regulations established 
by the International Seabed Authority (ISA). The ISA 
issues legal documents regulating the conduct of research 
and the future use of the seabed. 

As of 2021, ISA has entered into 19 contracts for ex-
ploration for polymetallic nodules (PMN) in the Cla-
rion-Clipperton Fracture Zone, Central Indian Ocean Basin 
and Western Pacifi c Ocean. Besides that, there were 7 con-
tracts for exploration for polymetallic sulphides in the South 
West Indian Ridge, Central Indian Ridge and the Mid-At-
lantic Ridge and 5 contracts for exploration for cobalt-rich 
crusts in the Western Pacifi c Ocean (ISA, 09/2021). 

Adjacent properties (common borders) to the IOM 
exploration area belong to 4 organizations – NORI (Nauru), 
OMS (Singapore), BGR (Germany) and BMJ (Jamaica) 
(Fig. 1). The BMJ exploration area was delineated in April 
2021 and refl ects generally increased interest in deep sea 
mineral exploration in the area that has emerged during the 
past decade. 11 out of a total 19 exploration contracts has 
been signed in the 2011–2021 period. 

• Detailed multibeam bathymetry mapping of 4 explo-
ration blocks (H11, H22, H33, H44). 

• Chemical, geochemical and mineralogical analysis 
of sediments and nodules in H22_NE block.

• Assessment of the ability to determine polymetallic 
nodule abundance based on seabed photography. 

• New resource estimate, including identifi cation of Mea-
sured Resources (CRIRSCO classifi cation system).

H
ig

hl
ig

ht
s

G
ra

ph
ic

al
 a

bs
tr

ac
t

BSE image of the analysed polymetallic nodule
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The IOMʼs contract for exploration of polymetallic 
nodules was granted for 15 years and provides the con-
tractor security of tenure and exclusive right to explore 
for polymetallic nodules in the exploration area, as well 
as to move to a contract for exploitation. Regulations for 
exploitation of mineral resources in the Area are under 
the development process by the ISA. In 2016, the con-
tract was extended for the following 5 years. A summary 
of the results of the geological survey of the first phase 
(2001–2016) was published recently (Baláž, 2021). 

In addition to geological survey, IOM is engaged in 
research into the technology of mining and processing of 
deep-sea polymetallic nodules, as well as environmental 
research.

Location
The IOM exploration area covers app. 75,000 km2 of 

the eastern part of the CCZ and consists of two sectors, 
B1 and B2. In B2 sector there are four exploration 
blocks (H11, H22, H33, H44) and preliminary delineated 
Preservation Reference Zone (Tab. 1, Fig. 2). Within the 
H22 exploration block the H22_NE exploitable block was 
delineated. Preservation Reference Zone (PRZ) is an area 
in which no mining shall occur to ensure representative and 
stable biota of the seabed in order to assess any changes 
of the marine environment. The obligation of establishing 

Fig. 1. Outlines of the IOM exploration area and adjacent properties in the Cla-
rion-Clipperton Zone (ISA, 2021).

the PRZ in its license area is imposed on 
the contractor by the ISA. Delineation of 
the PRZ in the IOM exploration area is 
preliminary and the final location is being 
considered. 

Tab. 1
IOMʼs Exploration area (sectors and blocks).  
Areas are calculated in UTM map projection  

coordinate system. 

Exploration area Area 
[km2]

B1 sector 11 952

B2 sector 63 234

H11 exploration block  5 390

H22 exploration block  4 151

H22_NE _NE exploitable block 957

H33 exploration block 4 008

H44 exploration block 1 919

PRZ (preliminary) 2 626

Total 75 186

Survey methodology
Before the signing of the exploration contract between 

the ISA and IOM in 2001, 21 research expeditions were 
carried out to the CCZ area, mainly focused on regional 
research. In the first phase of the contract (2001–2016), 
4 expeditions were organized. In the second phase 
(2016–2021, the extension of the contract) there were 2 
expeditions. The work was carried out in accordance with 
the program approved by the ISA. The study included 
a geological survey focused on determination of PMN 
abundance, nodule coverage, determination of metal con-
tent and chemical composition of PMNs, as well as study 
of seabed sediments, their geotechnical properties. During 
the expeditions basic oceanographic, meteorological and 
environmental data were collected. During the extension 
period 2 expeditions were carried out (2018 and 2019): 

IOM-2018
– high resolution bathymetric mapping of selected 

parts of the IOM exploration area – H11, H22, H33 
and H44 exploration blocks (15 609 km2 in total),

– Н11 5,400 km2 (1 : 100 000 scale),
– Н22 3,201 km2 (1 : 100 000),
– Н33 3,970 km2 (1 : 100 000),
– Н44 1,920 km2 (1 : 100 000),
– Н22_NE 1,118 km2 (1 : 50 000).
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 – Geoacoustic profiling 313.54 km
 – Photo-video profiling 418.14 km
 – Sample retrieval with a box corer 

32 launch-raising operations
 – Sample retrieval with a gravity corer 

4 launch-raising operations

As a part of the IOM-2019 expedition, geoacoustic 
survey (geoacoustic profiling with side-scan sonar) 
was used for detailed mapping of the seabed, obtaining 
the acoustic bottom profile to a depth of about 100 m. 
Photo and video profiling provided information for the 
analysis of bottom nodule coverage (individual images 
of the bottom) and the identification of zones with 
the occurrence of PMN, as well as the identification 
of obstacles to potential mining. Two types of seabed 
sampling systems were applied during the expeditions: 
sampling of PMN and sediments using a box-corer 
device; and sediment sampling using a gravity-corer 
device. Basic work and measurements requiring 
immediate sample processing were performed on board 
of the research vessel during the shipment.

Results
After individual expeditions, the results of the 

survey were summarized in reports on geological and 
environmental research, in semi-annual reports for 
the meetings of the IOM Council, as well as in annual 
reports for the ISA. The overview and results of the 
survey work are summarized in technical reports (Baláž 
et al., 2019; Zarzecki et al., 2021).

The presented results provide additional informa-
tion to the data presented earlier (Baláž, 2021), relevant 
for updating the resources estimate in the B2 sector. 
The collected data are used for planning of the IOM 
polymetallic nodules project – potential exploitation 
and processing of raw materials, environmental impact 
assessment, economic assumptions and feasibility of 
the project. 

Seabed topography

The bathymetric survey was carried out according to 
the design profile scheme. Exploration blocks H11, H22, 
H33 and H44 were mapped at scale 1 : 100 000. A system 
of parallel profiles has been used, to ensure 80 % overlap 
of adjacent profiles. The distance between profiles was 
9 km. Exploitable block N22_NE was mapped at scale 
1 : 50 000. A system of parallel profiles has been used, to 
ensure 100 % overlap of adjacent profiles. The distance 
between the profiles was 4.3 km. This provides detailed 
information for the area selected for initial mining phases. 

A set of charts were prepared for each block, including 
the colour-shade chart (Fig. 3), the bathymetric chart with 

Fig. 2. IOM exploration area (B1 and B2 – sectors, H11, H22, H33, 
H44 – exploration blocks, H22_NE – exploitable block, PRZ – Pre-
servation Reference Zone).

Multibeam bathymetry was used to measure depth and 
map the bottom morphology using multibeam echo soun-
der, providing information on the character of the seabed 
based on the intensity of the reflected signal (backscatter). 
Work was carried out in exploration blocks H11, H22, H33 
and H44. A detailed survey was carried out in the H22_NE 
exploitable block.

IOM-2019

IOM conducted an at-sea exploration in selected parts 
of the exploration area (H22_NE exploitable block, H33 
exploration block and Preservation Reference Zone).
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contours, the contours chart, the gradient chart, the chart of 
slopes of the sea-bottom exceeding 7° as well as the chart 
of amplitudes of the backscattered signal.

Lithology and stratigraphy

The structure of the sedimentary cover of the H22 
exploration block

The study of the structure of the sedimentary cover 
of exploration block H22 is based on the interpretation 
of hydroacoustic profile 707_2. The total length 
of the profile is 57,159 m. It is a continuation of the 
hydroacoustic profile No. 707, passing from the south 
from the H11 exploration block. The profile is oriented 
from SW to NE, azimuth 65° (Fig. 4). 

Hydroacoustic complex A is subdivided into sub-
complexes A1 and A2, where A1 includes cover clay 
and siliceous-clayey sediments and A2 clay sediments 
– red deep-sea clays, radiolarian clays, possibly with 
zeolites. The acoustic boundaries between A1 and A2 
are discontinuous and are clearly manifested only in 
those sections where clay-ore crusts with increased 
strength characteristics are found in the upper part of 
red deep-sea clays, which are a good acoustic marker. 
Complex B represents calcareous clays, an interbedding 
of nanofossil limestones and radiolarian clays, complex 

C represents layer of nanofossil limestones and complex 
F represents basement, composed of tholeiitic basalt (Fig. 
5). A study shows that the maximum thickness of the se-
dimentary cover in the full section is 92 m at the 17.2 km 
picket. Thickness of particular hydroacoustic complexes: 
A1 – 6.5 m, A2 – 11 m, B – 39.3 m, С – 35.2 m (Dreiseitl, 
2018).

Fig. 3. Colour-shade chart of the H22 exploration block.

Fig. 4. Position of the 707_2 profile in the H22 exploration block (red line).
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In several places of the profile, 
bottom sediments are missing and 
basement rocks in the form of cliffs 
and/or volcanic edifices emerge. 
Near the outcrops, the thickness of 
bottom sediments is considerably 
reduced.

Physical and strength proper-
ties of bottom sediments in 
H22 exploration block

Determination of the physical 
and strength properties of bottom 
sediments was carried out at 50 
sampling stations collected in ex-
peditions until 2014. The sampling depth was determined 
by the possibility of taking samples of undisturbed compo-
sition and not exceeding 0.44 m.

Determination of the moisture and soil density was car-
ried out on 125 samples. The test of penetration resistance, 
vane shear strength and the residual strength of sediment 
was performed on 98 samples. The following parameters 
were calculated: parameters of dry unit weight, porosity, 
porosity factor and bulk density, and the over-consolida-
tion ratio.

Figure 6 presents the water content and density values 
of the two observed types of bottom sediments, evalua-

ted in an on-board laboratory. The difference between the 
siliceous varieties of bottom sediments (blue points) and 
non-siliceous red pelagic clays (red points) can be ob-
served, confirming their different engineering-geological 
properties. The bottom sediment samples, selected for 
engineering and geological studies, were analysed in two 
ways (Dreiseitl, 2018):

 – according to the type of bottom sediments,
 – according to the depth of sampling intervals.

The types of bottom sediment (Dreiseitl, 2018): 
Siliceous clay silt with an in-

creased content of diatoms (SIL-
ETM), with amorphous silica 
content exceeding 20 %, analysed 
on samples drawn from depth 2 to 
30 cm. In the case of a GAL sam-
ple (geochemically active layer, 
0–7 cm), which is of semi-liquid 
state, determination of the strength 
properties was impossible. 
Siliceous clay (SIL) with amor-
phous silica ranging from 10–20 %, 
is the most common sediment type 
in the H22 exploration block. They 
are found at the depths from 2 to 
30 cm. 
Slightly siliceous clay (SLSIL) 
with amorphous silica ranging 
from 5–10 %, can be found in the 
depths ranging from 10 to 30 cm. 
Red pelagic clay (RPC) is charac-

Fig. 5. Maximum section of the se-
dimentary cover (92 m) along profile 
707_2 in the area of station 3 505 
(16.3 kg/m2, depth 4 332 m) (Dreiseitl, 
2018).

Fig. 6. Distribution of siliceous (blue area) and non-siliceous (red area) types of the sedi-
ments, according to soil volume density and water content (Dreiseitl, 2018).
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terized by an amorphous silica content less than 5 %. They 
were found in depth interval 8 to 44 cm. 

The mean values for the physical and strength 
properties of different types of bottom sediments in the 
H22 exploration block are given in Tab. 2

The depth intervals analysed:
0–7 cm – geochemically active layer (GAL), 
8–20 cm – the predominant sampling interval was 

10–15 cm, 
25–32 cm – predominant sampling interval was 

25–30 cm,
> 32 cm.
The mean values for the physical and strength proper-

ties according to the depth of sampling intervals in the H22 
exploration block are given in Tab. 3.

Variability of the water content and the sediment 
density, together with the depth, is shown in Fig. 7 (the 
deeper the sediment is deposited, the denser it is – a result 
of squeezing sea water from the pore space). The highest 
water content was measured in the GAL sediments (range 
0–7 cm), which are in direct contact with seawater and, 
accordingly, these precipitates are characterized by low 
density.

Based on the strength analysis of the particular bottom 
sediments in the exploration block H22 at the depth interval 
of 8–20 cm (prevailing sampling interval of 10–15 cm) 
a map of strength properties in a scale 1 : 400,000 was 
prepared. An interval of 8–20 cm includes the first 
underlying layer at all stations. The second underlying 
layer, usually at the 25–30 cm interval, is not disclosed at 
all stations. The average strength of bottom sediments of 

Tab. 2
The mean values for the physical and strength properties of different types of bottom sediments in the H22 

exploration block (Dreiseitl, 2018).
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RPC 5 226 1.28 0.39 86 6.40 2.90 3 22.3 12.9 4.0 3.3

Tab. 3
The mean values of the physical and strength properties of bottom sediments according to sampling depths in the H22 

exploration block (Dreiseitl, 2018).
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sediments in relation to the depths of sampling, as well 
as to the depths of the ocean (Fig. 8), no anomalies were 
observed. Values of Eh ˂ 400 mV were generally not 
observed in the study area, except for 4 values of Eh in 
the interval 300–400 mV (red points in Fig. 8). The range 
of pH variability is 7.10–7.80, which characterizes the 
environment from weakly alkaline (7.50–7.80) to neutral 
(7.00–7.50). The range of Eh variability does not exceed 
(without taking into account 4 extreme values) 160 mV.

Red pelagic clays were identified at 6 sampling 
stations, where 7 data pairs were obtained. The range 
of pH variability is 7.33–7.59, which characterizes the 
environment as neutral. All Eh values are > 400 mV and 
the range of variability reaches 190 mV (Dreiseitl, 2018).

the second layer (5.3 kPa), exceeds the average strength of 
the first layer (4.0 kPa).

Geochemical properties of bottom sediments in H22 
exploration block

The active pH reaction and the redox potential Eh are 
the main geochemical indicators of bottom sediments, 
which can be used to study the processes of oxidation 
and/or hydration. The measurement results (191 pairs) 
for the sampling intervals shown in Tab. 4, belong to the 
bottom sediments of GAL and all three known siliceous 
varieties: siliceous clayey silt, slightly siliceous clayey 
silt, and ethmodiscus silt. Both in the values of the active 
reaction of the medium and the redox potential of bottom 

Fig. 7. Vertical variability of water content (red line) and density (blue line) of the bottom sediments in the H22 exploration block 
(Dreiseitl, 2018).

Tab. 4
Active reaction and redox potential of siliceous clayey silts of H22 exploration block (Med – medium value,  

Max – maximal value, Min – minimal value) (Dreiseitl, 2018).

Sampling depth
[cm]

Number  
of asurement 

pairs

pH Eh [mV]

Med Max Min Med Max Min

0–3 (GAL) 49 7.48 7.60 7.21 473 553 402

3–5 (GAL) 14 7.44 7.56 7.23 481 551 437

5–10 (GAL) 10 7.42 7.51 7.30 470 501 420

10–15 50 7.42 7.62 7.10 484 565 415

25–30 47 7.45 7.80 7.12 468 553 403

> 30 21 7.37 7.72 7.24 484 517 422

191
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(0–5, 10–15 and 25 + cm). In siliceous se-
diments, manganese (5 582 to 2 020 ppm) 
and nickel (228 to 112 ppm) content 
decreases with depth, iron content (4.57 
to 4.90 %) increases with depth. Regula-
rities were not found for the rest of metals 
(Cu 337 to 466 ppm, Co 47 to 65 ppm, Zn 
140 to 146 ppm). The higher content of all 
elements is associated with the presence 
of micronodules in the sediment, as well 
as ore material near the crusts, which are 
often concentrated in the top layer of red 
pelagic clays (Dreiseitl, 2018).

More detailed analyses of chemical 
composition of bottom sediments were 
carried out in stationary (land) laboratory 
(Tab. 5). Samples from the same inter-
vals of depth were used (0–5, 10–15 and 
25+ cm). The total average content of rare 
earth elements in sediments (REE – 14 
elements from La to Lu, without Sc and 
Y) is 277 mg/kg, which is approximate-
ly 2 times less than that in nodules. Red 
pelagic clays represent the sediments with 
the most abundance of metals (Dreiseitl, 
2018).

In bottom sediments (without 
distinguishing individual sediment types), 
basic metals have an increased content in 
interval 0–5 cm, due to the presence of 
micronodules, as well as in interval more 
than 25 cm, which signals the proximity 
of layer of red pelagic clays and the 

presence of ore crusts on its top. Interval 10–15 cm is 
influenced by recent sedimentation, which is manifested 
by an increased content of amorphous silica and decreased 
content of metals. In the red pelagic clays, there is also an 
increased content of rare earth elements (in some samples 
reaching values over 300 ppm). 

Tab. 5
Average values of selected metal contents of bottom sediments by sampling depths (SIL = siliceous sediments, 

value in brackets = number of analysed samples) (Dreiseitl, 2018, modified).

Sediment type / 
Sampling interval 
[cm]

% ppm

Fe Mn Ni Cu Co Zn Pb Cd As

SIL [0–5]  4.50 (10) 0.46 (10) 159 (11) 349 (11) 63 (11) 126 (11) 18 (11) 0.22 (11) 7.17 (11)

SIL [10–15] 4.58 (10) 0.32 (10) 109 (11) 299 (11) 52 (11) 121 (11) 19 (11) 0.12 (11) 5.76 (11)

SIL [25–30] 4.75 (11) 0.57 (11) 198 (12) 476 (12) 96 (12) 136 (12) 23 (12) 0.23 (12) 6.91 (12)

Red pelagic clays 
[11–44] 5.63 (3) 2.05 (3) 508 (4) 944 (4) 224 (4) 187 (4) 31 (4) 0.60 (4) 9.02 (4)

Fig. 8. Distribution of pH and Eh values of bottom sediments in geologically active 
layer (GAL) over the ocean depth in the H22 exploration block (Dreiseitl, 2018).

Selected metal contents of bottom sediments in H22 
exploration block

Determination of 9 metal contents (Fe, Mn, Ni, Cu, 
Co, Zn, Pb, Cd and As) was carried out in the on-board 
laboratory at 65 samples, representing 23 stations (IOM-
2014 cruise). Samples were taken in three depth intervals 
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Selected metal contents in sediments of 
H22_NE exploitation block

In total, 60 samples were analysed. The mean 
Fe content (4.42 + 0.90 %) is higher than those 
of Mn (0.40 + 0.33 %). The mean Mn/Fe ratio 
is 0.08. The Mn and Fe contents increased with 
depth, the increase in some cases being related 
to the formation of diagenetic micronodules. 
Among metals other than Mn and Fe, dominant 
were Cu and Ni. The mean Cu and Ni contents 
were 388.3 + 101.5 ppm and 141.0 + 73.4 ppm, 
respectively. The content of Cu, Ni, Co, Zn and 
Pb were gradually increasing with depth. The 
As and Cd contents were low, with means of 
8.4 + 3.0 ppm and 0.14 + 0.13 ppm, respectively. 
The mean ∑REE content was 285.8 + 127.9 ppm, 
with LREEs dominating over HREE. Among the 
REEs, the highest contents were shown by Y, Ce, 
Nd and La. Like those of other metals, the REE 
contents were gradually increasing with depth, 
the increase being particularly pronounced (to 
more than 400–500 ppm) below 40–50 cm. In 
contrast, the ∑REE content in GAL and below 
was fairly uniform (Maciąg et al., 2021).

The gradual increase in the contents of all 
metals, including REEs, with depth (Fig. 9) has 
to be regarded as associated with diagenetic 
processes which are particularly intensive 
below 30–40 cm in the sediment (Maciąg and 
Zawadzki, 2019; Zawadzki et al., 2020). 

Grain size analysis of sediments in H22_NE 
exploitation block

The sediment in most samples was mostly 
slightly plastic, slightly to moderately sticky, 
slightly hard, and mottled. Few samples showed 
the sediment to be non-plastic or soft as well as 
gelatinous or brittle. Traces of bioturbation were 
found in 58 out of the 90 samples examined. 
An increased amount of micronodules, nodule 
remains and some unidentifiable biogenic 
remnants or intraclasts were observed in 15 
samples. 

None of the samples showed the presence of 
CaCO3, as tested with 10 % HCl. The absence 
of carbonates in the form of calcite or aragonite 
was additionally confirmed by the XRD analy-
sis.

The sediments examined represented sandy 
silts, clayey silts and silts. Several samples were 
inhomogeneous enough to be classified as sand-
silt-clay (Fig. 10). The sediments examined were 
generally very poorly and poorly sorted. The 
low amounts of very fine gravel and very coarse 

Fig. 9. Box-and-whiskers plots of depth-related variability in contents of se-
lected metals. Whiskers indicate the minimum and maximum values; boxes 
show the lower (25 %) and upper (75 %) quartile of the data (Maciąg et al., 
2020).

Fig. 10. The Shepard (1954) ternary diagram indicating the dominance of 
sandy silts, clayey silts, silts and a mixed group of sand-silt-clay (Maciąg et 
al., 2020)
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sand subfractions found can be related to the presence of 
polymetallic nodule fragments or micronodules. The clay 
fraction content varied from 6.71 to 30.55 %, increasing 
with depth in the sediment.

The mean grain size varies from 6.99 to 47.00 μm 
(4.41–7.16 Φ), with a mean of 18.48 μm + 8.08 μm 
(5.88 Φ). Sorting varied from 2.23 to 6.63 μm, with a mean 
of 4.05 μm. Skewness varied from –0.43 to 0.20 (Maciąg 
et al., 2020).

Amorphous silica content in sediments of H22_NE 
exploitation block

The UV-VIS analyses showed elevated contents of 
biogenic silica (amorphous siliceous phase represented by 
opal-A), which was also indicated by the XRD analyses 
(Maciąg et al., 2020). The biogenic SiO2 contents were 
found to vary within 9.28–39.04 % (mean of 22.51 + 
6.02 %). These values are about 12 to 15 % lower than the 
XRD data; however, they do not include other amorphous 
mineral phases such as volcanic glass or allophanes 
(Maciąg et al., 2011). Additionally, the XRD analyses 
of the amorphous phase carried a higher potential error, 
related mainly to the underestimation of the diffractogram 
background (Kowalska, 2014). 

The amorphous silica content was observed to 
decrease with increasing depth in the sediment, the clay 
mineral contents increasing with depth (Fig. 11). Parti-
cularly distinct was the increase in the smectite content 
with depth in the sediment. 
The illite content increased 
only within 15–30 (35) cm, 
usually decreasing below 
that level. All those chan-
ges are associated with the 
chemical decomposition of 
biosilica or volcanic glass 
and their transformation to 
new mineral phases, such 
as smectite (Zawadzki et 
al., 2020).

Total carbon (TC), 
total nitrogen (TN), 
total sulphur (TS), total 
organic carbon (TOC), 
and total inorganic 
carbon (TIC) contents 
in sediments of  
H22_NE exploitation 
block

As shown by the ana-
lyses of biogenic com-
ponents, the total carbon 

(TC) contents were low (0.101–0.680 %; mean of 0.352 
+ 0.146 %). The carbon species were dominated by orga-
nic carbon (TOC), the contents of which were observed to 
vary within 0.068–0.582 % (mean of 0.332 + 0.170 %). 
The total inorganic carbon (TIC) contents were extremely 
low (< 0.147 %), as additionally confirmed by the lack of 
sediment reaction with HCl (see above) and no trace of 
carbonate minerals revealed by XRD. The total nitrogen 
(TN) contents were very low (0.016–0.118 %; mean of 
0.073 + 0.026 %). Compared to TN, the contents of to-
tal sulphur (TS) and total phosphorus (TP) contents were 
higher (0.216–0.956 %; mean of 0.503 + 0.15 % and 
0.066–0.435 %; mean of 0.136 + 0.088 %, respectively).

The TC and TOC contents were observed to gradually 
decrease with depth; a similar pattern was seen in the TN 
and TS contents. An opposite behaviour was detected in 
the TP contents which were increasing with depth (Fig. 
11). The decreasing contents of most biogenic components 
with depth is typical and associated with oxygen 
consumption during denitrification and desulphurization 
(Volz et al., 2018). The increase in the phosphorus content 
below 40 cm should be regarded as strongly associated 
with increasing contents of ∑REE (Maciąg et al., 2020).

XRD analyses

The sediment samples analysed showed a relatively 
low variability of their mineral components (Maciąg et 
al., 2020). The bulk X-ray diffraction analysis revealed 
domination of two major component groups: (i) amor-

Fig. 11. Box-and-whiskers plots of depth-related variability in contents of biogenic components (in-
cluding amorphous biosilica) as well as Mn and Fe. Whiskers indicate the minimum and maximum 
values; boxes show the lower (25 %) and upper (75 %) quartile of the data (Maciąg et al., 2020).



Baláž, P.: Results of the second phase of deep-sea polymetallic nodules geological survey in Interoceanmetal  
Joint Organization licence area (2016–2021)

105

SEM/EDX analyses

The scanning electron microscopy 
(SEM) photographs were taken and ener-
gy-dispersive X-ray (EDX) micro-geochemi-
cal analyses were conducted, 103 photographs 
were taken and 137 EDX analyses were per-
formed. A total of 45 slurried samples were 
selected based on a macroscopic description, 
grain size analysis, bulk geochemistry and 
XRD results (Maciąg, 2021). 

The sediments analysed showed the pre-
sence of a large variety of mineral and bio-
genic components as well as various debris. 
Generally, the contents of those components 
varied little in all the profiles analysed, the 
variability being partially related to bu-
rial-associated degradation and diagenesis 
of sediments.

Biogenic components were dominated 
by siliceous radiolarian skeletons, with 
lower amounts of sponge spicules and 
a minor presence of diatom frustules. The 
amount of siliceous bioclasts usually decre-
ased with depth in the sediment; morpholo-
gical preservation of the bioclasts declined 
with depth in the sediment, and contrasted 
with the best-preserved structures found in 
the GAL. The siliceous bioclasts, particular-
ly radiolarians, showed traces of corrosion 
and alteration, evidenced by overgrowths of 
initial clay minerals.

Fig. 12. Box-and-whiskers plots showing the depth-related variability in contents 
of the minerals identified. Whiskers indicate the minimum and maximum values; 
the boxes show the lower (25 %) and upper (75 %) quartile of the data (Maciąg 
et al., 2020).

phous biogenic silica represented by opal-A, and (ii) clay 
minerals. Their contents varied within 25.01–47.67 % and 
25.86–52.16 %, respectively. The mean contents of amor-
phous silica and clay minerals were 35.32 % + 5.56 % 
and 40.06 + 6.26 %, respectively. The clay minerals were 
dominated by illite (I) and smectite (S), with mean con-
tents of 20.67 % and 14.32 %, respectively. The mean I/S 
ratio was 1.75 + 0.63. The chlorite content varied within 
1.64–7.10 % (mean of 4.32 % + 1.13 %). Kaolinite occurred 
in trace amounts only, up to 1.89 %, and usually below 1 % 
(Fig. 12). The allogenic detrital components were dominated 
by plagioclases and quartz, with ranges of 8.60 to 11.05 % 
and 1.93–9.41 %, respectively and the mean 
contents of 9.71 % + 0.55 % and 6.67 % + 
1.92 %, respectively. In addition, pyroxenes 
were detected, usually in trace amounts (up 
to 1.54 %, and usually below 1 %). Diage-
netic minerals featured halite (3.15–7.68 %; 
mean of 5.08 % + 0.80 %) and barite (1.44–
3.28 %; mean of 2.05 + 0.41 %).

Fig. 13. Classification of the micronodules analyzed (N = 35) after Bonatti et al. 
(1972), with modifications (Maciąg, 2021).
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Increased contents of bioapatite were observed below 
the depths of 40–50 cm in the sediment (cores 3632T 
and 3633T), indicating a relatively low substitution with 
alkali and alkaline metals, Mn-Fe impurities or Cl. One 
grain showed the presence of more than 5 % ΣREE. Some 
apatites were of magmatic rather biogenic origin, as 
evidenced by increased F contents.

A few samples from below 40 cm in the core showed 
increased contents of authigenic barite. Additionally, 
cores 3632T and 3633T showed the presence of zeolites, 
particularly within 60–110 cm of core depth. Interestingly, 
although the zeolites indicated Ba impurities, no barite was 
identified in those samples with increased zeolite contents.

The Mn-micronodules analysed were of a typical 
diagenetic-hydrogenetic origin (Fe contents very low 
or below EDX detection limits) and showed increased 
contents of Ni and Cu (4–8 %); in a few cases, traces of Co 
and Zn were revealed (Fig. 13). Organic burrows showed 
coatings enriched with Mn-oxyhydroxides, suggesting the 
processes of bio-irrigation and bio-oxidation.

The allogenic debris components were represented by 
minor plagioclases (anorthite-labradorite series) as well 
as by altered amphiboles and pyroxenes. The absence of 
detrital quartz grains suggests their presence within the 
fine pelitic fraction. In a few cases, volcanic glass was 
identified (e.g. among zeolites identified in cores 3632T 
and 3633T) (Maciąg, 2021).

Polymetallic nodules
Mineral composition

The detailed mineralogical and microgeochemical 
characteristics of polymetallic nodules collected during 
IOM-2014 and IOM-2019 expeditions from IOM 
exploration area (H22_NE exploitable block) were 
studied (Skowronek et al., 2021). The data were applied 
for the delimitation of nodule growth generations and 
estimation of the growth ratios (back-stripping using the 
Co-chronometer method). The applied methods included 
bulk X-ray powder diffraction (XRD) and electron probe 
microanalysis (EPMA), providing information about Mn-
Fe minerals and clays composing nodules, as well as the 
geochemical zonation of the growth generations. 

The analysed samples are generally dominated by 
todorokite/buserite, with a lesser amount of birnessite and 
traces of vernadite. Additionally, the samples indicated the 
presence of Fe-rich clay minerals (potentially nontronite 
and Fe-smectite) and mixtures of quartz, barite, zeolites 
(potentially Na-phillipsite), apatite, and barite (Tab. 6).

The analysed nodules were mostly diagenetic (Mn/Fe 
> 5), with less influence on the hydrogenous processes, 
dominated by the presence of 10-Å phyllomanganates re-
presented by todorokite/buserite, additionally mixed with 
birnessite and vernadite. The specific lithotype (intrano-
dulith), being an integral part of polymetallic nodules, de-

Tab. 6
Mineral compositions of the selected polymetallic nodule samples from the H22 exploration block, as determined  

by XRD. The amount of minerals is shown semi-quantitatively based on the results of the peak comparisons  
and integration: ++++ dominating < 50 %, +++ 50–30 %, ++ 30–10 %, + 10–5 %, and (+) traces < 5 %  

(Skowronek et al., 2021).
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3529 D +++ ++ (+) + (+) ++ + (+)

3535 D +++ +++ (+) + (+) + + (+)

3537A D-HD +++ + (+) ++ (+) (+) ++ +

3537B D-HD +++ ++ (+) ++ (+) + – +

3542 H +++ ++ (+) ++ (+) + ++ (+)

3602 D ++++ ++ (+) – (+) (+) + (+)

3603 D +++ ++ (+) ++ (+) (+) + +

3604 D ++++ ++ (+) + (+) (+) + (+)

3605 D +++ +++ (+) ++ + – – –

3613 HD +++ ++ (+) ++ (+) ++ + (+)

3614 H-HD ++++ ++ (+) + (+) – ++ (+)

3615 H-HD ++ ++ (+) ++ (+) – +++ (+)
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veloped as a result of the secondary diagenetic processes 
of lithification and the cementation of Fe-rich clays (po-
tentially nontronite and Fe-rich smectite), barite, zeolites 
(Na-phillipsite), bioapatite, biogenic remnants, and detrital 
material, occurs in holes, microcaverns, and open fractures 
in between ore colloforms. The contents of å(Ni, Cu, and 
Co) varied from 1.54 to 3.06 wt %. Several remnants of 
siliceous microorganisms (radiolarians and diatoms) were 
found to form pseudomorphs. The applied Co-chronome-
ter method indicated that the nodules’ age is mainly Mid-
dle Pliocene to Middle Pleistocene, and the growth rates 
are typical of diagenetic and mixed hydrogenetic-diage-
netic (HD) processes. Additionally, few nodules showed 
suboxic conditions of nucleation. Growth processes in 
the eastern part of the CCZ deposit might have been in-
duced with the Plio-Pleistocene changes in the paleoocea-
nographic conditions related to the deglaciation of the 
Northern Hemisphere.

The analysed polymetallic nodules consist of a core 
concentrically overgrown by laminae (microlayers) and 
areas of lithified detrital materials. The core, the laminae, 
and the detrital material were considered separately. The 
core is composed of either fragments of ancient nodules 
(here, Mn-Fe laminae are clearly visible) or fragments 
of rocks (an absence of laminae). The growth structures 
(laminae) overgrowing the core developed as colloforms 
composed of precipitated Mn-rich oxyhydroxides, mainly 
Ni–Cu-rich todorokite/10-Å phyllomanganates (buserite) 
and birnessite (Fig. 5a–d). The number of laminae 
composed of vernadite is relatively low (Fig. 14).

The results of the spot EPMA evidenced the nonuni-
form distribution of the metals in the nodules. Several of 

Fig. 14. Representative EPMA BSE images of the analysed polymetallic nodules. Sample 3642: (a) massive bright and well-develo-
ped colloforms composed of pure Mn oxyhydroxides enriched with Ni and Cu (9,10); no. 11 is an intraclast of Fe-rich clay minerals. 
Sample 3602: (b) typical Mn-rich diagenetic colloforms enriched with metals (5,6) and bordering a zone of veinlets and Fe-rich clay 
aggregates (4) (Skowronek et al., 2021).

(a) (b)

the measurement points were characterized by high con-
centrations of Mn in relation to Fe and were assigned to 
the traditionally defined diagenetic morphotype (Mn/Fe 
ratio > 5). The measurements typical for hydrogenetic or 
mixed (hydrogenetic-diagenetic-biogenous) morphotypes, 
i.e., depleted in Mn in comparison to the diagenetic mor-
photype, were less frequent (Fig. 15). The elevated con-
tents of Fe (plots near the Fe edge) measured for nearly 30 
points in all the analysed nodules were associated with the 
intercalation of the clay minerals and other components 
of detrital origin (enriched with Si, Al, or alkali-alkaline 
metals).

In general, regardless of the internal differentiation of 
the nodules, the mean Mn and Fe contents varied from 19.6 
to 38.9 wt % and from 3.2 to 8.3 wt %, respectively. The 
mean Mn/Fe ratio was 5.37. Among the other economic 
metals, Ni and Cu dominated, with their mean contents 
varying from 0.60 to 1.52 wt % and 0.64 to 1.42 wt %, 
respectively. The mean EPMA contents of Ni and Cu were 
1.15 and 1.08 wt %, respectively. The Co concentration 
varied from 0.06 to 0.31 wt %, averaging 0.20 wt %. The 
hydrogenetic and mixed hydrogenetic-diagenetic nodules 
showed lower contents of å(Cu, Ni, and Co) compared 
to the diagenetic nodules, with concentrations varying 
from 1.54 to 2.07 wt %. Additionally, low contents of Zn 
were identified (mean = 0.14 wt %, varying from 0.07 to 
0.19 wt %), as well as Pb, As, Cr, and V (Skowronek et 
al., 2021).

Polymetallic nodules collected in the IOM licence area 
(H22-NE expoitation block) showed complex internal tex-
tures reflecting multistage nucleation affected by potential 
changes in the paleoproductivity and surface temperatures 
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occurring during the Late Pliocene-to-Middle Pleisto-
cene (Plio-Pleistocene) postglacial transition. Most of the 
analysed samples showed distinctive diagenetic features 
evidenced by relatively high growth rates (> 5 mm/Myr), 
increased Ni + Cu + Co contents (> 4 wt %), and admixtu-
res of Fe-rich clays or barite.

The polymetallic nodules located in the nearest vici-
nity to underwater volcanic-shaped areas usually showed 

Fig. 15. Location of the EPMA spot 
data at the Fe–Mn-10 [å(Ni, Co, and 
Cu)] ternary plot; 2.5–5.0 = Mn/Fe ra-
tio (reference [63] with further modi-
fications). Coloring identifying major 
genetic types of analysed colloforms 
(Skowronek et al., 2021).

Fig. 16. Simplified scheme of nodule cracking due to cement growth: (a–g) the steps of the cracking process from a solid (a) to a broken 
nodule (g). Nodule crack caused by internal tension in the vein created by crystal growth inside the intranodulith. Red arrows indicate 
internal tension forces (Skowronek et al., 2021).

higher inputs of the hydrogenic components (slow growth 
rates, increased amount of Fe, and the presence of verna-
dite) compared to the nodules collected in relatively flat, 
streaked, and meridian-oriented blocks of the seafloor.

Intranodulith was proposed as a term describing the 
specific lithotype that is the integral part of polymetallic 
nodules, which developed as a result of the secondary 
diagenetic processes of lithification and cementation of 
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trapped detrital materials within holes, microcaverns, or 
open fractures in between ore colloforms.

A hypothesis of nodule cracking on the seafloor being 
caused by internal tension in the vein created by crystal 
growth was proposed (Fig. 16). An increase in the volume 
during the diagenetic lithification of the sediments trapped 
in cavities between colloforms (intranodulith) might have 
been responsible for the initial impulse that ultimately led 
to cracks of the Mn-Fe nodules. The further growth of 
the cement crystals within the initial fissure led to their 
additional extension, which could have ultimately caused 
the breakage of the nodules directly at the seafloor, being 
evidenced, e.g., in seabed photos or photo profiles. This 
secondary diagenetic process can cause the disintegration 
of the whole nodule without the influence of any external 
factors – the nodule disintegrates “by itself” (Skowronek 
et al., 2021).

Chemical composition

The reference sample of the polymetallic nodules was 
prepared. Homogeneity was determined by XRF analysis 
taken from different places of the homogenized material in 
the mixing container. The mixing process was repeatedly 
formed until the standard deviations for Mn, Fe, Si, Al, 
Ni, Cu, Mg and Cl under 0.23, 0.06, 0.1, 0.04, 0.03, 0.03, 
0.15 and 0.06, respectively were achieved. In total, 50 g 
of the homogenized reference material was prepared (Vu 
et al., 2020). 

The reference contains 95 % of the particles with the 
particle size under 45 µm and its humidity is in the range 
from 1.6 to 2.1 %. The average chemical composition of 
the reference for the main metals is listed in Tab. 7. The 
chemical composition of the main metals was calculated 
from the results provided by 5 laboratories. The obtained 
results show that laboratories using the wet method (FAAS, 
ICP-MS, ICP-AES) provided almost identical results for 
analysis of the main metals. Spectroscopic methods (XRS, 
XRF) provide either higher or lower metal content for Mn, 
Ni and Cu. 

Tab. 7
Average content of main metals in the reference material 

[wt %] (Vu et al., 2020).

Mn Fe Ni Cu Co Mo Zn Pb P

Average 30.817 5.385 1.313 1.305 0.165 0.080 0.153 0.026 0.150

Min 29.660 4.930 1.030 1.060 0.130 0.060 0.130 0.022 0.136

Max 32.600 5.790 1.510 1.550 0.200 0.130 0.170 0.029 0.162

St. Dev. 1.048 0.292 0.161 0.160 0.023 0.034 0.014 0.003 0.011

RSD 
[%] 0.035 0.054 0.122 0.123 0.137 0.421 0.089 0.129 0.072

Main metals of H22_NE exploitable block were studied 
by AAS and XRF methods. Comparison of the results of 
both methods is shown in Tab. 8.

Tab. 8
The chemical composition of nodules (base metals)  

in H22_NE exploitable block, determined by the AAS 
and XRF methods (Vu et al., 2020).

n = 20 Mn
[%]

Fe 
[%]

Ni
[%]

Cu
[%]

Co
[%]

Zn
[%]

Mo
[%]

Pb 
[%]

Mn/
Fe 

ratio

ΣNi, 
Cu, 
Co 
[%]

AAS 26.99 5.78 1.27 1.20 0.18 0.15 0.05 0.03 4.85 2.65

XRF 30.10 6.07 1.33 1.27 0.20 0.15 0.07 0.03 5.14 2.81

In H22_NE exploitable block, chemical analyses 
of nodules were performed at 20 boxcorer stations. 
Comparison of the mean values of the metal contents 
from the laboratories of UCHT, Prague, Czech Republic 
(Vu et al., 2020) and SGIDŠ, Spišská Nová Ves, Slovakia 
(Mackových and Lučivjanský, 2020) are presented in Tab. 
9. The coefficient of variation for each of the metals does 
not exceed 20 %, which means that the obtained data are 
homogeneous. Using the Mn/Fe module, as well as the 
productivity index ΣNi, Cu, Co, the nodule genotype was 
associated with each station (sample).

Tab. 9
Mean values of the contents of basic metals from 

 the laboratories of the UCHT and SGIDŠ (20 stations  
of the H22_NE block).

n = 20 Mn
[%]

Fe 
[%]

Ni
[%]

Cu
[%]

Co
[%]

Zn
[%]

Mo
[%]

Pb 
[%]

Mn/
Fe 

ratio

ΣNi, 
Cu, 
Co 
[%]

UCHT 26.99 5.78 1.27 1.20 0.18 0.15 0.05 0.03 4.85 2.65

SGIDŠ 31.34 6.15 1.06 1.05 0.15 0.13 0.06 0.02 5.31 2.27

Tab. 10 presents the contents of 14 rare earth elements 
(without scandium and yttrium) in 20 nodule samples 
collected in the H22_NE exploitable block.

Chemical composition of nodules at particular stations 
allowed to determine genotypes within sampled blocks 
(H22_NE, PRZ and H33). Among samples, collected 
during expedition IOM-2019, diagenetic nodules occur 
at 18 stations, hydrogenetic at 5 stations and mixed type 
at 5 stations. Buried nodules were found at 11 box core 
stations. The results were added to those, which have been 
obtained during former expeditions. 
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Geotechnical properties

The basic physical properties, which have to be 
determined on board immediately after the nodules are 
retrieved from the boxcorer or dredge samplers, are water 
content and bulk density (volumetric density). In addition, 
some other properties, such as dry nodule density (the 
drying takes place 72 hours at 105 oC), porosity, void 
ratio, and specific nodule density are calculated. Natural 
water content (ore based water content, wn) is the ratio of 
the mass of evaporated water to the mass of wet nodule 
specimen. While the water content (w) and the natural 
water content (wn) analysis, the salt content in the sea 
water present in the nodule pores, assumed as M = 35 ‰, 
needs to be taken into account. Basic physical parameters 
of PMN investigated by IOM during the contract period 
are presented in Tab. 11.

Nodule blanketing in H22 exploration block  
and H22_NE exploitable block

Nodule blanketing (rate of sediment coverage, 
dimensionless coefficient) by the sediment is a characteristic 
feature of the entire IOM exploration area. Blanketing 
coefficient is calculated as the ratio of template coverage 
to seabed image coverage. If there is no sediment cover, 

the coefficient is 1. According to analysis of 76 samples 
(values of template and seabed photo) the mean value of 
blanketing coefficient for exploration block H22 is 1.3 
(Zarzecki et al., 2021). H22_NE exploitable block average 
blanketing coefficient was calculated on 40 samples and 
represents value 1.3 as well (IOM, 2021).

Wet nodule abundance (kg/m2) and nodule coverage 
(based on seabed photo in %) of 20 samples obtained 
during the IOM-2019 expedition were assessed. The 
positive correlation appears to be fairly strong (coefficient 
of determination R2 = 0.66), giving evidence of similar 
level of nodule blanketing within the particular ore bodies 
(Fig. 17). It is clearly seen at the chart that about 50 % 
of nodule coverage on seabed photos corresponds to 
14–20 kg/m2 in boxcorer. Furthermore, if nodule coverage 
exceeds 60 %, nodule abundance about 20 kg/m2 can be 
anticipated (Zarzecki et al., 2021). 

Use of seafloor photographs for resources estimation 

The main objective of the study (Mucha et al., 2020) 
was to assess the ability to determine polymetallic nodule 
abundance based on seafloor photography in the H22 
exploration block of the IOM area. The assessment of the 
nodule abundance (APN) requires quality photographs of 

Tab. 11
Basic physical parameters of nodules in the IOM exploration area in respect to the cruises 2001–2019  

(values in a counter: min-max, value in a denominator: mean, n = number of analysis).

Year  
of the cruise

Water 
content,  
w [%]

Bulk density, 
ρ [g/cm3]

Dry nodule 
density, 

ρd [g/cm3]
Porosity,

n [%]
Void ratio,

e

Specific
nodule 
density,

ρs [g/cm3]

Natural  
water content,

wn [%]

2001
n = 227

38–69
47

1.70–2.06
1.95

1.01–1.50
1.33

55–68
60

1.21–2.15
1.53

3.08–3.75
3.35

28–41
32

2004
n = 308

38–63
48

1.77–2.08
1.95

1.09–1.50
1.31

54–69
62

1.18–2.18
1.62

3.13–3.65
3.43

28–39
33

2009
n = 173

36–57
46

1.83–2.06
1.97

1.18–1.51
1.35

53–66
61

1.14–1.96
1.57

2.98–3.68
3.46

27–37
32

2014
n = 205

29–71
47

1.77–2.27
1.97

1.03–1.75
1.34

46–72
62

0.86–2.56
1.62

3.05–3.68
3.49

22–42
32

2019
n = 92

40–67
48

1.74–2.13
1.99

1.15–1.48
1.35

53–76
63

1.15–3.15
1.70

2.58–4.88
3.65

29–40
32

Tab. 10
Mean values of REEs contents from the laboratories of the UCHT and SGIDŠ (20 stations of the H22_NE block).

n = 20 La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

LREEs [ppm] НREEs [ppm]

UCHT 96.5 235 28.7 125 32.0 8.46 29.8 4.81 24.9 4.82 13.3 1.89 12.4 1.88

SGIDŠ 82.3 191 29.7 115 28.3 7.68 23.2 5.17 26.2 4.52 11.4 2.08 11.9 1.72
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seafloor areas where the degree of covering nodules with 
bottom sediments is low. The measurement of the seafloor 
nodule coverage and basic geometrical features of the 
nodules: surface, long and short axes, and the number of 
nodules, should be carried out using well-sized images.

Out of 52 sampling sites (including photos), 37 were 
properly sized and used for analysis. The basic data set 
was insufficient to isolate large enough training and test 
sets (with at least 30 observations), respectively. For this 
reason, the cross-validation obtained is considered pre-
liminary and requires additional verification on a bigger 
data set.

The created data sets, depending on the type and 
number of measured variables, were used to estimate the 
nodule abundance based on the equations of regression 
models. All analysed models are statistically significant 
at the significance level of 0.05. The accuracy of the 
estimation was quantified using the standard estimation 
error (SEE) and mean absolute estimation error (MAE).

All tested models are preliminary and require verifi-
cation of their reliability based on a separate, independent 
and sufficiently large data set (> 30 observations). The best 
results were achieved with multivariate regression model 
using 8 variables (SEE = 2.53; MAE = 1.75):

APN [kg/m2] = 0.233 ∙ NCS[%] – 0.002 ∙ NS +  
+ 1.879 ∙ Mean A [cm] – 2.181 ∙ Median A [cm] +  
+ 12.863 ∙ Mean La [cm] – 0.509 ∙ Median La [cm] –  
– 21.477 ∙ Mean Sa [cm] + 5.793 ∙ Median Sa [cm], 

where: NCS – percentage of seafloor nodule coverage, 
NS – number of nodules on the seafloor, Mean A – mean 
of nodule area, Median A – median of nodule area, Mean 
La – mean of long axis, Median La – median of long axes, 
Mean Sa – mean of short axis, Median Sa – median of 
short axis.

Combining measurements of the nodule abundance 
based on box corer data and seafloor photographs shall 
require the development of formulas taking into account 
the diverse geometrical bases of both types of data and the 
accuracy of determining the nodule abundance based on 
box corer sampling and the regression model.

Wasilewska-Błaszczyk & Mucha (2022) assessed 
possibilities and limitations of the use of seafloor photo-
graphs for estimating PMN resources in case study. Direct 
seafloor sampling is insuficient to obtain an acceptable 
accuracy of resource estimates in small blocks of potential 
deposits. This is why the results of photographic surveys 
of the seafloor are analysed to increase the reliability of 
the estimates.

A statistically significant correlation was found between 
the abundance of nodules and seafloor nodule coverage 
(quantitative variables), the nodule abundance and genetic 
type of nodules (ordinal variable estimated visually from 
photos), and between seafloor coverage with nodules and 
sediment coverage of nodules (ordinal variable estimated 
visually from photos). The correlation relationship between 
the seafloor nodule coverage determined manually and 
automatically (using computer software) was examined for 
the part of the data set (data from IOM-2014 expedition). 
A very strong linear correlation between the seafloor 
nodule coverage determined manually and automatically, 
with the correlation coefficient 0.966 (R2 = 93.3 %) was 
found.

Type and method of data collection (quantitative or 
ordinal) based on direct sampling and seafloor photographs 
is shown in Fig. 18. The values of the basic statistical 
parameters of nodule abundance (APN), seafloor coverage 
with nodules in the photograph (NC-S), and nodule 
coverage of the grid (NC-T) are summarized in Tab. 12.

Fig. 17. Relation between nodule 
abundance and nodule coverage in 
H22_NE exploitable block (Zarzec-
ki et al., 2021).
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Fig. 18. Type and method of data collection (quantitative or ordinal) based on direct sampling and seafloor photographs (Wasi-
lewska-Błaszczyk & Mucha, 2022).
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To estimate the nodule abundance at seafloor photo-
graphic stations where no samples were collected, statisti-
cal methods of multiple regression can be used, including 
general linear models, taking into account both – quan-
titative variable (percentage of seafloor nodule coverage) 
and categorized ordinal variables (degree of seafloor cove-
rage with sediments, genetic type of nodules). Preliminary 
multiple regression analysis aimed at estimating nodule 
resources as a function of the percentage coverage of the 
seafloor with nodules, visual assessment of the coverage 
with bottom sediments (performed by a geologist expe-
rienced in the photographic evaluations), and the genetic 
type of nodules yielded promising results. 

It should be noted that, contrary to expectations, the 
expansion of box corer dataset by adding a large amount of 
photographic data does not lead to a radical improvement 
of the accuracy of resources estimations. This is due to 
the very unfavorable linear distribution of photographic 
sites located only along the photo profiles, which is also 
reflected in the very uneven data distribution in individual 
smaller blocks (future mining fields). A significant accuracy 
improvement of PN resources estimations may be expected 
after taking the additional seafloor photographs along the 
lines perpendicular to the courses of the current photo 
profiles. Such opportunity is provided by the autonomous 
underwater vehicles (AUV). The additional exploration 
of the PN deposit will also be of great importance to 
evaluation of local variability and continuity of nodules 
abundance (Mucha & Wasilewska-Błaszczyk, 2022).

Estimation of resources
Current resources estimation is based on data collected 

during scientific expeditions carried out by IOM. So far, 
four reports using geostatistical data analysis have been 
prepared (2007, 2011, 2015 and 2020) and two validations 
performed by the Competent Person (2016 and 2020). The 
current state is shown in Tab. 13. The resource validation 
was carried out in accordance with the CRIRSCO direc-
tives (Committee for Mineral Reserves International Re-
porting Standards) and Annex V of the Recommendations 
for the guidance of contractors on the content, format and 
structure of annual reports (ISBA/21/LTC/15): Reporting 
standard of the International Seabed Authority for Mineral 
Exploration Results Assessments, Mineral Resources and 
Mineral Reserves (Szamałek, 2020). The effective date for 
the estimate is August 2020. No mineral reserves were es-
timated at this stage of the project development.

New estimation of mineral resources in B2 sector was 
caried out using the geostatistical method of ordinary 
block kriging with Yamamoto correction. Estimates of re-
sources and abundance of nodules and metals were carried 
out in square elementary blocks with a side of 500 m using 
kriging and co-kriging (Fig. 19). The estimates used 8 nea-
rest sampling stations, two from each quadrant (quarters) 
into which the circular data search zone was divided. The 
center of the circular data search zone coincides with the 
center of the elementary block. In the calculation procedu-
re, isotropic models of variograms, cross-variograms, 

Tab. 12
Statistics of nodule abundance (APN) and nodule  

coverage of laboratory grid (NC-T) and seafloor (NC-S).
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APN [kg/gm2]

2014 48 1.5 19.3 12.5 4.4 35.3 –0.62 –1.76 –0.23

2019 20 6.9 23.1 15.9 4.4 27.9 –0.19 –0.35 –0.68

2014 + 2019 68 1.5 23.1 13.5 4.6 34.4 –0.38 –1.29 –0.10

NC-T [%]

2014 48 5.2 63.2 41.4 12.5 30.1 –1.08 –3.04 2.02

2019 20 24.0 70.0 55.0 10.7 19.4 –1.03 –1.88 2.18

2014 + 2019 68 5.2 70.0 45.4 13.4 29.6 –0.80 –2.70 1.87

NC-S [%]

2014 48 7.0 72.0 37.9 13.3 35.1 –0.37 –1.06 0.56

2019 20 18.0 59.0 43.3 10.3 23.7 –1.00 –1.82 1.02

2014 + 2019 68 7.0 72.0 39.5 12.6 32.0 –0.56 –1.89 0.77



Mineralia Slovaca, 54, 2 (2022)

114

Fig. 19. Section from the most promising area of nodule abundance in H22_NE exploitable block. Grey areas represent seafloor with 
slope more than 7°, hatched areas represent ore bodies (Mucha & Wasilewska-Błaszczyk, 2020).

Tab. 13
Mineral resource estimate of wet polymetallic nodules in the IOM Exploration Area. Cut-off 10 kg/m2  

of wet nodules – without volcanoes, seabed areas free of nodules and areas sloped over 7°. Note: Sector B2 includes 
exploration blocks H11, H22, H33, H44 and exploitable block H22_NE 

(Mucha & Wasilewska, 2007; Shanov et al., 2007; Mucha & Wasilewska-Błaszczyk, 2020; Szamałek, 2020).

Mineral Resource 
Classification

Mean 
Abundance 

[kg/m2]
Mn [%] Ni [%] Cu [%] Co [%] Zn

[%]
REE  

[ppm]

Resources 
Wet
[Mt]

Measured  
(H22_NE block) 14.60 29.19 1.31 1.25 0.18 0.15 713 12.2

Measured Total 12.2
Indicated  
(H11 + H22 blocks) 12.40 31.37 1.30 1.29 0.16 0.16 – 77.0

Indicated Total 77.0

Inferred (B1 sector) 13.40 27.80 1.20 0.90 0.20 – – 62.6

Inferred (H33 block) 12.00 32.35 1.41 1.20 0.18 0.15 – 21.8

Inferred (H44 block) 11.50 30.71 1.32 1.19 0.19 0.14 – 13.6
Inferred  
(B2 sector other) 11.59 30.90 1.32 1.21 0.18 0.15 – 85.3

Inferred Total 183.3

Grand Total 272.5
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covariance and cross-co-variance were used. The total re-
sources of polymetallic nodules of the exploration blocks 
and ore fields (ore bodies), for different values of maximal 
the ocean-floor slopes, were obtained by summation of re-
sources estimated for elementary blocks.

The accuracy of resource estimation in blocks H11 
+ H22 and in block H22_NE is high as evidenced by 
small, standard kriging errors in the range of 3–6 %. The 
resources of nodules in blocks H33 and H44, 
expressed by standard errors from the 8–12 
% range, were estimated with much lower 
accuracy. The different size of errors is the 
result of the different density of the bottom 
sampling in individual blocks.

The dependency of the tonnage of 
nodules and mean abundances in relation to 
the minimum abundance of wet nodules in 
B2 Sector is shown in Fig. 20.

Conclusions 
Research work in the second phase of 

the deposit exploration included processing 
of data collected during the IOM-2019 ex-
pedition and combined with data sets from 
previous sampling campaigns (2001–2014). 
The analytical work was based on sediment 
and nodule analyses of samples from the 
H22 exploration block and the H22_NE 
exploitation block. The structure of the sedi-
mentary cover of the H22 exploration block, 
grain size analysis, mineral analysis, physi-
cal, strength, geochemical and geotechnical 
properties of bottom sediments and nodules 
were studied. Chemical composition and the 
contents of all main metals, including REEs, 
were analysed. Continued work on use of sea- 
floor photographs for resources estimation.

IOM has sufficient samples of adequate 
quality and authenticity to define Inferred, 
Indicated and Measured Mineral Resources. 
The effective date for the estimate is August 
2020. Mineral Resources were estimated at 
various nodule abundance cut-offs. Selected 
base scenario is an abundance cut-off of 
10 kg/m2 (in wet condition). Metals of value 
are manganese, nickel, cobalt, copper, zinc 
and REEs. Other metals of potential value 
(Mo, Fe, Li) have not been estimated, but in 
the future, based on processing technology 
development, they could provide added 
value to the project. 

Measured Resources in exploitation 
block H22_NE and Indicated Resources 
in exploration blocks H11 and H22 were 

Fig. 20. Graph of the dependence of the average abundance of wet nodules (top) 
and the tonnage of wet nodules (bottom) on the cut-off value of the abundance of 
wet nodules (WNA); seabed slope ≤ 7° (Mucha & Wasilewska-Błaszczyk, 2020).

selected for the Pre-feasibility Study. Future activities of 
IOM will focus on a detailed survey of selected blocks 
and increasing the category of resources, alternatively 
reserves. Geological data, together with other data 
obtained during the technological research of mining and 
processing methods, as well as environmental research 
represent the basis for the commercial model of deposit 
utilization. Legal framework for mining and environmental 



Mineralia Slovaca, 54, 2 (2022)

116

regulations, as a fundamental condition for future deep sea 
mining activities, is under the development by the ISA.
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Výsledky druhej fázy geologického prieskumu hlbokomorských polymetalických 
konkrécií v prieskumnom území Spoločnej organizácie Interoceanmetal  

(2016 – 2021)

Prieskumné práva boli Spoločnej organizácii In-
teroceanmetal udelené na prieskum polymetalických kon- 
krécií (PMN) 29. marca 2001 na území nachádzajúcom 
sa v zóne Clarion-Clipperton (CCZ) vo východnej 
časti centrálneho Tichého oceánu. Prieskumné územie 
má rozlohu približne 75 000 km2 a pozostáva z dvoch 
sektorov (B1 a B2). Sektor B2 zahŕňa štyri prieskumné 
bloky (H11, H22, H33 a H44). Najperspektívnejšia oblasť 
vybraná na podrobný prieskum je označená ako H22_NE 
(exploitable block) a je vymedzená v rámci prieskumného 
bloku H22. V článku sú uvedené výsledky geologického 
prieskumu na základe dát získaných počas druhej fázy 
prieskumu (2016 – 2021, t. j. prvé predĺženie zmluvy na 
prieskum). Výsledky sú založené na dátach z expedícií 
IOM a príslušných analytických prácach. Počas expedície 
IOM-2018 sa uskutočnil batymetrický prieskum 
prieskumných blokov H11, H22, H33 a H44. Expedícia 
IOM-2019 poskytla nový súbor údajov získaných 
pomocou dištančných metód (sonár s bočným skenovaním, 
profiler) a kontaktných metód (box-corer a gravity-corer) 
v bloku H22_NE, prieskumnom bloku H33 a predbežne 
vymedzenej ochrannej referenčnej zóne (PRZ). Ochranná 
referenčná zóna (Preservation Reference Zone) je oblasť, 
v ktorej sa nesmie vykonávať ťažba, aby sa zabezpečila 
reprezentatívna biota morského dna s cieľom porovnania 
zmien morského prostredia s územím ťažby. Povinnosť 
stanoviť PRZ vo svojom prieskumnom území ukladá 
vykonávateľovi prieskumu ISA (International Seabed 
Authority – Medzinárodná organizácia pre morské dno).  

Výsledkom batymetrických prác bol súbor nových 
máp povrchu morského dna vrátane vrstevnicovej mapy, 
mapy sklonov morského dna, ako aj mapy amplitúd spätne 
rozptýleného signálu (backscatteru). Prieskumné bloky 
boli zmapované v mierke 1 : 100 000, detailne mapovaný 
blok H22_NE v mierke 1 : 50 000. Štúdium štruktúry 
sedimentárneho pokryvu prieskumného bloku H22 
bolo založené na interpretácii hydroakustického profilu 
s vymedzením jednotlivých sedimentárnych komplexov, 
resp. subkomplexov a bazaltového podložia. 

Analytické práce boli založené na analýzach vzoriek 
sedimentov a konkrécií z bloku H22 a H22_NE. Skúmala 
sa štruktúra sedimentačného pokryvu prieskumného bloku 
H22, vykonala sa analýza granulometrie, minerálna analý-
za, fyzikálne, pevnostné, geochemické a geotechnické 
vlastnosti sedimentov dna a polymetalických konkrécií. 

Analyzovalo sa chemické zloženie a obsah všetkých 
hlavných kovov vrátane REE. Použité postupy zahŕňali 
širokú škálu analytických metód (XRD, XRS, XRF, SEM/
EDX, EPMA BSE, FAAS, ICP-MS, ICP-AES). Bola 
navrhnutá aj hypotéza prirodzeného praskania (deštruk-
cie) konkrécií na morskom dne vyvolaného vnútorným 
napätím v žilách, iniciovaného diagenézou sedimentov 
v dutinách a následne rastom kryštálov v cementačnej 
výplni trhlín.

Pokračovali práce na využívaní fotografií morského 
dna na odhad zdrojov/zásob polymetalických konkrécií. 
Hlavným cieľom štúdia bolo posúdenie schopnosti určiť 
hustotu uloženia (kg/m2) konkrécií na základe analýzy fo-
tografií morského dna v prieskumnom bloku H22. Odhad 
hustoty uloženia konkrécií si vyžaduje kvalitné fotografie 
oblastí morského dna a nízku mieru pokrytia konkrécií 
sedimentmi dna. Meranie základných geometrických para-
metrov konkrécií prebiehalo manuálne, ako aj s využitím 
softvéru na analýzu obrazu. Bol pripravený multivariačný 
regresný model na orientačný výpočet hustoty uloženia na 
základe geometrických parametrov konkrécií získaných 
z fotografii morského dna. 

Výsledky prieskumu boli po jednotlivých expedíciách 
zhrnuté v správach o geologickom a environmentálnom 
výskume, v polročných správach na zasadnutia Rady IOM, 
ako aj vo výročných správach pre ISA. Prehľad a výsledky 
prieskumných prác boli zhrnuté v technických správach 
(Baláž et al., 2019; Zarzecki et al., 2021). Prezentované 
výsledky poskytujú dodatočné informácie k už skôr 
publikovaným údajom (Baláž, 2021), ktoré sú relevantné 
na aktualizáciu odhadu zdrojov v sektore B2. Získané údaje 
a analýzy sa využívajú pri plánovaní projektu využívania 
polymetalických konkrécií IOM.

Nový odhad zdrojov v sektore B2 bol vykonaný po-
mocou geoštatistickej metódy blokového krigingu s Ya-
mamotovou korekciou. Zdroje polymetalických konkrécií 
boli zaradené do kategórií Inferred, Indicated a Measured 
podľa klasifikačného systému CRIRSCO. Súčasný odhad 
množstva zdrojov vychádza z údajov zhromaždených 
počas všetkých vedeckých expedícií. Doteraz boli vypra-
cované štyri výpočty s použitím geoštatistickej analýzy 
údajov (2007, 2011, 2015 a 2020) a dve validácie vykonané 
kompetentnou osobou (2016 a 2020). Súčasný stav je uve-
dený v tab. 13. Validácia zdrojov bola vykonaná v súlade 
so smernicami CRIRSCO (Výbor pre medzinárodné 
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štandardy vykazovania zásob nerastných surovín) a ISA 
(ISBA/21/LTC/15: Reporting standard of the Interna-
tional Seabed Authority for Mineral Exploration Results 
Assessments, Mineral Resources and Mineral Reserves). 
Dátum účinnosti posledného výpočtu zdrojov je august 
2020. V tejto fáze projektu neboli odhadnuté žiadne záso-
by nerastných surovín. 

Nerastné zdroje boli odhadnuté pri rôznych hraničných 
hodnotách hustoty uloženia konkrécií. Zvolený základný 
scenár používa medznú hodnotu (cut-off) 10 kg/m2 (vo 
vlhkom stave). Hlavnými záujmovými kovmi sú mangán, 
nikel, kobalt, meď, zinok a REE. Ďalšie kovy s potenciál-

nou hodnotou (Mo, Fe, Li) neboli odhadnuté, ale v budúc-
nosti by na základe vývoja technológií spracovania mohli 
predstavovať pridanú hodnotu projektu. 

Geologické údaje spolu s ďalšími údajmi získanými 
počas technologického výskumu ťažobných a spraco-
vateľských metód, ako aj environmentálneho výskumu 
predstavujú základ komerčného modelu využívania ložis-
ka. Právny rámec ťažby (vrátane environmentálnych pred-
pisov) vypracúva ISA a je v štádiu prípravy.
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Oxidation and decomposition of stratiform SedEx  
sulfidic mineralization in the epidote-amphibolite facies 

producing cassiterite, V-rich micas,  
In-Sn-Ag-Sb-Pb-Bi-Zn-Fe-As-Cu-Ni-Co sulfides  

and Fe-Ca-Pb carbonates in situ 
(Bystrý potok locality,  Gemeric unit, W. Carpathians)

MARTIN RADVANEC, IVAN HOLICKÝ and STANISLAV GONDA

State Geological Institute of Dionýz Štúr, Mlynská dolina 1, Sk-817 04 Bratislava, Slovakia

• Stratigraphicaly linked Silurian C-rich phyllites with lime- 
stone lenses and Late Silurian–Devonian SedEx sulfidic mine-
ralization were metamorphosed in Permian epidote-amphibolite 
facies and related chlorite-apatite zone of Variscan orogenesis.

• Limestones were transformed to hedenbergite-garnet-epido-
te-actinolite-chlorite-fluorapatite bearing skarn.

• The Sn-In-Fe-Ag-Pb-Bi-Ni-rich SedEx-sulfides were decom-
posed by fluid phase oxidation to form metamorphogenic 
cassiterite, V-rich micas, szomolnokite, hauchecornite, In-rich 
sakuraiite, Cu-Ag tetrahedrites, siderite a.o. minerals in situ.
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Abstract: The studied area of Bystrý potok locality (Gemeric unit, W. Carpathians) is built of lenses of lydites and 
limestones, being a part of the graphite bearing phyllites of Silurian Holec Beds. The Holec Beds represent the bed-
rock of the albite-quartz bearing keratophyre (trachyte sensu IUGS classif.) sequence with stratiform SedEx (sedi-
mentary-exhalation) sulfidic mineralization in the Gemeric Lower Paleozoic stratigraphy. This SedEx mineralization 
was contemporaneous with Late Silurian–Devonian keratophyre/basalt magmatism and originated at 280–340 °C 
from the seafloor exhalates in Lower Paleozoic rift magmatism. The Silurian-Devonian rock sequences were meta-
morphosed in Permian.
The limestone lenses were altered to Permian skarn in the epidote-amphibolite facies (526–546 °C, 3–6 kbar) and in 
related chlorite-apatite zone (420–540 °C) they consisted of garnet Grs41.4-60.2Sps19.8-32.8Alm16.7-22.2Adr0-8.5, hedenbergite 
Wo44.5-50.1Fs31.6-38.2En12.7-20.7, epidote, actinolite, fluorapatite, titanite, chlorite, ankerite and siderite. The disseminated 
original millerite was partially replaced by hauchecornite, hauchecornite-(Sb) and cobaltite was formed in the silicate 
matrix of the skarn.
The Permian metamorphism of the epidote-amphibolite facies and the chlorite-apatite zone has also released a fluid 
phase rich in O2, H2O, CO2, H3PO4, H2S, HF and V from the organic matter-bearing rock (Holec Beds) into the over-
lying bed with keratophyres and primary stratiform SedEx sulfidic mineralization where V-rich micas, V-rich chlorite 
and schreyerite formed. The primary stratiform SedEx sulfidic mineralization composed predominantly of pyrite 1 
less pyrrhotite, chalcopyrite, sphalerite 1, galena 1, arsenopyrite, ferrokesterite, stephanite, gudmundite, bismuthinite 
1, PbBiSb-rich sulphide (A2B2S5-type) and kobellite has been oxidized and decomposed by this fluid phase to form 
a new metamorphic minerals in situ. The pyrrhotite decomposed to form szomolnokite, pyrite 2, goethite and siderite. 
The galena 1 was partly oxidized and decomposed to anglesite and cerussite. The In-rich ferrokesterite, Sn-rich 
sakuraiite and In-rich sphalerite 1 oxidized, decomposed, and reacted with the fluid phase to form cassiterite, chalco-
pyrite, In-rich sakuraiite and sphalerite 2. The PbSbBi-rich sulfide (A2B3X6-type), wittite, bismuthinite 2, native Bi 
and Se-rich galena 2 are new minerals, formed by the decomposition of original PbBiSb-rich sufhide (A2B2X5-type), 
kobellite and bismuthinite 1.
Tetrahedrites 1–3 ranging from tetrahedrite-(Fe), kenoargentotetrahedrite-(Fe) to rozhdestvenskayaite-(Fe) show 
a gradual ordering in three separate zones controlled by immiscibility gaps in the Cu-Ag substitution of tetrahedrite 
group. These tetrahedrites were formed by the decomposition of the original SedEx ferrokesterite, stephanite and 
gudmundite. The gudmundite was also commonly oxidized to form valentinite and the decomposition of ferrokes-
terite, galena 1 and gudmundite also produced bournonite and plumosite-like. Altogether 22 reactions illustrate the 
relationship between the source SedEx mineralization and the new metamorphic minerals, which have formed at the 
expense of the original stratiform SedEx sulfidic mineralization in situ. 
The metamorphogenic fluid phase, released from the Holec Beds, has been enriched with additional elements from 
the stratigraphic horizon of the stratiform SedEx sulfidic mineralization and is genetically part of the Permian meta-
morphic-magmatic-hydrothermal (MMH) cycle (281–256 Ma). 

Key words: metallogeny, stratiform SedEx mineralization, metamorphism, cassiterite, In and Bi sulfides, Cu-Ag 
tetrahedrites, Gemeric unit
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Introduction

The occurrence of stratiform sulfidic, mostly pyrite 
mineralization, in the valley of Bystrý potok creek, is 
located between the Banisko and Zlatý stôl hills in the 
central part of Gemeric unit, the Western Carpathians 
(Fig. 1). Its stratiform position has been verified by three 
adit levels since 1877, when four mining tariffs for the 
occurrence of pyrite were granted, forming the “Alžbeta” 
mining field (Fig. 1b). The final data on mining activities 
are from 1914–1917. According to mining prospecting, 
the mineralization has the shape of a column or a narrow 
lens widened conformably with the dip of beds. The lens is 
20 m long, 0.81 to 2 m thick and has a depth range of about 
100 m. Mineralization at the lens margin has wedged out 
or was tectonically cut (Kantor & Fusán, 1952; Grecula 
et al., 1995). A hereditary tunnel long ca 310 m was dug 
under the lens. There is a lack of any data about it and no 
mining maps have been preserved (Kantor & Fusán, 1952). 
Material on small heaps indicates that variable mineral 
assemblages have been found in the Alžbeta mining 
field (Kantor & Fusán, 1952; Ilavský, 1961; Drnzíková 
& Mandáková, 1970 in Grecula et al., 1995).

The polymetallic ore in the lens is often massive, 
layered (alternating layers are up to 7 cm thick with 
different proportions of individual sulfides), but usually 
a disseminated form is also present, consisting of pyrite, 
chalcopyrite, galena, sphalerite, pyrrhotite, arsenopyrite, 
marcasite, ankerite, dolomite, quartz, being accompanied 
by rare cassiterite, white mica similar to zinnwaldite, 
tetrahedrite, jamesonite, Sb-Bi sulfides, gold, apatite and 
muscovite (Grecula et al., 1995). For the first time in this 
locality, cassiterite was exactly described in Gemeric unit 
(Kantor & Fusán, 1952). 

Metallogenesis at the Bystrý potok locality is the aim of 
this study. Here, metamorphogenic minerals, formed in the 
epidote-amphibolite facies and the related chlorite-apatite 
zone, have been identified in layers, bands and aggregates 
of the original stratiform SedEx sulfidic mineralization in-
situ. These new minerals were formed by oxidation and 
decomposition of the original SedEx mineralization into 
cassiterite, valentinite, goethite, szomolnokite, anglesite, 
V-rich mica, V-rich chlorite, schreyerite, Fe-Mn-Pb 
carbonates and Ag-Sb-Pb-Bi-Zn-Sn-In-Fe-As-Cu-Ni-Co 
sulfides in the Permian metamorphism. Metamorphogenic 
ore minerals and their SedEx source mineralization are 
also found in the albite-quartz bearing metakeratophyre 
(trachyte – IUGS). The original keratophyre and SedEx 
mineralization formed contemporaneously with the 
keratophyre/basic-spilitic magmatism in the Late Silurian-
Devonian rift and are stratigraphically located in the upper 
part of the host Holec Beds or on their surface. The Holec 
Beds are composed of lydites and lenses of limestones 
in the Silurian graphitic phyllite formation of Lower 
Paleozoic age (Grecula, 1982; Grecula et al., 1995, 2009, 
2011). The limestone lenses therein have been altered to 
form a skarn consisting of garnet, hedenbergite, epidote, 
actinolite, chlorite and Ni-Co-As-Sb-Bi-rich sulfiides, and 
this mineral assemblage determines the P-T condition of 
the epidote-amphibolite facies in this locality.

Geological setting and mineralogy description

The Bystrý potok study area is composed of Lower 
Paleozoic sequences of Betliar and Smolník formations 
of Gemeric Volovec Supergroup – pyroclastics, 
metapsammite, metakeratophyre and metapelite of the 
Holec Beds. Rocks are metamorphosed in greenschist and 
epidote-amphibolite facies or biotite zone (530–630 °C, 
ca 3 kbar) as a result of Permian overheating during the 
Variscan orogenic metamorphism in the Paleo-Gemeric 
domain (Fig. 1; Grecula et al., 2009, 2011). The metapelite 
contains an admixture of psammitic quartz as a passive 
component during the Variscan metamorphism (MV2; 
earlier designated as M1), dated from 275 to 262 Ma 
in the Permian. The clastic quartz of size about 0.5 cm 
in the pelitic matrix is the reason why this metapelite is 
traditionally called “porphyroid” in the literature (Fig. 1b., 
Radvanec et al., 2007).

The Holec Beds are composed of metapelite with 
the graphite admixture, lenses of lydites, crystalline 
limestones and rarely the dolomite bearing limestone in 
the Silurian Beliar Formation of graphitic phyllites of 
Lower Paleozoic age in the study area. In the stratigraphy 
of the Lower Paleozoic, the Holec Beds are underlain 
by keratophyre, basalt-spilite and the stratiform SedEx 
sulfide mineralization (Fig. 2; Grecula et al., 2009). In the 
Alžbeta mine field, the stratified SedEx mineralization was 
located in the upper part of the Holec Beds and the original 
limestone lenses there were metamorphosed to skarn. The 
course of Holec Beds with lydite, keratophyre, skarn and 
stratiform SedEx sulfidic mineralization is NE-SW with 
dip to the SE (Fig. 3; Kantor & Fusán, 1952).

The disseminated and stratiform sulfidic mineraliza-
tion in the Gemeric unit was produced by sedimentary-ex-
halation (SedEx) process and is geotectonically related to 
bimodal, keratophyre and basalt-spilite magmatism in the 
seafloor of Late Silurian-Devonian rift (Figs. 1–2). The ex-
halations accompanying this magmatism have brought ore 
elements to the seafloor and caused crystallization of the 
zonal stratiform mineralization. After Devonian rift evo-
lution, the SedEx mineralization was regionally metamor-
phosed mainly in the greenschists, less frequently in the 
biotite zone or epidote-amphibolite and amphibolite facies 
of Variscan orogenic MV2 metamorphism in Permian 
(275–262 Ma), and within subsequent Alpine orogene-
sis it underwent local greenschist MAp2 overprint along 
unroofing ApD2 shear zones (Grecula, 1982; Grecula et 
al., 1995, 2009, 2011; Radvanec et al., 2007; Radvanec 
& Grecula, 2016; Radvanec et al., 2017). For these geo-
tectonic and metamorphic events in the Gemeric unit, the 
SedEx mineralization was modified in-situ to a mixture 
of original and new metamorphic sulfides, Sn-Pb-Zn-Cu 
oxides, sulfates, carbonates and other minerals, such are: 
pyrite, sphalerite, pyrrhotite, chalcopyrite, arsenopyrite, 
galena, glaucodote, cobaltite, arsenolite, claudetite, co-
salite, bismuthinite, native Bi, Cu and Ag, dyscrasite, 
bournonite, boulangerite, jamesonite, bornite, tetrahedrite, 
ullma, stibnite, chalcotite, cubanite, quartz, K-feldspar, 
K-SO minerals, gypsum, white mica, actinolite, garnet, 
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Fig. 1. The Smolník, Mníšek nad Hnilcom and Bystrý potok sites represent main localities of stratiform sulfidic mineralization for-
med by sedimentary-exhalation (SedEx) process in the Gemeric unit during Variscan riftogeneous phase VD0. The SedEx process is 
genetically associated with albite-quartz bearing keratophyre (trachyte sensu IUGS classif.) and basalt outflows on the seafloor at the 
bimodal magmatism of Late Silurian-Devonian rift. 1a – The map of disseminated stratiform sulfidic mineralization classified from 
the central to external zones depending on the distance of the outflow place – i.e. where the exhalation fluids, enriched with various 
elements, reached the seafloor in the rift. Abbreviations: chalcopyrite (Ccp), pyrite (Py), arsenopyrite (Apy), galena (Gn), sphalerite 
(Sp), pyrrhotite (Po), baryte (Brt). These mineral zones were segmented during the Variscan and Alpine tectonic overprint together with 
the Holec Beds bedrock, being a part the Silurian Betliar Fm. This bedrock consists of crystalline limestone, sericite-graphite phyllites, 
graphite phyllites and lydite. 1b – Geological map and metamorphic facies of the Bystrý potok area in a 3D model according to Grecula 
et al. (2009, 2011). The metapelite was metamorphosed in the Variscan MV2 Bt zone of epidote-amphibolite facies dated from 275 to 
262 Ma, being a consequence of earlier collisional phase of Variscan orogeny and thermal overprint on hot line (Radvanec et al., 2007).
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pyroxene, andesine, labradorite, epidote, chlorite, albite, 
cassiterite, hematite, molybdenite, sulphur, gold, anatase, 
rutile, apatite, fluorite, biotite, epidote, graphite, ilmenite, 
uraninite, scheelite, tourmaline, magnetite, topaz, zircon, 
baryte, talk, dolomite, ankerite, ankerite Mn, siderite, 
calcite, chalcocite, covellite, malachite, azurite, melan-
terite, chalcanthite, goethite, szomolnokite, halotrichite, 
jarosite, copiapite, coquimbite, voltaite, rhomboclase, 
epsomite, goslarite, cuprite, erythrite, cuprojarosite, 
kieserite, scorodite, zincite, hexahydrite, leucoxene, lepi-
docrocite, metavoltine and psilomelane (Bartalský et al., 
1993; Grecula et al., 1995; Radvanec & Gonda, 2019). The 
new metamorphic association has not been clearly defined 
from the original stratiform SedEx mineralization in these 
studies, except by Radvanec & Gonda (2019).

According to the results of mineralogical, geochemical 
and isotope studies, exhalation zones of the SedEx 
mineralization were identified from central to external 
zones, depending on the distance of the place where the 
exhalations ore fluid reached the seafloor. The central 
Cu-rich exhalation zone was identified according to the 
amount and relationships of sulfides. Here, chalcopyrite 
predominates over pyrite. The arsenopyrite, galena, 
sphalerite and pyrite predominate over pyrrhotite in the 
transitions of As and Pb-Zn and rarely Ag-rich zones. In 
the external Ba-rich zone, the dilution of the exhalating 
fluid with seawater was significant. The disseminated 
pyrite predominates over rare occurred baryte in this zone 
(Fig. 1a). The temperature of exhaled fluids dropped from 
412–320 °C in the central zone to 176 °C in the outer zone 
(Radvanec et al., 1993, 2004; Grecula et al., 1995).

The isotopic composition of galena from localities 
Smolník, Bystrý potok (Alžbeta) and Mníšek nad Hnilcom 
(Jalovičí hill) corresponds to the development of orogenic 
lead (Fig. 1). The lead isotope data for galena 207Pb/204Pb = 
15.5–15.8; 208Pb/204Pb = 37.6–38.5; 206Pb/204Pb = 17.8–18.1 
roughly agree with their Lower Paleozoic stratigraphic age 
in most applied models, with respect to uranogenic leads, 
while model calculation based on thorogenic 208Pb gives 
significantly lower model ages. This higher proportion 
of thorogenic lead in stratiform mineralizations can be 
explained by the participation of some isotopically evolved 
lower crustal and/or metamorphic source during the 
formation of volcanic rocks on the seafloor. The complex 
sulfidic mineralization is characterized by values δ34S = +5 
to 15 ‰. It is well consistent to the genetic exhalation-
sedimentary model of polymetallic mineralization 
genetically associated with the Late Silurian-Devonian 
rift in Gemeric unit (Grecula, 1982; Grecula et al., 1995; 
Radvanec et al., 2004). The bulk chemical compositions of 
SedEx mineralizations and their normalized REE contents 
show the upper crust source for the sulfide formation and 
subsequent metamorphic event in the chlorite zone on 
the Smolník locality (Radvanec & Gonda, 2019). The 
localities of Smolník and Mníšek nad Hnilcom represent 
typical stratiform SedEx mineralization in the Lower 
Paleozoic complex (Bartalský et al., 1993; Radvanec et al., 
1993; Grecula et al., 1995, 2009). For other less significant 
localities of stratiform SedEx mineralization see Grecula 
et al. (1995). 

In the studied area of Bystrý potok, the former fluid 
exhalations belong to the central and transition zones and 
the mineralization formed from exhalations is located 
stratigraphically in the upper part of Silurian graphitic 
phyllites without accompanying basalt volcanism, which 
occurs significantly in the Smolník locality. The sulfides 
formation in the Bystrý potok locality was accompanied 
with the albite-quatrz bearing keratophyre, spilite-
keratophyre (chlorite bearing) and its pyroclastics shows 
the locality as the first manifestation of the fluid smoke 
exhalation into the seafloor before the main basalt volcanic 
activity in the Lower Silurian-Devonian rift (Fig 2). 

The main mineral in the Bystrý potok locality is pyrite, 
which predominates over other sulfides. Pyrite commonly 
forms spheroids, ranging in size from 0.010 to 0.035 mm, 
with a grain-size of approximately 0.015 mm. Their shape 
is spherical, rarely elliptical or less regular. The individual 
pyrite spheroids are usually separated from each other 
by sphalerite or other sulfides. If the pyrite grains are in 
contact during growth, a matrix of various pyrite neoblasts 
formed on their spherical parts of the original individuals. 
In the combined spheroids of pyrite and pyrrhotite, the 
pyrrhotite always forms a core around which a new pyrite 
rim is developed. The pyrite thus forms regular pyrite 
rings. Sometimes the position of pyrrhotite is eccentric, 
so the hook-like or atoll-shaped pyrite and/or marcasite 
formations around that pyrrhotite nucleus were formed. 
In rare cases, marcasite has been found in atoll margins 
in the form of fine crystalline coatings resulting from 
the decomposition of pyrrhotite. The core of the annular 
formations is also formed by the sphalerite, more rarely 
by galena. Irregularly shaped pyrite is also common 
around pyrite spheroids. It is usually fine-grained. The 
occurrence of skeletal pyrite is also common. It is either 
in the form of isolated grains or forms aggregates. The free 
spaces between the individual “ribs” of pyrite are filled 
by other sulfides, mainly sphalerite or galena (Kantor & 
Fusán, 1952).

Positions with a monomineralic predominance of sul-
fides alternate in the SedEx lens. In addition to rolling into 
parallel strips, the pressure deformation is locally manifest-
ed by breccia. That breccia consists of pyrite, sphalerite, 
pyrrhotite, galena, arsenopyrite and chalcopyrite respec-
tively. Of these, pyrite with sphalerite predominates, while 
the other sulphides are minor. The grey-black fragments of 
brecciated ore consist of fine-grained sulfides, which are 
surrounded by a predominantly coarser-grained matrix of 
pyrrhotite, sphalerite, chalcopyrite and idiomorphic pyrite. 
The size of pyrrhotite ranges from 0.05 to 1.0 mm. The 
size of the pyrite is from 0.1 to 1.0 mm or from 0.1 to 
0.2 mm and the size of sphalerite with chalcopyrite has 
similar dimensions. The individual segments of the breccia 
are enclosed in cement, formed of coarser-grained sulfides, 
especially in pyrrhotite, sphalerite and chalcopyrite (Kan-
tor & Fusán, 1952). This sulfide matrix is dark, coloured 
from brown to black by sphalerite and pyrrhotite. Pyrite 
is also often present in the form of macroscopically solid 
clusters or there is pyrite in the form of small idiomorphic 
grains. The chalcopyrite often occurs in these sulfide po-
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sitions and in some parts the disseminated or even more 
continuous veins of galena were revealed. Veins of galena 
were also found along the marginal parts of the ore body. 
In the chalcopyrite or in the mixture of “whole sulfides” 
the rare gold occurs having size from 0.003 to 0.012 mm.

The quartz is rare in the lens. It is either fine-grained 
with a sugary appearance or is coarser-grained light grey 
to milky white. Carbonates seldom form continuous 
clusters or positions in sulfides that are at most cm thick. In 
some places of the marginal parts of the lens, the increased 
concentration of white micas was found (Kantor & Fusán, 
1952). The cassiterite belongs to the sulfide association. The 
idiomorphic cassiterite forms long prismatic crystals up to 
0.4 mm. It occurs in the pyrrhotite, sphalerite, chalcopyrite 
and galena. Irregular small grains of cassiterite were also 
found in these sulfides. The cassiterite is also present in 
those parts, where chalcopyrite predominates in the fine-
grained quartz. Here it is surrounded by white mica, by 
quartz and carbonates (l.c.). White mica is a common 
mineral, sometimes overgrown with “muscovite” and is 
markedly pleochroic, clear or yellowish to brownish. Its 
C-axis parts are pink-brown in colour and have a low 
birefringence. According to this optical characteristic, 
Kantor & Fusán (1952) considered this mica to be the 
zinnwaldite. The apatite, chlorite and feldspar often occur 
in the association of cassiterite, sulfides, quartz and white 
mica. The host rock around the ore lens is silicified and 
impregnated by sulfides. There are frequent inclusions of 
idiomorphic pyrite, accompanied by its aggregates and 
veins (l.c.).

Methodology

Mineralogical and petrological data were obtained 
by studying samples of skarn, albite-quartz bearing 
metakeratophyre and samples of stratiform SedEx sulfidic 
mineralization from the Bystrý potok valley (Figs. 1, 2). 
Samples were collected from the adit at levels 2 (48° 45’ 
33.4” N, 20° 40’ 31.6” E, Fig. 3) and 1 (dump-2; 48° 45’ 
33.7” N, 20° 40’ 28.8” E and adit). 

The relations among minerals were studied in polished 
thin sections. Chemical composition of minerals was 
determined by electron microprobe analyses (EMPA). 
The EMPA of minerals and their crystallization succession 
were obtained in the State Geological Institute of Dionýz 
Štúr, Department of microanalysis, Bratislava. The 
Cameca SX-100 electron microprobe was equipped with 
three spectrometers and Kevex delta IV EDS system. The 
natural and synthetic standards were used for calibration. 
Measuring conditions: acceleration voltages 15 kV and 
25  kV, current 10 nA at analyses of carbonates or 20 nA 
at silicate analyses. The diameter of the electron beam was 
changed according to the type and size of minerals. Micas 
were measured by widened beam 7–10 µm, carbonates 
10–15 µm and other minerals by 2–5 µm beam. The 
measurement time from 10 to 60 s was chosen aiming 
to achieve the required measurement accuracy of given 
element. Detection limit for individual elements is smaller 
than 0.05 wt. % with an error 2-sigma. 

After study by optical microscope and subsequent 
measurement by microprobe, the EMPA results for all 

Fig. 2. The Late Silurian–Early Devonian development (VD0, MV0) and schematic Permian metamorphic overprint (MV2) without 
visualized tectonic arrangement of rocks by Variscan orogeny in Paleo-Gemeric area. The disseminated and stratiform sulfidic 
mineralization is formed by the sedimentary-exhalation processes (SedEx), related to the bimodal – keratophyre and basalt magmatism 
in the seafloor in the Late Silurian-Devonian rift. The skarn was formed in the epidote-amphibolite facies in the limestone protolith 
of the Holec Beds and this facies shows P-T conditions of the stratiform sulfidic mineralization overprint in the Bystrý potok area as 
well. The epidote-amphibolite and amphibolite facies accompanying the late (VD2, MV2) of Variscan orogeny is of Permian age in 
the Gemeric unit (Grecula et al., 2009, 2011). These data complement lithostratigraphic development of Gemeric unit proposed by 
Radvanec & Grecula (2016).
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In addition to familiar mineral names such as tetrahe-
drite, bournonite, plumosite-like, bismuthinite, kobellite, 
wittite, etc., the rule of gradually decreasing number of 
apfu elements in their chemical formula was applied to 
the names of new sulfides. The PbBiSb- and PbSbBi-rich 
sulfides were named according to this rule, see text below.

In the investigated locality, the same sulfides usually 
have two modes of occurrence, e.g. pyrite 1 and pyrite 2, 
etc. These generations of sulfides vary according to location 
and chemical composition, see text and Tables. Only two 
modifications of chalcopyrite have not been correctly 
distinguished because they have the same chemical 
composition, although the position of the chalcopyrites in 
the mineral associations is obviously different, especially 
according to their place of occurrence. For this reason, 
altogether two chalcopyrite generations are collectively 
referred to as chalcopyrite.

In this study, the term sakuraiite is used for Sn sakurai-
ite (Sn-rich sakuraiite) and In sakuraiite (In-rich sakuraiite) 
depending on which element predominates in the sakurai-
ite formula. These terms also describe the finding that In 
sakuraiite does not contain Sn. To compare the chemical 
composition with sphalerite, the chemical formulae of In 
and Sn sakuraiite was calculated on the basis of 2 atoms 
and was used in the diagrams (Figs. 9, 10; Tabs. 5, 10). 

In this study, we use the traditional term keratophyre in 
the sense of the rock classification of Grecula et al. (2009, 
2011). In addition, the term keratophyre clearly captures 
the geotectonic background of its origin as a product of 
magma differentiation on the seafloor in the Late-Silurian 
and Devonian rift. According to the IUGS chemical 
classification of volcanic rocks, it is a quartz-albite bearing 
trachyte metamorphosed in epidote-amphibolite facies.

Mineralogical and petrological results
Mineralogical and petrological data were obtained 

studying the skarn, albite-quartz bearing metakeratophyre 
and disseminated and massive sulfide ore layers in the 
Bystrý potok locality (Figs. 1–3).

Garnet-clinopyroxenite skarn as a marker of P-T me-
tamorphic conditions at the Bystrý potok locality
The common thin layers and small lenses of garnet-

pyroxenite skarn with thickness up to 10 cm occur in the 
graphite bearing phyllite formation of Holec Beds (Figs. 
2–3). The garnet-pyroxenite skarn represents mostly 
a fine-grained green avocado coloured rock with purple 
garnet bearing bands. Texture of skarn is most often 
fibro-granoblastic, less often granoblastic and frequently 
banded (Fig. 4). The skarn was formed under control of 
late Variscan ductile overprint of south-vergent unroofing 
kinematics VD2 (classification sensu Németh, 2021), 
being initiated by Variscan post-collisional overheating 
and tectono-metamorphic overprint MV2 (l.c.) above hot-
line in Permian (Fig. 3). 

During the gradual evolution of skarn, the limestone 
protolith was firstly changed by the Late Silurian-
Devonian exhalations related to the formation of SedEx 
mineralization. This fluid SedEx alteration produced 

detected minerals were plotted in diagrams, triangle dia-
grams and in a tetrahedral projection (Figs. 5, 9, 10, 12, 17, 
20 and 21). The chemical composition of the carbonates is 
shown in triangular diagrams between the end-members 
magnesite-siderite-calcite-cerussite. Chemical analyses of 
V-rich mica, V-rich chlorite and other minerals show the 
tetrahedral projection K = KfsFCaA, where the content of 
V2O3, Al2O3 and Cr2O3 is in the A according to the modi-
fied manual of Spear (1995). Mineral assemblages in the 
KAl = KfsFCA projection show the index minerals of epi-
dote-amphibolite facies and chlorite-apatite zone (Fig. 5a). 
Projection of K = KfsVTiA (A = Al2O3) shows the position 
of V-rich muscovite-phengite and V-rich phengite-illite be-
tween the muscovite-roscoelite-illite-kaolinite end-mem-
bers including projection of V-rich chlorite, schreyerite, 
rutile and titanite in this tetrahedral projection (Fig. 5b). 

Analyses of sulfides, oxides and other minerals after 
recalculation to chemical formula were visualized in the 
individual tetrahedral projections: ZnFeCuIn, ZnFeCuSn, 
NiFeCoAs, NiSbFeAg, NiSbFeBi, SbFeBiPb, CuSbFeAg, 
CuSbFePb and CuSbFeAg, while S, O, CO2 and OH 
contents were neglected (Figs. 17, 21). Projections of 
the mineral chemical formulae in each of these element 
systems show the relationships between the source 
SedEx minerals and the newly formed metamorphogenic 
minerals within the end-members.The interconnection of 
the end-members in the system of elements determines 
the plane in which the new metamorphogenic mineral was 
formed at the expense of the SedEx end-members. They 
are also planes of 22 empirical reactions. See text below 
and Figs. 5, 17, 20 and 21. The individual projections were 
combined to show the entire mineral crystallization system 
in the study area (Figs. 17, 21).

The 22 empirical reactions show reacting source 
minerals controlled by their chemical formulae, as well 
as new metamorphic mineral assemblages, also confirmed 
by their chemical formulae. The composition of the fluid 
phase has been calculated in the reactions. The relationship 
between the reacting source minerals in the reactions and 
the new mineral association is always confirmed by the 
BSE images (Figs. 4, 6–8, 11, 13–16, 18, 19).

Diagrams, triangle diagrams and a tetrahedron 
projection of the chemical composition were used for the 
chemical classification of sulfides rich in Pb, Bi, Sb, Cu, Ag 
and Fe. In figures all these sulfides are directly compared 
with reference mineral compositions published in the 
Mineralogy Database (webmineral.com; Figs. 20–21). 

The summary types of formula ABX, A9B2X8, A3BX3, 
A2BX3, A2B2X5, A2B3X6, A3B3X7 and the term sulfides are 
used in this study for bournonite, plumosite-like and other 
sulfosalts composed of Pb, Bi, Sb, Cu, Ag, Fe and S. The 
contents of Ni, Co, Pb, Cu and Ag are bound in group A, 
Sb, As and Bi are in group B, and the position of Fe in both 
groups depends on whether Fe3+ is bound together with Sb 
and Bi in group B or as Fe2+ in group A. This alternative Fe 
binding was inferred from correlations of element contents 
and their substitutions in the chemical formulas. The group 
X consists of S and Se (see Tables). The chemical formulae 
of the tetrahedrite group were calculated according to the 
procedure of Biagioni et al. (2020).
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chalcopyrite CuFeS, galena 1 PbS and cobaltite 1 
(Co0.91Ni0.07 Fe0.05)1.03As0.95S as disseminated mineraliza-
tion in calcite CaCO3 matrix of limestone. Inclusions 
around 1 μm of galena 1 often occur in the cobaltite 1. The 
size of chalcopyrite reaches 120 µm, galena 1 around 5 µm 
and cobaltite 1 up to 20 µm. Only millerite (Ni0.99 Co0.01)S 
of this SedEx mineralization forms aggregates up to 700 µm 
in size and these aggregates enclose chalcopyrite, galena 1 
and the remnants of calcite (Fig. 4d). In limestones small 
layers and lenses, the calcite was locally accompanied by 
dolomite Ca0.96-1(Mg0.76-0.84Fe0.14-0.2Mn0.06-0.07)(CO3)2 (Figs. 
4c, 5, 11f and 12a). 

After formation of disseminated SedEx mineralization, 
the calcite and locally dolomite bearing matrix of former 
limestone was metamorphosed and transformed into the 
skarn. The skarn finally composes of homogeneous garnet 
Grs41.4-60.2Sps19.8-32.8Alm16.7-22.2Adr0-8.5 usually from 50 to 
500 µm in size, hedenbergite Wo44.5-50.1Fs31.6-38.2En12.7-20.7 
where MnO ranges from 1.49 to 6.07 wt. %, epidote Ps 
= 0.2–0.4, actinolite, fluorapatite Ca5(PO4)3F, titanite 
Ca1.03Ti0.82Al0.17Fe0.04Si1.02O4.8F0.2, quartz, zircon and 
remnants of calcite. Short veins of pyrochroite and Mn-
rich calcite Ca0.84-0.89Mn0.09-0.12Fe0.01-0.03CO3 fill cracks in 
that mineral assemblage (Fig. 4b). 

Projection of these minerals in the tetrahedron 
KAl = KfsFCA shows their relationship typical for 
epidote-amphibolite facies, which metasomatically 
formed the epidote-hedenbergite-grossular/alman-
dine-actinolite-chlorite bearing skarn assemblage at 
a temperature range of 500–600 °C at approximately 
2–7 kbar (Spear, 1995; Radvanec et al., 2017) and/or a 
calculated temperature of 526–546 °C at P = 3–6 kbar 
according to garnet-clinopyroxene geothermometer 
(Ravna, 2000; Fig. 5a). The input analyses for the gar-
net-clinopyroxene geothermometer of Ravna (2000) 
are given in Table 2. The obtained skarn P-T conditions 
are in good agreement with the epidote-amphibolite fa-

cies conditions found in the wider vicinity of the Bystrý 
potok locality (Fig. 1b; Grecula et al., 2009). The identi-
cal pyroxene, garnet, amphibole, epidote and plagioclase 
skarns containing magnetite, hematite and sulfides were 
also formed at the same temperature around 570 °C and by 
the same process of alteration of original limestone lenses 
in the Holec Beds on the Trochánka, Javor and Gondárska 
lúka localities. These skarns also originated in the Variscan 
orogeny (Faryad & Peterec, 1987).

Determination of the P-T conditions of the epidote-am-
phibolite facies is crucial in the study of the metamor-
phism of the Late Silurian–Devonian SedEx disseminated 
mineralization at the Bystrý potok locality.

Under P-T conditions of the epidote-amphibolite 
facies a new generation of sulfides has originated in the 
skarn. In silicates matrix of skarn the irregularly zoned 
Ni-rich cobaltite 2 (Co0.73Ni0.22Fe0.05)1As0.97S1.03 – (Co
0.82Ni0.12Fe0.07)1.01As0.96S1.03 with a size 20–40 µm was 
formed and the millerite was partly replaced by hau-
checornite and by hauchecornite-(Sb) (Fig. 4d-e). This 
hauchecornite grain is zoned having Bi-rich parts of 
(Ni8.56Co0.38Fe0.05)8.99(Bi1.34Sb0.47Fe0.24)2.05S7.95, Sb/Bi-rich 
(Ni8.40Co0.53Fe0.05)8.98(Sb1.44Bi0.42Fe0.17)2.03S7.98 and Sb-rich 

Fig. 3. The occurrence and relationship of stratiform SedEx 
sulfidic mineralization, albite and quartz bearing metakera-
tophyre and the skarn in the host Holec Beds found in the 
2nd level of the Alžbeta adit in the Bystrý potok locality. The 
Holec Beds consist of sericite-graphite phyllites, lydite and 
limestone as a protolith of garnet-hedenbergite-epidote-ac-
tinolite bearing skarn. The rock sequence in this locality man-
ifests late Variscan ductile overprint (MV2 metamorphism, 
in previous papers signed as M1; Radvanec & Gonda, 2019) 
of south-vergent unroofing kinematics VD2, being initiated 
by Variscan post-collisional overheating and tectono-meta-
morphic overprint MV2 above hot-line in Permian. It pro-
duced anticline setting and resulting south-vergent unroofing 
in this locality. Later Paleo-Alpine north-vergent thrusting 
ApD1 and south-vergent unroofing ApD2 are manifested by 
brittle-ductile secondary foliation and cleavage. Regional 
shearing during Neo-Alpine AnD3 phase produced sinistral 
Transgemeric shear zone trending ENE-WSW, which rotated 
CCW earlier foliation planes of VD2, ApD1 and ApD2 to di-
rection of shear zone (present general dip is 154/68). Classi-
fication of orogenic and metamorphic phases sensu Németh 
(2021). Photo: Miloš Greisel
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5CaCO3  +  3H3PO4  +  HF → 
Limestone	 P-F	bearing	fluid	phase
Ca5(PO4)3F  +  5H2O  +  5CO2 (3)
	 Apatite

The position of fluorapatite enclosed in garnet, epidote 
and actinolite indicates its formation probably in the 
prograde zone of epidote-amphibolite facies (Figs. 4, 5a). 
However, it is irrelevant to consider the prograde and/or 
retrograde state of the chlorite-apatite zone in the study 
area, because the temperature range of 500–600 °C or 
526–546 °C of the epidote-amphibolite facies and the 
temperature range of 420–540 °C of the chlorite-apatite 
zone partially overlap, indicating the chlorite-apatite zone 
as part of the epidote-amphibolite facies.

Texture of polymetallic mineralization

The mineralization of the Bystrý potok locality 
consists mainly of the basic and original stratiform SedEx-
sulfidic mineralization and the new mineralization formed 
by the in-situ epidote-amphibolite facies and/or by the 
chlorite-apatite zone overprint. The mineral texture has 
a fine-grained form up to 1 mm in grain size generally. 
In this complex mineralization, the sulfide clusters 
of galena, sphalerite, pyrite, pyrrhotite, chalcopyrite 
and arsenopyrite predominate over the aggregates and 
individual disseminated grains of these sulfides. The 
disseminated form is usually present in graphite bearing 
phyllites, albite-quartz bearing metakeratophyre and in 
the skarn. The massive part of mineralization is formed 
of spots and pseudo-layers coloured brown, yellow and/
or they are black. The galena bearing parts have a silver 
metallic luster and are matt grey to matt black. Spots of 
dolomite, ankerite, siderite, fluorapatite, chlorite and 
quartz up to 2 cm in size are enclosed in the sulfide mass. 
The phengitic V-rich mica has euhedric shape and the 
individual cassiterites have a hypidiomorphic shape and 
remnants of SedEx sulfides are always enclosed in this 
cassiterite aggregate. Both of these minerals reach about 
1 mm in the sulfide matrix. The complex mineralization 
shows that sulfides stratification or layering was formed 
by the exhalations on the seafloor and also shows the 
subsequent ductile deformation acting in the epidote-
amphibolite and chlorite-apatite zone (Fig. 6). 

The original mineral assemblage of the stratiform 
SedEx mineralization 

Sulfide aggregates, accompanied with chlorite with 
various Fe contents and rarely by quartz, represent 
a common composition of the SedEx mineralization 
originated from seafloor exhalations in the Late Silurian-
Devonian rift. The original SedEx chlorites are classified 
according to the daphnite-ripidolite-pycnochlorite 
series and also the Si = 7.01–7.92 (apfu) with Fe2+ + 
Fe3+ = 5.01–5.84 bearing chlorite was found (Tab. 2). In 
addition to sulfides, quartz and chlorites, the allanite-(Ce), 
monazite, thorite and rutile also occur in the volcanic part 
of former albite-quartz bearing keratophyre. If exhalations 

(Ni8.23Co0.50Fe0.25)8.98(Sb1.70Fe0.14Bi0.08)1.92S8.09 part respec-
tively. The Fe (apfu) is significantly bound in group B with 
Bi and Sb in these chemical formulae. The Sb* = (Sb + 
Fe3+)/(Sb + Bi + Fe3+) ratios therein range from 0.34 to 0.96 
showing the variable influence of SbFe3+S (gudmundite), 
Bi2S3 (bismuthinite) and/or native Bi molecules during the 
replacemnet of millerite to form zonal hauchecornite (Fig. 
4d–e, Tab. 1). The formation of zonal hauchecornite is 
described by reactions 1, 2 and its formation is visualized 
in NiSbBiFe tetrahedron between millerite, gudmundite 
and bismuthinite/native Bi end-members. The SedEx 
processes produced those reacting source minerals for the 
formation of new hauchecornite (Fig. 21).

18NiS  +  FeSbS  +  Bi2S3  +  6H2O →  
Millerite				Gudmundite		Bismuthinite
Ni9(SbBiFe)2S8 + Ni9(BiSbFe)2S8 + 6H2S + 3O2 (1)
Hauchecornite-(Sb)	 Hauchecornite

18NiS  +  FeSbS  +  2Bi  +  3H2O →  
Millerite	 Gudmundite	Bi	native
Ni9(SbBiFe)2S8 + Ni9(BiSbFe)2S8 + 3H2S + 3O (2) 
Hauchecornite-(Sb)	 Hauchecornite

Further details on gudmundite, bismuthinite 1 and the 
native Bi formation are given in the text below.

In the skarn, the fluorapatite is accompanied by garnet, 
epidote, hedenbergite and actinolite, representing the ma-
jor and indexed minerals formed during the replacement of 
former limestone in the beginning of epidote-amphibolite 
facies (Fig. 4). The homogeneous grains of fluorapatite do 
not contain any admixture of other elements and its chemi-
cal formula is close to end-member Ca5(PO4)3F (Tab. 2). In 
different localities of Gemeric unit the same pure fluorapa-
tite in assemblage with tourmaline, biotite, phengitic mus-
covite, margarite, topaz, stilpnomelane, chlorite, quartz, 
fluorite, ankerite, dolomite, kutnohorite, rhodochrosite, 
siderite, magnesite, allanite, U-rich and In-rich minerals, 
columbite, cassiterite, molybdenite, goyazite and sulfides 
occur. In all these localities from greisen in direct contact 
with Permian S-type granite through skarns and veins in 
granite exocontacts to U-SedEx surface mineralization, 
the fluorapatite does not contain any admixture of other 
elements, however it was formed in different P-T condi-
tions of the Permian hydrothermal mineralization. The 
assemblage where the fluorapatite occurs with phengitic 
muscovite and chlorite, was named the chlorite-apatite 
zone and the temperature range 420–540 °C of this zone 
has a regional enlargement in the Permian hydrothermal 
mineralization of Gemeric unit (Radvanec & Gonda, 2019, 
2020). 

The origin of the studied fluorapatite is conditioned 
by the existence of calcite lenses in the organic-bearing 
sediments of the Holec Beds, where limestone/calcite in 
the epidote-amphibolite facies reacted with a fluid phase 
containing H3PO4 and HF to form fluorapatite according 
to reaction 3.
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Fig. 4. The skarn minerals were formed in the Permian MV2 epidote-amphibolite facies metamorphism from the limestone protolith 
of the Holec Beds. a – The Ni-rich cobaltite (CbtNi) and cobaltite (Cbt) in the matrix composed by garnet (Grt), hedenbergite (Hd), 
epidote (Ep), titanite (Tnt), fluorapatite (Ap) and actinolite (Act). b – Mn-rich calcite (MnCal) short veins crosscut the matrix of gar-
net, epidote, actinolite and fluorapatite. c – The relationship of former limestone-calcite (Cal) and skarn minerals: quartz (Qtz), zircon 
(Zrn), garnet, epidote, titanite, hedenbergite. d – Aggregates of millerite (Mlr), zonal hauchecornite and chalcopyrite in the matrix of 
epidote, actinolite, fluorapatite, quartz, calcite, Mn calcite and baryte (Brt). e – Detail in figure (d). Zonal aggregate of hauchecornite, 
hauchecornite-(Sb) and chalcopyrite (Ccp) in millerite with inclusions of galena 1 (Gn1); Sb* = (Sb + Fe3+)/(Sb + Bi + Fe3+). BSE 
images of mineral assemblages.
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atom is packed between a large Sb atom and a small S 
atom. The ordinary gudmundite “crystal”, in common 
with other members of the arsenopyrite group is actually 
a twinned composite simulating a single orthorhombic 
individual (Buerger, 1939). Therefore, the Fe atom in the 
chemical formula of gudmundite and also arsenopyrite 
binds as Fe3+ (http://webmin.mindat.org/). Unlike the 
corroded gudmundite, the arsenopyrite (Fe3+As0.97)S1.02 
is stable and occurs together with chalcopyrite, pyrite 1, 
pyrrhotite and sphalerite 1 or else arsenopyrite is enclosed 
in galena 1 or sphalerite 1. Arsenopyrite usually forms 
momomineral aggregates and bands up to 1 cm thick in 
the SedEx mineralization (Figs. 6d, 8c, 14d; Tab. 3). Rare 
bismuthinite 1 (Bi1.78Fe0.22)2(Se0.01S2.94)2.95 up to 20 µm in 
the size occurs as an inclusion usually in pyrite 1, pyrrhotite 
or in galena 1 (Fig. 8a). A number of its analysed grains 
consistently show a chemical composition with a uniform 
Fe content of approximately 0.22 apfu. The bismutinite 1 
shows a Bi content of 1.78 apfu, giving a sum of Bi + Fe 
= 2, and where Bi is substitued by Fe, indicating a form of 
Fe3+ bond in its chemical formula, as in the gudmundite 
and arsenopyrite (Tab. 4).

The assemblage of pyrrhotite, chalcopyrite, chlorite, 
quartz, pyrite 1 and sphalerite 1 (Zn0.70-0.85Fe0.11-0.16Cu0.01-

0.08In0.01-0.08)S is usually present in the host galena 1 
aggregates. However the sphalerite 1 in this association 
also formed monomineral pseudo-layers, bands and/or 
spots up to 5 cm thick (Fig. 6 and 8c–f). In that massive 
sphalerite 1, the indium content ranges irregularly from 
0.61 to 8.78 wt. % and Cu from 0.33 to 4.68 (Figs. 15, 
16a–b, Tab. 5). The indium content (up to 0.1 apfu) 
progressively correlates with Cu (up to 0.1 apfu) and the 

were spilled into the limestone environment, the SedEx 
mineralization also includes remnants of calcite and 
dolomite (Figs. 4c, 11d–f, 13f and 14d). 

Much of the SedEx mineralization typically consists of 
a mixture of monomineral and sulfide aggregates and the 
various coexisting sulfides are invariably enclosed within 
the host large sulfide (Figs. 6, 8). The pyrite 1 Fe1.01S1.98-1.99 
(Fe/S = 0.51) aggregate (1st pyrite generation) usually 
encloses galena 1 Pb0.97Zn0.02S, chalcopyrite (CuFe)S2, 
pyrrhotite FeS without admixtures of other elements 
(Fig 8a, 19b–c). Pyrite 1 and pyrrhotite contain Au up to 
0.013 wt. % (Tab. 3). The pyrite 1 coexists with BiPb-
rich sulfide, whose chemical formula is close to kobellite 
Pb20.18-20.19Cu2.07-2.22Fe1.23-1.35Ag0.61-0.62Zn0.04Cd0.06Bi26.14Sb4.76-

4.77(Se0.21-0.24S69.53-69.57) with a ratio of Sb/(Sb + Bi) = 0.15 
(Tab. 4). This kobellite contains inclusions of native 
Bi (Bi0.85Sb0.05Fe0.05Pb0.02S0.04) and together with pyrite 
1 is enclosed in an albite matrix which is a part of the 
keratophyre (Fig. 19a). In the albite matrix and in pyrrhotite 
aggregate with quartz the rounded remnants of PbBiSb-
rich sulfide (Pb1.44-1.48Fe0.23-0.35Cu0.11-0.33Ag0.03-0.04)2(Bi1.19-

1.30Sb0.77-0.97)2(Se0-0.19S4.91-4.94)5 were found. The size of this 
PbBiSb-rich sulfide (A2B2S5 type) ranges up to 60 µm (Figs. 
19c–d, Tab. 4). Several mm large remnants of stephanite 
Ag4.80-5.01Sb0.95-1.02Fe0.01-0.08Cu0-0.18In0.01S3.97-3.99 occur with 
coexisting galena 1 in the quartz matrix and stephanite 
was also found in the gudmundite Fe3+

0.98-1.03Sb0.99-1S0.98-1.01 
(Figs. 18a, c–d, Tab. 3). The always corroded gudmundite 
is usually associated with the galena 1 and chalcopyrite in 
the quartz matrix as well (Fig. 18a, e–f). In the gudmundite 
the Fe atoms are surrounded by 3 Sb atoms and 3 S atoms 
at the points of an irregular tetrahedron, where the Fe 

Fig. 5. a – Tetrahedral phase diagram KA1 = KfsFCAl shows projections of skarn minerals (red) and the chlorite-apatite zone mineral 
assemblage (blue) that formed in-situ in the SedEx stratiform sulfide mineralization. The compositional plane between chlorite, gar-
net, hedenbergite, amphibolite and epidote completely classifies the epidote-amphibolite facies according to the metamorphic facies 
classification criteria (Spear, 1995; Ravna, 2000). The calcite and dolomite (black) are remnants of Silurian limestones protolith, 
stratigraphically located in the Holec Beds from which the skarn was formed MV2 epidote-amphibolite facies. b – V-rich micas 
(phengites) projection and substitution V = AlVI in plot V versus AlVI-1 (apfu) based on 12 (O). c – Tetrahedral phase diagram for the 
KA1 = KfsVTiA system shows the positions of V-rich mica varieties, V-rich chlorite, kaolinite, schreyerite and titanite were formed 
by the chlorite-apatite zone.
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Fig. 6. The massive part of fine-grained mineralization in the Bystrý potok locality consists mainly of the basic VD0 stratiform SedEx 
sulfidic mineralization and new mineralization formed in-situ by the MV2 epidote-amphibolite facies and by chlorite-apatite zone. That 
complex mineralization is a mixture of galena 1 (Gn1), sphalerite 1 (Sp1), pyrite 1 (Py1), pyrrhotite (Po), chalcopyrite (Ccp), arsenopy-
rite (Apy) together with spots containing the dolomite (Dol), ankerite (Ank), siderite (Sd), fluorapatite (Ap), chlorite (Chl) and quartz 
(Qtz). The cassiterite (Cst) and euhedral V-rich mica (PngV) form disseminated grains and/or aggregates in the matrix of former SedEx 
sulfides. a – Ankerite, chlorite, quartz represent common assemblage in carbonates bearing spots. b – An aggregate of chalcopyrite in 
a matrix of quartz, chlorite, siderite and galena 1 encloses pyrite 1 and pyrrhotite inclusions. The inclusions of unstable pyrite 1 partially 
decomposed into siderite, and the siderite fills cracks in the chalcopyrite aggregate. c – The SedEx mineralization especially represents 
pyrite 1 with chalcopyrite inclusions, less pyrrhotite and quartz. d – The sphalerite 1 bearing part contains pyrite 1, pyrrhotite, arse-
nopyrite, V-rich mica (PngV), and galena 1. e – The cassiterite aggregates formed in assemblage of V-rich mica, fluorapatite, V-rich 
chlorite (ChlV), ankerite, pyrite 1, pyrite 2 (Py2), sphalerite 1, pyrrhotite and galena 1. Cassiterite always cemented the original SedEx 
sulfides. BSE images of mineral assemblages.
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Fig. 7. Albite-quartz bearing metakeratophyre with disseminated SedEx sulfides and newly formed siderite, bastnäsite-Ce cassiterite 
in chlorite-apatite zone. a – The SedEx ferrokesterite (FKes), sphalerite 1 (Sp1), galena 1 (Gn1), quartz (Qtz) and pyrite 1 (Py1) in the 
albite part of metakeratophyre. b – Aggregate composed by Fe-rich chlorite (Chl-Fe), rutile (Rt), siderite (Sd), pyrite 1 (Py1) and the 
allanite-Ce (Aln-Ce) is replaced by bastnäsite-Ce (Bsn-Ce) in the quartz part of metakeratophyre. c – The relationship of siderite, Fe-
rich chlorite, kaolinite (Kln), pyrite 1 and chalcopyrite (Ccp) in albite-quartz bearing matrix. d – Rare monazite (Mnz) and thorite (Thr) 
in the quartz, chlorite and pyrite 1 matrix. e – Siderite encloses albite (Ab) and quartz and their relationship to the albite-quartz bearing 
matrix with cassiterite (Cst) and chalcopyrite. BSE images of mineral assemblages.
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sum of Cu + In also progressively correlates with Fe, 
however the Fe content has a negative trend with Zn, 
indicating a coupled (CuInFe) ↔ Zn substitution in the 
sphalerite 1. The chemical formula of sphalerite 1 shows 
the presence of roquesite (CuInS2) molecule ranging from 
1 to 15.6 mol. % and/or ishiharaite (CuFeInZn)S molecule 
presence according to the (CuInFe) ↔ Zn substitution (Fig. 
9). Therefore, the Zn content of sphalerite 1 ranges from 
0.7 to 1 apfu and this range is used for the term sphalerite 
in this study (Fig. 9d, 10e–f, Tab. 5).

Aggregates and massive SedEx parts of sphalerite 1 
include galena 1 and arsenopyrite. That massive form of 
sphalerite 1 always includes homogeneous ferrokesterite 
(Cu1.76-1.96Fe0.88-0,96Zn0.16-0.52Sn0.88-0.92)4S4 less often In-rich 
ferrokesterite (Cu1.72-1.96Fe0.68-1.08Zn0.12-0.52Sn0.84-1,04In0.04-0.16)4S4 
where indium content ranges from 0.54 to 4.38 wt. % 
and Sn-rich sakuraiite (Cu0.6-1.72Fe0.6-0.92Zn0.60-2.48Sn0.28-

0.84In0-0.20)4S4 with variable indium content from 0 to 
6.02 wt. % (Figs. 8c and 15, Tab. 5). According to the 
obtained EMPA data, the contents of Cu, Fe, Zn, Sn ± In 
in the ferrokesterite – Sn sakuraiite – sphalerite 1 series 
are variable and can be evaluated according to the binary 
chemical plots in Fig. 10. The positive correlation between 
Cu versus Sn, Cu versus Fe and Cu+Sn versus Fe was 
found. The negative correlation is shown by Fe versus 
Zn and the chaotic correlation is between In versus Sn 
in the ferrokesterite – Sn sakuraiite – sphalerite 1 series. 
In these sulfide series, the incorporation of elements 
is following the Cu + Sn + Fe versus Zn substitution 
scheme. This substitution trend (CuFeSn) ↔ Zn is valid 
for ferrokesterite/In-rich ferrokesterite, Sn sakuraiite and 
it also applies for the coexisting sphalerite 1, if sphalerite 
1 very rarely contains Sn (Fig. 10). By comparing the 
host In-rich sphalerite 1 and the coexisting inclusions of 
ferrokesterite and Sn sakuraiite, it can be concluded that 
the In and Sn content did not mix and/or was mixed only 
locally during the crystallization of sulfides from SedEx 
exhales on the seafloor. Only In-rich ferrokesterite and Sn 
sakuraiite contain sporadic amounts of In up to 0.04 apfu 
(Fig. 10a).

Coexisting stannite/ferrokesterite group and sphalerite 
are considered by many authors to be a reliable geother-
mometer and in this study it is used to estimate precipita-
tion temperature of described phases. Using the equation 
of Nakamura & Shima (1982) on the partitioning of Fe and 
Zn between the sphalerite 1 and ferrokesterite, data were 
obtained to estimate the temperature of their formation on 
the seafloor. In sphalerite 1 the ratio Fe/Zn ranges from 
0.14 to 0.21 and in ferrokesterite from 1.48 to 4.87. The 
log of these ratios range from –0.69 to –087 in sphalerite 
1 and from 0.17 to 0.81 in ferrokesterite (Tab. 5). Using 
log (XFeS/XZnS) sphalerite versus log (XCu2FeSnS4/
XCu2ZnSnS4) stannite, Nakamura & Shima (1982) pro-
posed equations and temperature lines between coexisting 
sphalerite and stannite group. According to these data, 
ore-forming temperatures were obtained for the Bystrý 
potok locality from 280 to 340 °C. This temperature re-
sult fits well between the exhaled fluid temperature ranges 
from 412–320 °C in the central zone and to 176 °C in the 

outer zone, and this temperature is well related to the tran-
sition zone of the exhales from which SedEx mineraliza-
tion formed on the seafloor (Radvanec et al., 1993, 2004; 
Grecula et al., 1995).

The above stratiform SedEx sulphides are the source 
mineralization that gave rise to the metamorphogenic 
minerals in the epidote-amphibolite facies or chlorite-
apatite zone.

Decomposition and oxidation of stratiform SedEx 
mineralization in the epidote-amphibolite facies and 
related chlorite-apatite zone in situ
The original stratiform SedEx mineralization was 

metamorphosed in the epidote-amphibolite facies (500–
600 °C, resp. 526–546 °C; see discussion in earlier chapter 
about garnet-clinopyroxenite skarn) and the chlorite-
apatite zone (420–540 °C) in situ, causing the formation of 
skarn and indexed chlorite with apatite in the Bystrý potok 
locality (Fig. 5a). Like the Holec Beds including skarn and 
lydite also the SedEx mineralization is an integral part of the 
tectonic plan formed under control of late Variscan ductile 
overprint of south-vergent unroofing kinematics VD2, 
being initiated by Variscan post-collisional overheating 
and tectono-metamorphic overprint MV2 above hot-line 
in Permian (Fig. 3). Under the control of this tectono-
metamorphic overprint the unstable SedEx minerals in the 
above temperature ranges have oxidized and decomposed 
by interaction with the fluid phase.

Decomposition of pyrrhotite, pyrite 1 and galena 1 by 
oxidation and dolomite replacement
Pyrrhotite and especially pyrite 1 are the basic minerals 

formed by SedEx processes. They were oxidized and 
decomposed in interaction with H2O, O2, H2S and CO2 
bearing fluid phase to form szomolnokite Fe1.1S0.97O4.
H2O, pyrite 2 Fe0.98S2.02, goethite FeO(OH) and siderite 
Fe0.83-0.98Ca0.01-0.10Mg0-0.03Mn0.01-0.04CO3. At the beginning 
of the gradual oxidation, szomolnokite and pyrite 2 
formed at the expense of pyrrhotite according to reactions 
4–5. The resulting szomolnokite fills the place of the 
former pyrrhotite and the ring around the szomolnokite 
forms a coexisting pyrite 2. In pyrite 2, the Fe content 
(45.58 wt. %) is lower and the S content (53.82) is higher 
compared to pyrite 1, and also the ratio Fe/S = 0.49 is lower 
compared to the value of 0.51 in the pyrite 1 (Tab. 3). The 
next oxidation step caused the formation of goethite and 
siderite on the pyrite 2 showing the complex and gradual 
decomposition of former pyrrhotite (Figs. 11a–b). In 
summary, the pyrrhotite bearing spots were alternatively 
decomposed once into szomolnokite or into szomolnokite 
and pyrite 2 or into szomolnokite, pyrite 2 and siderite 
or into szomolnokite, pyrite 2, goethite and siderite or 
sometimes only siderite according to reactions 6–8 (Figs. 
11a–c, 13c, 14b). Macroscopically, this transformation is 
reflected in the samples as dark brown to black between 
the pyrite and chalcopyrite.

FeS  +  H2O  +  2O2  → FeSO4. H2O (4)
Pyrrhotite	 Szomolnokite
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Fig. 8. The common composition and structure of stratiform SedEx sulfidic mineralization, which formed from seafloor exhalates in 
the Late Silurian-Devonian rift. a – Pyrite 1 (Py1) closes pyrrhotite (Po), chalcopyrite (Ccp), galena 1 (Gn) and bismuthinite 1 (Bin1). 
b – Pyrite 1, chalcopyrite, pyrrhotite, galena 1 and quartz (Qtz) mass assemblages. c – Inclusions of galena 1, arsenopyrite (Apy), 
ferrokesterite (FKes) in the host sphalerite 1 (Sp1). d – Calcite (Cal), chalcopyrite, sphalerite 1, pyrite 1, chlorite (Chl) and galena 1 as-
semblage. e – The relationship of pyrite 1, quartz (Qtz), Fe-rich chlorite (Chl, Fe >) and chlorite. f – Calcite, sphalerite 1, chalcopyrite, 
chlorite, galena 1and quartz assemblage. BSE images of mineral assemblages.
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2FeS  +  H2S  +  5O → FeSO4. H2O  +  FeS2 (5)
Pyrrhotite	 Szomolnokite	 Pyrite	2

3FeS  +  H2O  +  CO2  +  5O →  
Pyrrhotite
FeSO4. H2O  +  FeS2  +  FeCO3 (6)
Szomolnokite	 Pyrite	2	 Siderite

4FeS  +  2H2O  +  CO2  +  3O2 →  
Pyrrhotite
FeSO4. H2O + FeS2 + FeO(OH) + FeCO3 + HS (7)
Szomolnokite	 Pyrite	2	 Goethite	 Siderite

FeS +H2O + CO2 → FeCO3 + H2S (8)
Pyrrhotite	 Siderite

In contrast to the pyrrhotite, the pyrite 1 is more stable 
phase in P-T conditions of chlorite-apatite zone. Pyrite 
1 was only partially decomposed by oxidation to form 
siderite or goethite according to reactions 9 and 10 (Figs. 
6b, 11a–b, 13b and 13f). 

FeS2 +  2H2O + CO2 → FeCO3  +  2H2S  +  0.5O2 (9)
Pyrite	1	 Siderite

FeS2 + 3H2O + HS → FeO(OH) + 3H2S + 0.5O2 (10)
Pyrite	1	 Goethite

Dolomite, as the remnant of Silurian limestones in the 
SedEx mineralization, was gradually replaced by ankerite 

Ca0.98-1(Fe0.24-0.50Mg0.48-0.66Mn0.04-0.10)(CO3)2, goethite and 
finally by the siderite according to the reaction 11 (Figs. 
11d, f and 13f). 

MgCa(CO3)2   +  3FeS  +  4H2O  +  CO2 +  HS →  
 Dolomite	 Pyrrhotite
FeO(OH)  +  FeCa(CO3)2 +  
Goethite	 Ankerite
+ FeCO3   +  0.5O2  +  4H2S + Mg+ (11)
	 Siderite	 in	Chlorite

Galena 1 aggregates were oxidized and decomposed to 
anglesite Pb0.89Bi0.07SO4 and cerussite PbCO3. Anglesite 
and cerussite partially replaced the margin of host galena 1 
and/or replaced galena 1 around the cracks in it according 
to reaction 12 (Figs. 11c and 14d, Tab. 6, 7). 

2PbS  +  H2O  +  CO2  +  2O2 →  
Galena 1
PbSO4  +  PbCO3  +  H2S (12)
	Anglesite	 Cerrusite

V-rich micas, V-rich chlorite and schreyerite forma-
tion

Euhedral and prismatic V-rich micas up to 2 mm in 
size and V-rich chlorites crystallized omnidirectionally 
in various sulfide aggregates. These micas and chlorite 
were found along with the coexisting fluorapatite and 
cassiterite, although their main occurrences are in the 
galena 1, dolomite, allanite-(Ce) and pyrite 1 aggregates 

Fig. 9. Binary plots show-
ing chemical composition 
(apfu) of In-rich sphalerite 
1, In-rich sakuraiite and 
sphalerite 2: a – Cu vs. In; 
b – Cu + In vs. Fe; c –Fe vs. 
Zn; and d – Cu + In + Fe vs. 
Zn. The In-rich sphalerite 1 
was formed by the SedEx 
exhales in Late Silurian – 
Devonian rift. The In-rich 
sakuraiite and sphalerite 2 
were formed by the oxida-
tion and decomposition of 
In-rich sphalerite 1 in the 
Permian chlorite-apatite 
zone according to reaction 
16, see text.
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(Figs. 13 and 14b). The optical characteristics of V-rich 
micas are close to zinnwaldite and the individual V-rich 
micas are zonal. The core of the prismatic grain is usually 
V-rich muscovite-phengite and the rim forms V-rich 
phengite-illite however their intergrowth were also found. 
V-rich chlorite forms the outer rim of V-rich mica but 
separate accumulations of V-rich chlorite were found as 
well (Fig. 6e, 13d–f, 14b, 15a). The V2O3 content ranges 
from 0.47 to 10.05 wt. % in V-rich muscovite-phengite, 
in the V-rich phengite-illite ranges from 1.18 to 9.35 and 
in V-rich chlorite from 0.72 to 2.46. In V-rich micas the 
variable Cr2O3 content reaches up to 3.11 wt. % (Tab. 9).

The chemical classifications of V-rich micas in 
K = KfsFCA projection, where A = (AlTotal+V)/2-(K/2) 
shows their general position in mineral content assembla- 
ges formed by the chlorite-apatite zone near the end-mem-
bers of muscovite and illite with affinity to kaolinite (Fig. 
5a, Tab. 9). The chemical formulas of V-rich micas show 
V = AlVI –1 substitution in the range up to 0.8 apfu between 

muscovite and roscoelite end-member (Fig. 5b). The ros-
coelite KV2AlSi3O10(OH)2 represents vanadium analogue 
of muscovite where V = AlVI (Fleet, 2003). In the projec-
tion K = KfsVTiA, where A = AlTotal/2-(K/2), two modes 
of V-rich micas were found. The low vanadium content 
up to 0.12 apfu in the phengite and phengite-illite classi-
fies this mica near the muscovite and illite end-member, 
and this low-vanadium mica is coexistent with kaolinite, 
titanite, and rutile. The V-rich mica with vanadium content 
ranging from 0.16 to 0.62 apfu coexists with V-rich chlo-
rite and Ti-V-rich oxide (Fig. 5c). That oxide (V1.15Fe3+

0.5
Cr0.21Mn3+

0.08Sc0.04Al0.02)2(Ti2.63Sr0.13U0.09Pb0.07Sn0.03Zn0.

03Si0.01Mg0.01)3O9(OH)0.5 is schreyerite close, belongs to the 
schreyerite group containing (OH) and has a varied asso-
ciation of elements according to its stoichiometry (Tab. 8). 
The schreyerite reaches a size of 30 µm and occurs with 
chalcopyrite, galena 1, V-rich mica and szomolnokite (Fig. 
13c).

Fig. 10. Binary diagrams 
showing the chemical com-
positions of ferrokesterite, 
Sn-rich sakuraiite and 
sphalerite 1 formed from 
SedEx exhalates in the Late 
Silurian-Devonian rift. (a) 
In vs. Sn; (b) Cu vs. Sn; (c) 
Cu vs. Fe; (d) Cu + Sn vs. 
Fe; (e) Fe vs. Zn; and (f) Cu 
+ Sn + Fe vs. Zn.
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The EMPA data of V-rich micas show that their total 
contents range from 93.89 to 100.08 wt. % including H2O 
and often K-deficient. Some V-rich micas appear to be 
mica phases with A2M structure and their total contents 
range around 100 wt. % including H2O (Tab. 8). Other 
K-deficient analyses with total contents below 99 wt. % 
indicate H2O enrichment of V-rich micas and they represent 
therefore likely the interlayer-deficient micas. Such a mica 
is also roscoelite with a total content of 93 to 95.44 wt. 
% (Fleet, 2003). The roscoelite and vanadium muscovite 
are associated with remobilization of vanadium from black 
shales and mafic rocks (Fleet, 2003). The V-rich micas 
studied compare well with the vanadium- and Cr-bearing 
phengite (containing up to 6.93 wt. % V2O3 and 1.52 wt. % 
Cr2O3) found in quartz-rich graphitic black shales (Morad, 
1990).

In the Bystrý potok locality the sources of vanadium 
for V-rich mica, V-rich chlorite and schreyerite formations 
are from graphite-bearing phyllites of Holec Beds, where 
in the epidote-amphibolite facies and in the chlorite-
apatite zone, the vanadium was released from the organic-
rich layer during the conversion of the organic matter 
to graphite. Round graphite often occurs enclosed in 
fluorapatite and in galena 1 (Fig.16e). In the fluid phase 
of the chlorite-apatite zone, vanadium was transported and 
subsequently bound in close proximity to its source, and 
the binding of vanadium well explains the occurrence of 
V-rich micas, V-rich chlorite, and schreyerite in the studied 
mineralization, which lithostratigraphically overlies the 
source of the vanadium from the underlying Holec Beds 
(Fig. 2). However, the varied elements composition of the 
schreyerite shows mobilization of not only of V but also 
Cr, Fe, Mn, Sr, Sc and U from the underlying Holec Beds 
into the SedEx stratiform mineralization.

Cassiterite formation 

Cassiterite SnO2 forms individual, usually hypidio-
morphic grains or aggregates as a common oxide formed 
at the expense of SedEx mineralization in situ (Figs. 6e, 
14 and 15). Its chemical composition shows a simple 
SnO2 content without the addition of other elements. It is 
typical for the composition of cassiterites in all localities 
of the Gemeric unit (Radvanec & Gonda, 2019; Tab. 8). 
Cassiterite aggregates enclose pyrrhotite, pyrite 1, fluor- 
apatite and galena 1 and/or chalcopyrite or arsenopyrite, 
depending on spot where the cassiterite aggregate origi-
nated in the host SedEx mineralization. The occurrence of 
coexisting V-rich mica, fluorapatite and xenotime-(Y) in 
the cassiterite is also variable. Some cassiterite grains or 
aggregates contain them, others are devoid of them (Fig. 
14). The formation of cassiterite in situ is conditioned 
by the occurrence, decomposition and oxidation of suit-
able Sn-rich source sulfides such as ferrokesterite and/or 
Sn sakuraiite. The ferrokesterite and Sn sakuraiite have 
originated by the SedEx processes and decomposed in the 
chlorite-apatite zone by oxidation. Figure 15 shows an un-
stable ferrokesterite residue surrounded by chalcopyrite, 
and cassiterite forms a thin ring around this chalcopyrite. 

This ferrokesterite oxidation can be described by reaction 
13. Alternatively, the reaction of ferrokesterite, goethite 
and CO2 shows the formation of chalcopyrite, cassiterite 
and siderite according to reaction 14. 

Cu2FeSnS4  +  FeS2  +  2H2O →  
Ferrokesterite	 Pyrite	1
2CuFeS2  +  SnO2  +  2H2S (13)
	Chalcopyrite	 Cassiterite

Cu2FeSnS4  +  2FeO(OH)  +  CO2 →  
Ferrokesterite	 Goethite
2CuFeS2  +  SnO2  +  FeCO3  +  H2O (14)
Chalcopyrite	 Cassiterite	 Siderite

Mineralogical results show that the oxidation of 
ferrokesterite and Sn sakuraiite proceeds from the margin in 
a stepwise manner and the unreacted ferrokesterite and Sn 
sakuraiite residues are always oval in the host chalcopyrite 
(Fig. 15). When ferrokesterite and Sn sakuraiite are in 
direct contact with cassiterite, the chemical formula of 
the relics is non-stoichiometric and their analyses are 
a mixture of the former Sn-rich sulfide and newly formed 
cassiterite reaching Sn up to 41 wt. % (Fig. 15b).

Valentinite formation 

The decomposition of unstable former SedEx 
gudmundite caused valentinite Sb1.99Fe0.05O3 and siderite 
formation according to the reaction 15 (Fig. 18f). Under 
the conditions of chlorite-apatite zone the gudmundite 
partly decomposed and its composition shows only Sb2O3 
content except of FeO up to 0.95 wt. % (Tab. 6).

2FeSbS  +  2H2O  +  2CO2 → 
Gudmundite
Sb2O3  +  2FeCO3  +  2H2S (15)
	Valentinite	 Siderite

In-rich sakuraiite formation
The In-rich sakuraiite (Zn0.34-0.64Fe0.15-0.19Cu0.09-0.2 In0.09-

024)S0.98-1.02 was formed by decompositions of indium bear-
ing sphalerite 1, ferrokesterite and Sn sakuraiite. These 
three carriers of In and Sn contents were formed in the 
SedEx mineralization and decomposed in the chlorite-apa-
tite zone. By the thermal effect of the chlorite-apatite 
zone, the In-bearing sphalerite 1 decomposed into a mix-
ture of In sakuraiite exsolution lamellae and sphalerite 
2 (Zn0.89Fe0.11)S (Fig. 16c). In addition to the lamellae, In 
sakuraiite also forms single grains up to 20 µm in size. 
These grains, usually having hypidiomorphic shape, are 
most commonly found at the rim of chalcopyrite, always 
in a quartz matrix. In sakuraiite inclusions are also rarely 
found in pyrite 1 cracks (Figs. 16d–f). The indium con-
tent ranges from 10.78 to 25.83 wt. % in both of these In 
sakuraiite modes (Tab. 10). The formation of lamellae rep-
resents the thermal decomposition of unstable sphalerite 
1 in situ, but the second mode produces the partial and/or 
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Fig. 11. Decomposition of the SedEx pyrrhotite (Po), galena 1 (Gn1) and pyrite 1 (Py1) by oxidation and dolomite (Dol) replacement 
by goethite (Gt), ankerite (Ank) and siderite (Sd) in the chlorite-apatite zone. a – Decomposition of pyrrhotite into szomolnokite (Szo), 
pyrite 2 (Py2) and goethite (Gt). Galena 1 (Gn1) and chalcopyrite (Ccp) inclusions in the host pyrite 1. The V-rich mica – phengite 
(PngV) and V-rich chlorite (ChlV) were formed between pyrite 1 and the pyrrhotite remnant. b – Gradual decomposition of the pyrrho-
tite aggregate by oxidation to form szomolnokite, pyrite 2, goethite and siderite according to the reaction 8, see text. The pyrite 1 con-
tains chalcopyrite inclusions and the matrix consists of V-rich chlorite (ChlV) and V-Fe-rich chlorite (FeChlV). c – Galena 1 partially 
decomposed to form cerussite (Cer), anglesite (Ang) and pyrrhotite was completely replaced by szomolnokite. d – The remnant of the 
Silurian limestone – dolomite encloses with galena 1. The dolomite is gradually replaced by goethite, ankerite (Ank) and finally by the 
siderite (Sd) according to the reaction 9, see text. e – Dolomite and pyrrhotite remnants together with siderite and plumosite-like (Plu) 
formation in quartz matrix. f – The aggregate of allanite-Ce (Aln-Ce), cassiterite (Cst), fluorapatite (Ap), V-rich mica and galena 1 are 
found in a matrix consisting of dolomite remnants, quartz, V-rich mica, V-rich chlorite and fluorapatite. The rim of dolomite is replaced 
by siderite and pyrrhotite was decomposed to the szomolnokite (Po + Szo). BSE images of mineral assemglages.
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complete decomposition of Sn(±In) sakuraiite and In-rich 
ferrokesterite by oxidation in the chlorite-apatite zone. 
This decomposition resulted in the indium transport by the 
fluid phase, away from the source minerals to form new 
In sakuraiite in the quartz matrix, according to reactions 
16 and 17.

Temperature of chlorite-apatite zone
8Zn0.84-0.79Fe0.11-0.13Cu0.023In0.023S  → 
 Sphalerite	1
(Zn0.45Fe0.19Cu0.18In0.18)S + 7Zn0.89Fe0.11S (16)
	In	Sakuraiite		–		lamellae in	 Sphalerite	2

7(Cu0.34Zn0.25Fe0.22Sn0.15In0.05)S + FeS + H2O + 0.5O2 → 
 Sn	sakuraiite	 Pyrrhotite
2(Zn0.43Fe0.22Cu0.19In0.18)S + 
	 In	sakuraiite
+  2CuFeS2  +  SnO2  +  (Zn0.90Fe0.10)S  +  H2S (17)
	 Chalcopyrite	 Cassiterite	 Sphalerite	2

The Cu, Fe, Zn and In contents in the In sakuraiite 
– sphalerite 2 series are variable and can be evaluated 
according to binary apfu-chemical plots in comparison to 
the sphalerite 1 created in the SedEx process (Fig. 5). For 
this comparison, the chemical formula of In sakuraiite was 
calculated to ZnS-sphalerite base in accordance with the 
crystalline structure of sakuraiite (Kissin & Owens, 1986). 
In In-rich sakuraiite, the indium content progressively 
correlates with Cu in the ideal In = Cu function of values 
from 0.1 to 0.25 apfu. This diagram shows the progressive 
In = Cu correlation trend that is also the same in sphalerite 
1 with In = Cu values up to 0.08 apfu (Fig. 9a). The finding 
of an identical In = Cu correlation in former sphalerite 1 
and in new In sakuraiite shows the preservation of the In 
= Cu function from the source sphalerite 1. This inherited 
In = Cu correlation does not change in In sakuraiite, 
which was formed by the decomposition of sphalerite 1 
in the chlorite-apatite zone, and quantifies the content of 

the roquesite molecule ranging from 18.5 to 48.4 mol. % 
in In sakuraiite (Tab. 10). The sum of Cu + In apfu also 
progressively correlates with Fe, but the Fe content has 
a negative correlation with Zn and the coupled (CuInFe) 
↔ Zn substitution was found in all samples from the 
source sphalerite 1 to new sphalerite 2 and In sakuraiite 
respectively (Fig. 9). The highest indium content in the 
In sakuraiite analyses is about 25.83 wt. % and their 
recalculation showed a more accurate arrangement of the 
elements in the chemical formula (Zn,Fe)2InCuS4 of that In 
sakuraiite based on 8 atoms.

The relationships between the source set of In-rich 
SedEx minerals, which are sphalerite 1, Sn sakuraiite, 
ferrokesterite and a newly formed association, such as 
sphalerite 2, In sakuraiite, cassiterite, show (CuSnFe) ↔ 
Zn and (CuInFe) ↔ Zn, as two independent substitution 
trends in the ZnFeCuSnIn system, where the composition 
planes between end members show reactions 13, 16 and 
17. Evaluation of these independent substitutions reveals 
the relationship of the original (CuSnFe) ↔ Zn substitution 
created in Sn-rich sulfides with variable amounts of indium 
and the new In sakuraiite mineralization represented by 
the (CuInFe) ↔ Zn substitution, which originated by the 
decomposition of Sn-rich sulfides (± In) in the chlorite-
apatite zone (Fig. 17).

Cu/Ag-rich tetrahedrite successive formation
The formation of tetrahedrite is closely related to the 

increasing content of Ag from the core to the rim of the 
tetrahedrite grains and aggregates (Fig. 18b). Tetrahedrites 
are found on SedEx sulfide remnants such as gudmundite, 
stephanite, chalcopyrite, galena 1 and are always 
associated with cassiterite, V-rich mica and siderite in the 
quartz matrix (Fig. 18). The core of tetrahedrite aggregates 
consists of tetrahedrite 1 Cu7Ag3Sb4(FeZn)2S13, where 
the Ag content ranges from 15.89 to 26.97 wt. % and its 
mineral formula is based on 29 atoms. It is tetrahedrite-
(Fe) with a detailed chemical formula Cu6(Ag2.68-3.51Cu0.35-

1.34Fe3+
0-0.11)3.90-4.02(Fe2+

1.64-1.71Zn0.29-0.36)2Sb3.96-4.07S12.95-13.05 

Fig. 12. Classifica-
tion of carbonates. 
a – The triangular 
diagram shows the 
carbonate phase 
system and the pro-
jection of dolomite 
and calcite from the 
Silurian limestone 
layer of the Holec 
Beds. Composi-
tion of ankerite and 
siderite pair from 
the chlorite-apatite 
zone. b – Compo-
sition of cerrusite 
formed by the oxi-
dation of galena 1 in 
the chlorite-apatite 
zone.
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Fig. 13. Formation of V-rich micas (PngV), V-rich chlorite (ChlV), schreyerite and oxidation of SedEx sulfides in the chlorite-apatite 
zone. a – The relationship of euhedral V-rich mica, goethite (Gt), apatite (Ap) in the chalcopyrite (Ccp), quartz (Qtz) and galena 1 
(Gn1) matrix. b – The aggregate consists of galena 1, oxidized pyrite 1 (Py1-oxide), goethite, V-rich mica, V-rich chlorite, fluorapatite, 
sphalerite 1 (Sp1) and cassiterite (Cst). c – Schreyerite (Sry) and galena 1 in host chalcopyrite (Ccp). That aggregate occurs with the 
contact with szomolnokite (Szo) and V-rich mica. d – The euhedral white micas are composed of V-rich muscovite-phengite and V-rich 
phengite-illite (IIIV) and these white micas with fluorapatite and cassiterite occur in galena 1. e – The quartz, chalcopyrite, pyrite 1 
(Py1), cassiterite, V-rich micas and V-rich chlorite assemblage. f – Pyrite 1 aggregate was locally decomposed to goethite and siderite 
(Sd) by reactions 9 and 10, see text. The V-rich mica is surrounded by V-rich chlorite, and both were precipitated with quartz in host 
pyrite 1 and dolomite. Galena 1 is also present in pyrite 1. Dolomite is replaced by siderite and together with galena 1 form the matrix. 
BSE images of mineral assemblages.



Radvanec, M.: Oxidation and decomposition of stratiform SedEx sulfidic mineralization in the epidote-amphibolite facies producing cassiterite, V-rich 
micas, In-Sn-Ag-Sb-Pb-Bi-Zn-Fe-As-Cu-Ni-Co sulfides and Fe-Ca-Pb carbonates in situ (Bystrý potok locality, Gemeric unit, W. Carpathians)

139

according to classification of the tetrahedrite group 
(Biagioni et al., 2020). The inner rim 1 is formed by 
tetrahedrite 2 Ag5Cu5Sb4(FeZn)2S12 having the Ag 
content from 29.05 to 31.81 wt. % and its mineral formula 
is based on 28 atoms and shows kenoargentotetrahedrite-
(Fe) (Ag4.93-5.44Cu0.56-1.07)6(Ag3.83Fe3+

0.09-0.13)3.93-3.96(Fe2+
1.76-

1.78Zn0.22-0.24)2Sb4.01-4.07S11.96-12.04. The outer rim 2 in contact 
with the matrix forms rare tetrahedrite 3 Ag9CuSb4Fe2S13 
with the highest Ag content in the range from 42.45 to 
49.26 wt. % and its mineral formula is based on 29 atoms 
and shows rozhdestvenskayite-(Fe) Ag6(Ag2.27-3.21Cu0.69-

1.71Fe3+
0-0.17)3.91-4.15(Fe2+

1.70-1.75Zn0.25-0.31)2Sb4.02-4.05S12.80-12.98. In 
all three formulae of tetrahedrites, the Ag apfu content 
substitutes Cu in the sum of Cu + Ag = 10, Zn substitutes 
Fe2+ in the sum Fe2+ + Zn = 2, the excess Fe above 2 is Fe3+   
and Sb content is uniformly 4 (Tab. 6). 

Decomposition and oxidation in the chlorite-apatite 
zone of the original SedEx association of stephanite, 
gudmundite and ferrokesterite by the fluid phase resulted 
in the formation of tetrahedrite 1 to 3, cassiterite and 
siderite formation according to reaction 18. The increasing 
contents of Ag in tetrahedrite 1 to 3 from core to rim 2 in 
the tetrahedron projection of Ag-Sb-Fe-Cu system shows 
the immiscible gaps of tetrahedrites in the linear ordering 
of their composition and also shows the projection plane of 
reaction 18 between end members stephanite, gudmundite 
and ferrokesterite (Fig. 21).

Ag5SbS4 + 3FeSbS + 3Cu2FeSnS4 + 6H2O + 5O + 
Stephanite	 Gudmundite	 Ferrokesterite
+  5CO2 → Cu6Ag5Sb4FeS13  +  3SnO2 + 
 Tetrahedrite	 Cassiterite
+  5FeCO3  +  6H2S (18)
	 Siderite

Bournonite and plumosite-like formation 
Irregular bournonite Pb0.98-0.99Cu0.98-0.99Sb0.94-0.96Fe0.05-

0.06As0.04S2.98-2.99 with a size of up to 20 µm is always 
occurring on galena 1. Together with galena 1, it occurs in 
association with cassiterite and siderite in the quartz matrix 
(Fig. 14c). Bournonite is homogeneous, containing Fe from 
0.59 to 0.65 wt. % and As from 0.64 to 0.69 wt. % (Tab. 
6). Rare plumosite-like Pb2.78Fe0.06Bi0.02As0.08Sb3.09S6.96 in 
similar size and position to the bournonite also occurs in 
the quartz matrix along with chalcopyrite, In sakuraiite, 
cassiterite, galena 1 and siderite (Fig.11e). The Fe and As 
contents in the plumosite-like chemical formula point to 
its common origin with bournonite. Both were formed by 
oxidation and decomposition of galena 1, gudmundite, 
and ferrokesterite in the chlorite apatite zone according to 
reaction 19 (Fig. 21).

4PbS + 4FeSbS + Cu2FeSnS4 + H2O + 4O2 3CO2 → 
Galena1	Gudmundite	Ferrokesterite
PbCuSbS3 + Pb3Sb3S7  +  CuFeS2  +  SnO2 + 
Bournonite	 Plumosite-like	 Chalcopyrite	 Cassiterite
+ 3FeCO3 + 2FeO(OH) (19)
 Siderite	 Goethite

PbSbBi-rich sufide, native Bi 2 and Se-rich galena 
2 formation

The PbSbBi-rich sulfide (Pb1.70-1.86Cu0.14-0.31Ag0.02-

0 .04) 1.91-2 .05(Sb 1.42-1 .46Fe 3+
0.37-0 .83Bi 0.84-1 .13) 2.95-3 .09(Se 0-

0.13S5.90-5.99)5.95-6.08, in general A2B3S6-type, S-rich wittite 
(Bi3.61Fe0.14Sb0.07Cu0.06Ag0.04Sn0.01)3.93Pb3.01(Se0.41S8.65)9.06, 
native Bi 2 (Bi0.56Sb0.09Fe0.07Pb0.08Cu0.01S0.19) and Se-rich 
galena 2 (Pb0.83-0.85 Fe0.08-0.10Bi0.03-0.05Sb0-0.03Cu0-0.01Ag0-0.01)
(Se0.03-0.10S0.90-0.99) are new minerals formed in chlorite-
apatite zone (Fig. 19, Tab. 4). This assemblage originated 
from the decomposition of original PbBiSb-rich sulfide 
(A2B2S5-type), kobellite and bismuthinite 1, which were 
formed by the SedEx process. 

The original SedEx kobellite has been oxidized 
in the chlorite-apatite zone and its rim has partially 
decomposed to the native Bi 2 of size a few mm. The 
native Bi 2 there always contains sulphur residues up to 
5.5 wt. % and varying contents of Cu, Fe, Pb and Sb up 
to 10 wt. %, indicating a mixture with kobellite remnant. 
Comparing two generations of native Bi, according to 
their composition, the inclusions found in the kobellite 
core coexist with kobellite and are free of other elements 
content (Fig. 19a, Tab. 4).

The original PbBiSb-rich SedEx sulfide (A2B2S5 type) 
was partially decomposed and replaced by the Se-rich 
galena 2, bismuthinite 2 and respectively by the wittite 
and galena 2 that are found in albite and/or in the host 
pyrrhotite (Fig. 19c–d). Its decomposition is illustrated by 
reactions 20 and 21. The reactions plane is shown by the 
projection between the end-members in the Bi-Sb-Fe-Pb 
tetrahedron (Fig. 21). The generated wittite shows good 
agreement with the reference wittite and/or eclarite in the 
classification diagrams (Figs. 20 and 21).

2Pb2BiSbS5  +  3H2O → Bi2S3  +  4PbS + 
PbSbBi	sulfide	 Bismuthinite	2	 Galena	2
+ Sb2O3 + 3H2S (20)
 Valentinite

4Pb2BiSbS5  +  6H2O → Bi4Pb3S9  +  5PbS  + 
PbSbBi	sulfide	 Wittite	 Galena	2
+  2Sb2O3  +  6H2S (21)
 Valentinite

The new PbSbBi-rich sulfide (A2B3X6-type) formed 
in chlorite-apatite zone up to 50 µm in size fills cracks 
in host pyrite 1 and chalcopyrite along with cassiterite 
(Fig. 19e–f). Plotting apfu compositions of Fetotal

 versus 
Bi and Fetotal versus Sb show inverse correlations and 
well defines the substitution Sb + Fe3+↔Pb + Cu+ Ag at 
approximately the constant Bi about 1 (apfu) if Fe content 
ranges from 2 to 5 wt.% in that PbSbBi sulfide (Figs. 20 
d–e; Tab. 4). In this case the chemical formula is (Pb1.70-1.86
Cu0.14-0.31Ag0.02-0.04)1.91-2.05(Sb1.42-1.46Fe3+

0.37-0.83)1.83-2.25Bi0.84-1.13 
(Se0-0.13S5.90-5.99)5.95-6.08 as A2(B2 + Bi)3X6-type in detail. If Fe 
content ranges from 5 to more of 6 wt. %, the chemical 
formula changes to (Pb1.56-1.64Cu0.13-0.18Ag0.02-0.03)1.71-1.85
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(Sb1.22-1.36Bi0.84-0.95)2.06-2.31Fe0.94-1.02(Se0.08S5.92)6 as A2(B2 + 
Fe)3X6-type in details. The high Fe in the chemical formula 
shows a depletion in A2 of about 0.3 and an excess in B2 of 
about 0.3, indicating a possible binding of the Fe content 
as Fe2+ around 0.3 apfu in A2 according to the presented 
A2B3X6-type, although a substantial fraction of the Fe is 
bound in the form of Fe2+  and Fe3+in that PbSbBi rich 
sulfde (Tab. 4).

In the Sb-Bi-Pb triangle diagram, the new PbSbBi-
rich sulfide translates to a tintinaite-wittite/eclarite trend, 
but the significant influence of the gudmundite (Fe3+SbS) 
molecule in its composition can be clearly seen in (Sb 
+ Fetotal)-Bi-(Pb + Cu + Ag) triangle diagram and in Bi-
Sb-Fe-Pb tetrahedron projection (Figs. 20a–b and 21). 
The formation of PbSbBi-rich sulfide can be explained 
by reaction 22 and the reaction plane is shown by the 
projection of reacted end-members in the Bi-Sb-Fe-Pb 
tetrahedron (Fig. 21).

FeSbS     +    Bi2S3    +    2PbS    +   FeS   +   2O2 + 
Gudmundite	 Bismuthinite1	 Galena1	 Pyrrhotite
H2O → Pb2SbBiFeS6  +  Bi  +  FeSO4.H2O (22)
	 PbSbBi	sulfide	 native	 Szomolnokite

Fig. 14. a, b – Stratiform SedEx mineralization, such as galena 1 (Gn1), pyrrhotite (Po), xenotime (Xmt), pyrite 1 (Py1), chalcopyrite 
(Ccp), arsenopyrite (Apy), is cemented by cassiterite in aggregate, where V-rich mica-phengite (PngV), V-rich chlorite (ChlV) and 
fluorapatite (Ap) coexist with cassiterite. The matrix of the aggregate consists of quartz (Qtz), sphalerite (Sp1), pyrrhotite (Po), pyrite 
1 and siderite (Sd). The pyrrhotite is replaced by pytite 2 (Py2). c – Galena 1 is partially replaced by bournonite (Brn) and cassiterite 
forming an aggregate with galena 1 in the quartz (Qtz) siderite (Sd) matrix. d – Assemblage of pyrite 1, pyrrhotite, quartz, arsenopyrite 
(Apy), chalcopyrite, galena 1, dolomite and hypidiomorphic cassiterite. Cassiterite closes arsenopyrite, galena 1, fluorapatite and the 
galena 1 rim is partially replaced by cerussite (Cer). BSE images of mineral assemglages.

Discussion

In the Permian epidote-amphibolite facies and the 
related chlorite-apatite zone the graphite was formed from 
organic matter in the graphite-bearing phyllites and also 
skarn from limestone lenses of the Silurian Holec Beds 
in the Bystrý potok locality. That conversion of organic 
matter to graphite and limestone to garnet-hedenbergite-
epidote-amphibole skarn released significant amount of 
CO2 from the sourse organic matter and limestone into the 
fluid phase (Figs. 1, 2, 3, 5, 16e). During graphite and skarn 
formation, in addition to CO2, as well O2, H2O and H3PO4 
were released and this fluid phase also transported V and Ca 
to the stratigraphically overlying Late Silurian-Devonian 
stratiform SedEx sulphide mineralization, where V-rich 
micas-phengites, fluorapatite, V-rich chlorite and rarely 
schreyerite formed in the original SedEx sulfide matrix 
(Fig. 13). Besides graphite-bearing phyllites and limestone 
also the lydite from the Holec Beds demonstrated to be the 
source of Si, P, Rb, Cu, Cr, Ni, Ba, Sc, V, Cd, Se, Ti, Si, 
Fe, Mg, U, Zn, Pb, Sb, Tl, Hf, HREE and CO2 that were 
released into the fluid phase in the Permian metamorphism 
(Radvanec & Gonda, 2019). According to the geological 
map, the Holec Beds cover approximately 1/4–1/5 of the 
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Fig. 15. a – Sulfides originated in the SedEx process, such as chalcopyrite (Ccp), pyrite 1 (Py1), galena 1 (Gn1), sphalerite 1 (Sp1), 
ferrokesterite (FKes), and Sn-rich sakuraiite (SakSn), are cemented by cassiterite (Cst) and V-rich mica-phengite (PngV) forming an 
aggregate in the quartz matrix (Qtz). b – The detail shows remnants of ferrokesterite and Sn-rich sakuraiite enclosed in the cassiterite 
aggregate. The disseminated inclusions of In-rich sphalerite 1 (Sp1 + In) and galena 1 occur in the host pyrite 1. The spots in cassiterite, 
where the Sn content ranges from 31 to 41 wt. % represents a mixture of unreacted ferrokesterite residues and new cassiterite (FKes 
+ Cst). Analyses of these spots show a weak stoichiometry. c, d – The ferrokesterite with the In content from 1 to 3 wt. % was decom-
posed by oxidation to chalcopyrite and cassiterite according to the reaction 13, see text. The chalcopyrite encloses sphalerite 1, galena 
1 and that chalcopyrite also contains residues of ferrokesterite and sphalerite 1 with the same content of In = 1 wt. %. Arsenopyrite 
(Apy) occurs in galena 1. e – The SedEx aggregate consists of variable Sn-rich sakuraiite, galena 1, chalcopyrite and sphalerite 1. The 
In content of the Sn-rich sakuraiite ranges from 4 to 6 wt. % and in sphalerite 1 the same amount of In = 6 % was found. f – The SedEx 
aggregate of Sn-rich sakuraiite, ferrokesterite, galena 1, chalcopyrite, cassiterite, pyrite 1 and sphalerite 1 in the quartz matrix with 
new cassiterite. The content of In = 3 wt. % is the same in ferrokesterite, Sn-rich sakuraiite and also in sphalerite 1. In-rich Sakuraiite 
(SakIn) was formed on the chalcopyrite. BSE images of mineral assemglages.
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Fig. 16. The formation and occurrence of In-rich sulfides. a, b – In-rich sphalerite 1 originated and belongs to the mineral assemblage of 
the stratiform SedEx sulfidic mineralization. The In content in sphalerite 1 ranges from 3 to 8 wt. %. This sphalerite 1 is accompanied 
by pyrite 1 (Py1) with the chalcopyrite (Ccp) inclusions, by the V-rich mica (PngV), galena 1(Gn1), V-rich chlorite (ChlV) and by the 
quartz (Qtz). c – The In-rich sphalerite 1 (Sp1) decomposition caused the formation of In sakuraiite (InSak) lamellae in the indium-free 
sphalerite 2 (Sp2) according to reaction 16, see text. d – Homogeneous In-rich sakuraiite was formed on the rim of chalcopyrite. e – 
Host pyrite 1 (Py1) encloses graphite (C), fluorapatite (Ap), galena 1, szomolnokite (Szo) and In-rich sakuraiite there contains indium 
from 17 to 18 wt. %. f – In-rich sakuraiite with indium content of 25 wt. % in the quartz matrix. BSE images of mineral assemblages.
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entire area in the Gemeric unit and this area of occurrence 
with Permian metamorphism shows release of CO2 and 
elements into the fluid phase during the considerable 
regional extent of Variscan orogeny (Figs. 1–3).

The released fluid phase decomposed and oxidized 
the original stratiform SedEx sulfides in the chlorite-
apatite zone, which partially coincides with the epidote-
amphibolite facies (500–600 °C; 526–546 °C; 3–7 kbar) 
in the Bystrý potok locality. That chlorite-apatite zone 
is identical to the P-T conditions of the chlorite-apatite 
zone (420–540 °C) found throughout the Gemeric unit 
(Radvanec & Gonda, 2019, 2020). 

The fluid phase that formed at these P-T conditions 
consists of CO2, O2, H2O, H3PO4, obtained from Holec 
Beds and moreover from H2S and HF after enrichment of 
the fluid phase due to decomposition and oxidation of the 
SedEx sulfides according to 22 empirical reactions. All 

reactions are derived from the relationships between the 
reactants and the newly formed mineral associations based 
on their relationships confirmed by BSE images (Figs. 4, 
6–8, 11, 13–16, 18, 19). The resulting reactions explain 
the formation of new cassiterite, valentinite, anglesite, 
schreyerite, szomolnokite, goethite, V-rich mica, V-rich 
chlorite, Fe-Mn-Pb carbonates, and new generation of 
In-Sn-Ag-Sb-Pb-Bi-Zn-Fe-As-Cu-Ni-Co sulfides at 
the expense of the original SedEx mineralization in the 
crystallization systems were the oxidation is the main 
process formed those new minerals in situ (Figs. 5, 12, 17, 
21). 

The present study and previously published data 
point to oxidation as the main decomposition process 
of Lower Paleozoic rocks by fluid phase originated in 
Permian metamorphism. The epidote-amphibolite facies 
with a related chlorite-apatite zone represent the lower 

Fig. 17. Two interconnected tetra-
hedral phase diagrams for the 
system ZnFeCuSnIn, showing the 
plotting positions of the sphalerite 
1 (Sp1), sphalerite 2 (Sp2), Sn-
rich sakuraiite (SakSn), In-rich 
sakuraiite (SakIn), chalcopyrite 
(Ccp), ferrokesterite (FKes), py-
rite 1 (Py1), pyrrhotite (Po), and 
cassiterite (Cst). The composition 
planes showing reactions 13, 16 
and 17 see the text. The studied 
In-Sn mineralization is compared 
with sphalerite, ishiharaite-Zn, 
ishiharaite-Fe, roquesite and In-
rich ferrokesterite-In mineraliza-
tion from the maghemite-cas-
siterite skarn at the Dlhá dolina 
locality described by Radvanec & 
Gonda (2019).

Sn

 Dlhá dolina – maghemite withDlhá dolina – maghemite with
cassiterite bearing skarncassiterite bearing skarn

Stilpnomelane – chlorite zoneStilpnomelane – chlorite zone
T = 340–380 ºC – PermianT = 340–380 ºC – Permian
Radvanec and Gonda 2019Radvanec and Gonda 2019
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temperature limit (420–540 °C) for the presence of in situ 
oxidation. Not only the epidote-amphibolite facies and 
the related chlorite-apatite zone, but also the temperature 
600–650 °C of the amphibolite facies and/or the biotite 
zone show the oxidation as the main decomposition process 
of the source minerals, as evidenced by the formation of 
Fe-Mn skarns with Fe-Mn oxides at the Čučma locality 
(Radvanec & Gonda, 2020).

The upper temperature part of the amphibolite facies 
in the Gemeric unit, with above 650 °C, caused anatectic 
melting of all Lower Paleozoic rocks on two Permian 
metamorphic hot lines. Anatectic melting on the hot lines 
produced granitic magma and part of it also differentiated 
to form varieties of S-type granites with 87Sr/86Sr ratios 
ranging from 0.7110 to 0.7142 (Radvanec et al., 2004, 
2007, 2009; Grecula et al., 2009, 2011). 

Based on this study and published data, the chlorite-
apatite zone, epidote-amphibolite facies and biotite zone 
with proven anatectic melting are those facies in the 
Gemeric unit, where oxidation in the Permian is the main 
decomposition process of minerals found in the Lover 
Paleozoic rocks, including the Late Silurian-Devonian 
stratiform SedEx sulfidic mineralization (Radvanec et al., 
2004, 2010; Radvanec & Gonda, 2019, 2020). 

Within the Holec Beds of Gemerc unit, the stratiform 
SedEx sulfide mineralization represents a significant 
occurrence (Figs. 1, 2) and its decomposition owing to 
its metamorphic overprint in zones and facies mentioned 
above, including its anatectic melting, released Fe, Cu, 
Sb, Ag, Pb, Zn, In, Bi As, Ni, Co, V, Ca and Sn into the 
fluid phase. The same elements, as well as B, F, Sn, Mo, 
K and Li were released into the fluid phase from SedEx 
mineralization in the Smolnik locality (Radvanec & Gonda, 
2019). These elements were transported by the complex 
fluid phase rich in CO2, O2, H2O, H3PO4, HS and H2S to 
newly developed Variscan structures, ranging from greisen 
derivated by the granite magma in the amphibolite facies, 
skarns and stockwors in the epidote-amphibolite facies 
and/or in the chlorite-apatite zone to veins located in the 
greenschist facies. The Variscan structures are filled with 
oxides, sulfides and Fe-Mn-Mg carbonates, depending on 
the zones and/or conditions of the metamorphic facies in 
which the structure has formed (Radvanec et al., 2007, 
2010; Radvanec & Gonda, 2019, 2020). 

Concerning the sequence of Variscan tectonometa-
morphic events in papers referred above (l.c.), there were 
distinguished the Carboniferous-Lower Permian meta-
morphism M1a of Variscan VD1 convergent / collision-
al phase (348–275 Ma) and (2) Middle-Upper Permian 
metamorphic overprint M1b (275–262 Ma; monazite and 
uraninite ages – Konečný in Radvanec et al., 2007) pro-
duced by the heat imput from the hot line and causing the 
active metamorphic core complex formation and related 
VD2 uplift in the axial zone of collisional belt as well as 
related synmetamorphic and ongoing unroofing processes. 
In present concept of “XD labelling” (Németh, 2021) for 
better unification and understandability, the Carboniferous 
VD1 related metamorphism M1a is designated MV1 
(348–275 Ma) and Permian VD2 related metamorphism 

M1b is designated MV2 (275–262 Ma). This new desig-
nation is used also in this paper.

The MV2 thermal processes and later Permian evolu-
tion contributed markedly to origin of orogen-parallel ex-
tensional fan-like structures with input of fluids, producing 
Permian mineralized veins.

The cassiterite is the index oxide in the metallogeny 
of the Gemeric unit. The main occurrence of cassiterite 
is related to cassiterite bearing greisen with the topaz, 
tourmaline, löllingite, fluorapatite, white mica, biotite, Bi-
rich minerals, margarite, fluorite, molybdenite, uraninite 
Fe-Mn carbonates and siderite formation in the epidote-
amphibolite facies and/or in the biotite zone (Hnilec 
locality) were the Re-Os age of molybdenite is ~ 263 
Ma (Kohút & Stein, 2005). Less cassiterite occurs in 
the cassiterite-tourmaline-Fe carbonates bearing greisen 
of the chlorite-apatite zone (Dlhá dolina locality) and 
least in the maghemite-cassiterite-Fe carbonate/siderite-
FeZnCuBiTeIn sulfides skarn formed in the stilpnomelane-
chlorite zone (Dlhá dolina locality). The relationship and 
abundance of cassiterite formation show its consistently 
decreasing abundance in metamorphic facies and zones 
from greisen to skarn. The formation of cassiterite 
covers a temperature range from about 500–600 °C in 
greisen to 300–370 °C in skarn (Radvanec & Gonda, 
2019). However, the data from present study explain the 
formation of cassiterite by oxidation of Sn-rich source 
sulfides in-situ under P-T conditions of the chlorite-apatite 
zone (420–540 °C) without the evidence of the greisen 
formation in the host stratiform SedEx mineralization. The 
oxidation of Sn-rich sufides in the epidote-amphibolite 
phase or decomposition of Sn-rich sulfides during 
anatectic melting in the amphibolite facies leads to the 
formation of cassiterite in situ, or cassiterite is formed in 
greisens as a part of granite apophyses or near the granite, 
or cassiterite is formed in skarn with maghemite. Data 
from this study confirm that the source of tin for cassiterite 
formation in greisen and skarn is Sn-rich sulfides from the 
Late Silurian-Devonian SedEx mineralization.

In addition to greisen and skarn mineralization, the 
short quartz veins and stockwork occurring near porphy-
ritic, medium-grained S-type granites and in P-enriched 
leucogranites, originating at the Hnilec and Dlhá dolina 
localities, are considered to represent a root zone of the 
vein formation and the initial hydrothermal activity re-
lated to and dated to the Permian as well. Veins are gene- 
rally up to 15 cm thick and up to 5 m long. They contain 
variable amounts of albite, muscovite, Li-bearing micas, 
chlorites, biotite, tourmaline, rutile, fluorite, polycrase-(Y) 
to uranopolycrase, uraninite, columbite-(Mn,Ta,Fe), bast-
näsite-(Ce), carbonates (Mn-rich siderite, rhodochrosite, 
calcite and dolomite), phosphates (fluorapatite, triplite, 
xenotime, goyazite-(REE), fluorarrojadite-(Ba,Na), flu-
orarrojadite-(Ba,Fe), fluordickinsonite-(Ba,Na), viita-
niemiite), molybdenite, tungstene, topaz, Bi, Bi-Te, Pb-Bi, 
Pb-Sb, Sb, As-Co-Ni sulfides and sulfides like pyrite, arse-
nopyrite, sphalerite, chalcopyrite, tetrahedrite, galena, etc. 
(Grecula et. al., 1995; Radvanec et al., 2019; Števko & 
Sejkora, 2021). 
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Fig. 18. The successive formation of Ag-rich sulfides. a – The corroded remnants of stephanite (Sph), gudmundite (Gu) and galena 1 
(Gn1) occur in the matrix of quartz (Qtz). b – The gradual formation of tetrahedrites from tetrahedrite 1 (Tth1) in the core through tet-
rahedrite 2 (Tth2) at the rim 1 and final formation of tetrahedrite 3 (Tth3) at rim 2, showing a gradual increase in Ag content from core 
to the rim 2. The matrix consists of chalcopyrite (Ccp), quartz and galena 1. Zonal tetrahedrites were formed according to reaction 18, 
see text and Fig. 21. c, d – The relationship between stephanite, tetrahedrite 1 and tetrahedrite 3 in the quartz and chalcopyrite matrix. e 
– The corroded grains of gudmundite and their relationship to the quartz, galena 1, tetrahedrite 1, chalcopyrite, V-rich mica (PngV) and 
V-rich chlorite (ChlV). f – Gudmundite partially oxidized to valentinite (Vln) and siderite according to the reaction 15, see text. This 
gudmundite occurs in the association of tetrahedrite 1 (Tth1), sphalerite 1 (Sp1) and quartz (Qtz). BSE images of mineral assemblages. 
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The In-rich sakuraite is another index mineral occur-
ring with cassiterite outside the greisen formation. In-rich 
sulfides associated with coexisting maghemite and cas-
siterite were formed in the stilpnomelane-chlorite zone 
in maghemite-cassiterite-Fe carbonate/siderite-FeZnCu-
BiTeIn sulfides skarn in the Dlhá dolina locality (Radvanec 
& Gonda, 2019). There, in the immediate skarn contact 
with the calcite-ankerite-dolomite lens (former Silurian 
limestone), the chalcopyrite contains inclusions of ishi-
haraite-(Fe), sakuraiite and sakuraiite-(Zn). Inclusions of 
these In-rich sulfides are in chalcopyrite inhomogeneous 
and often form a mixture of In-rich sphalerite, sakuraiite 
and stilpnomelane or it is the mixture of In-rich sphalerite, 
sakuraiite-(Zn) and roquesite. Rarely the ishiharaite-(Fe) 
forms individual inclusions in host chalcopyrite (l.c.). 
These In-rich sulfides, coexisting with chalcopyrite and 
sphalerite, show crystallization from the fluid phase along 
with a maghemite-cassiterite-siderite matrix. In the Zn-
FeCuInSn system, the In-rich sulfides exhibit a complete 
substitution series between the sphalerite-roquesite-In-rich 
ferrokesterite end-members, leading to the formation of 
ishiharaite-(Zn), ishiharaite-(Fe) and/or sakuraiite in the 
host chalcopyrite. All In-rich sulfides formed in the stil-
pnomelane-chlorite zone, where T = 300–370 °C and P = 
4.3–5.7 kbar (Fig. 17; Radvanec & Gonda, 2019). 

This study qualifies the formation of coexisting 
sphalerite 2 and In-rich sakuraiite in the chlorite-apatite 
zone with 520–540 °C at higher temperature. The 
sphalerite 2 and In-rich sakuraiite assemblage originated 
at the expense of the original In-rich sphalerite 1, Sn (± In) 
sakuraiite and In-rich ferrokesterite formed in stratiform 
SedEx mineralization (Figs. 9, 10 and 17). The formation 
of sphalerite 2 and In sakuraiite is accompanied by the 
formation of coexisting cassiterite and siderite as it is also 
in the stilpnomelane-chlorite zone. The different thermal 
formation of In-rich sulfides are also indicated by the Fe 
content in sphalerites where the Fe content ranges from 0.97 
to 3.62 wt. % in sphalerite of the stilpnomelane-chlorite 
zone and sphalerite 2 formed at a higher temperature 
in the chlorite-apatite zone contains Fe ranging from 
6.25 to 6.68 wt. % (Radvanec & Gonda, 2019; Tab. 10). 
The different temperatures of the chlorite-apatite and 
stilpnomelane-chlorite zones are also manifested by 
parallel projection planes between the end-members in the 
ZnFeCuInSn system (Fig. 17). 

In addition to the stratiform SedEx sulfide mineraliza-
tion, greisen, skarn, Mg-Fe-Mn metasomatic mineraliza-
tion and stockwork mineralization, the siderite-sulfide 
veins represent the typical and predominant form of 
mineralization in the Gemeric unit, of which about 1 200 
were verified, being located in greeschis facies (Grecula 
et al., 1995). The mineralization of the veins consists of 
siderite, ankerite, baryte, chalcopyrite, pyrite, quartz, as 
well as tetrahedrite, stibnite and sulfides rich in As, Sb, 
Pb, Bi, Co, Ni and others minerals. Present study data re-
veal a process whereby the fluid phase of the chlorite-apa-
tite zone oxidized the original stratiform SedEx sulphide 
mineralization and its decomposition released elements 
that were subsequently locally transported. The higher 

temperature of the ore-bearing fluid associated with the 
amphibolite facies transported the released elements into 
the vein structures and caused vertical zonation from the 
quartz- and sulfide-dominated root zone to the siderite- and 
barite-dominated main vein structure (Grecula et al., 1995; 
Radvanec et al., 2004). The siderite always forms the cen-
tral part and baryte only the upper part of vein mineraliza-
tion in the Gemeric unit (Grecula et al., 1995). In the baryte 
the 87Sr/86Sr ratio ranges from 0.7104 to 0.7154 (Radvanec 
et al., 1990, 2004). At the Gemerská Poloma locality the 
magnesite has a ratio of 87Sr/86Sr = 0.71124 – 0.71148. The 
87Sr/86Sr data in baryte and magnesite agree well with the 
87Sr/86Sr ratio ranges from 0.7119 to 0.7144 in the S-type 
Permian granite reflecting their simultaneous generation 
in the Variscan MV2 metamorphic-magmatic-hydrother-
mal (MMH) cycle (Radvanec et al., 2004, 2010; Žák et al., 
2005; Radvanec & Gonda, 2019). 

The siderite veins are dissected by faults and fissures 
and the individual vein segments often changed from E-W 
to NW-SE directions due to Alpine tectonic overprint 
(Radvanec et al., 1988). The vein structures were locally 
re-metamorphosed at most in greenschist facies which has 
rejuvenated the former mineralization. At the Gemerská 
Poloma locality a part of the magnesite body was converted 
to talk by a SiO2-rich fluid phase in the Alpine ApD2 
unroofing structures (Radvanec et al., 2010; Smolárik & 
Németh, 2015). At the Rudňany locality the celestine nests 
located in cracks in the momomineralic baryte and celestine 
found in cracks from the baryte and ankerite matrix have 
a ratio of 87Sr/86Sr = 0.721757–0.721893. Also strontianite 
hemispheres with 87Sr/86Sr = 0.718536 at a fracture in the 
host rock of the siderite-sulfide vein have 87Sr/86Sr values 
compared to these data in the celestine. The 87Sr/86Sr data 
for late-stage Sr minerals from siderite-sulfide veins are 
significantly higher than the range obtained by Radvanec 
et al. (1990, 2004) for main-stage baryte. The data on the 
formation of strontianite, celestine and talc, together with 
tectonic evolution, reflect a younger and rejuvenating 
hydrothermal phase of the Alpine metamorphism MAp2, 
which applies only locally, while the data on baryte, 
magnesite and granite reflect the main Variscan magmatic-
metamorphic-hydrothermal (MMH) cycle in the Paleo-
Gemeric domain (Radvanec et al., 2004). 

The data from this study complete the genetic re-
lationship between source Late Silurian-Devonian 
stratiform SedEx sulfidic mineralization and grei-
sen-stockwork-skarns and siderite-sulfide mineralization 
localized in veins summarized the Permian (MMH) cycle 
in the Paleo-Gemeric domain (Grecula et al., 1995; Rad-
vanec et al., 2010; Radvanec & Gonda, 2019, 2020). The 
genetic relationship between the source SedEx stratiform 
sulphide mineralization and the siderite-sulphide minerali- 
zation in veins is supported also by stable isotope data 
(Radvanec et al., 2004; Žák et al., 2005). The MMH cy-
cle summarizes the genetic connection between minera- 
lization, anatectic melting with the formation of S-type 
granites in the amphibolite facies and metamorphic facies 
ranging from epidote-amphibolite facies, biotite zone, 
chlorite-apatite zone, chlorite-stilpnomelane zone to chlo-
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Fig. 19. The PbBiSb-rich and PbSbBi-rich sufides, bismuthinite, galena 2 and native Bi relationships in the Bystrý potok locality. 
a – Kobellite (Kbl) contains a number of native Bi (Bi) inclusions, and its rim was decomposed by oxidation in the chlorite-apatite 
zone into a mixture of native Bi-Pb-rich phase (Bi > Pb) with varying residual sulphur content. Kobellite was formed by the SedEx 
process together with pyrite 1 (Py1) in the albite (Ab) matrix. b – Bi bearing aggregate composed of bismuthinite 1 (Bin1) and native 
Bi in the pyrite 1, are regarded to be the SedEx mineral assemblage. c – Bi-rich sulfide aggregate in albite and the accompanying 
SedEx mineralization of the matrix consisting of chlorite (Chl), Fe-rich chlorite (FeChl), pyrite 1 with chalcopyrite (Ccp) inclusions. 
The pyrrhotite (Po) is replaced by pyrite 2 (Py2). The detail shows a composition of the aggregate, where the PbBiSb-rich sulfide with 
native Bi inclusions is replaced by selenium-rich galena 2 (Gn2) and bismuthinite 2 (Bin2) formed in the chlorite-apatite zone. d – The 
Bi-rich aggregate formed by the SedEx process closes the pyrrhotite. The matrix consists of pyrite 1 with chalcopyrite inclusions. In 
the pyrrhotite the V-rich mica (PngV) and quartz (Qtz) was formed and the rim of the pyrrhotite that is replaced by pyrite 2. The detail 
shows the decomposition of PbBiSb-rich sulfide (PbBiSbS) by chlorite-apatite zone into a mixture of wittite (Wit) and native Bi. e – 
Occurrence of chalcopyrite, cassiterite (Cst), sphalerite 1 (Sp1) pyrrhotite, albite and pyrite 1, where cracks in pyrite 1 are filled by new 
PbSbBi-rich sulfide (PbSbBiS). The detail shows the composition of the PbSbBi-rich sulfide, which is replaced by the native Bi at the 
rim and also by a mixture of BiPb-rich native phase (Bi > Pb) with different residual sulphur content. f – In crack of pyrite 1 the new 
PbSbBi-rich sulfide is accompanied by galena 2 and native Bi containing Pb and Sb (Sb + Pb). BSE images of mineral assemblages.
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Fig. 20. Chemical classification of stratiform PbBiSb-rich sulfides formed by the SedEx process in the Late Silurian–Early Devoni-
an and their comparison with the new PbSbBi-rich sulfides formed by the chlorite-apatite zone in the diagrams. a – Composition of 
sulfides formed by SedEx in the Sb-Bi-Pb system and their comparison to the new sulfides generation show a rough approximation 
of Pb-Bi-Sb and Pb-Sb-Bi-rich sulfides from the wittite/eclarite end member to tintinaite in the triangle diagram. b – The triangle dia-
gram Sb + Fetotal – Bi – Pb + Cu + Ag shows a more accurate sulfides classification of both generations and shows the effect of FeSbS 
molecule in PbSbBi-rich sulfides being formed in the chlorite-apatite zone. c – Substitution of Bi versus Sb, with the exception of 
kobellite, shows a shortage in the new sulfides of chlorite-apatite zone studied when compared them with ideal Bi and Sb contents of 
the end-members betwen the wittite/eclarite to tintinaite. d – Bi versus Fetotal shows trends in the correlation beyond the wittite/eclarite 
– tintinaite end-members and demonstrates the relationship between sulfides formed by the SedEx process and new sulfides formed in 
the chlorite-apatite zone. e – Relationship of the two sulfide generations in the Fetotal versus Sb diagram with their correlation trends. 
f – The sum of Pb + Cu + Ag contents versus Sb + Fetotal

 shows the constant distribution of Pb + Cu + Ag contents in sulfides formed by 
the SedEx process in contrast to PbSbBi-rich sulfides where the sum of Pb + Cu + Ag substituted the sum of Sb + FeTotal.

rite zone in the Permian regional metamorphism of the 
paleo-Gemeric unit (Grecula et al., 2009, 2011; Radvanec 
& Gonda, 2019, 2020). These facies and zones produced 
a fluid phase that contained and transported CO2, O2, H2S, 
H2O, HF, BO3, HCl, H3PO4, K, Na, Ca, Al, Si, Fe, Mg, Mn, 
Sn, F, V, REE, U, Ti, Y, Cu, Sb, Te, Bi, Ag, Zn, In, Ta, Nb, 

Pb, Ni, Co and As into the structures, where, depending on 
where these structures originated, different mineralization 
has formed, ranging from high-temperature greisen and 
skarns in the amphibolite or in epidote-amphibolite facies 
to low-temperature veins in the chlorite zone (Radvanec 
& Gonda, 2019, 2020). The heat source for the Permian 

metamorphism and related 
mineralization was provided 
by the Variscan subduction 
zone, which created two hot 
lines in the upper crust of the 
Paleo-Gemeric unit. Anatec-
tic melting of the upper crust 
and the formation of S-type 
granites with accompanying 
cassiterite mineralization 
in greisens and Mn skarns 
occurred in the amphibolite 
facies on these hot lines (Rad-
vanec & Gonda, 2019, 2020). 
In addition to the formation 
of the S-type anatectic granite 
from melting of the upper 
crust in the amphibolite facies 
above the hot lines, this ana-
tectic melting also gave rise to 
interconnected andesite-rhyo-
lite volcanism on the surface. 
The andesite-rhyolite volca-
nism has the island-arc geo-
chemical characteristics and 
occurs in a belt arrangement 
in the northern part of Ge-
meric unit. Andesite has the 
characteristics of upper crust 
and rhyolite characteristics 
of the mantle (Radvanec & 
Gonda, 2019). Basalts form 
separate outflows and occur 
outside the Gemeric unit 
(Vozárová & Vozár, 1988). 
The formation of S-type 
granitic melt together with 
the formation of magmatic 
chambers of Permian calc-al-
kaline / K-calc-alkaline vol-
canism (andesite, rhyolite, 
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Fig. 21. Projections of mineral chemical formulas in the individual tetrahedral phase diagrams linked in the CuAgSbFePbBiAsCoNi 
system show a relationship between the source Late Silurian-Early Devonian stratiform SedEx sulfidic mineralization and new mineral 
assemblages formed in Permian epidote-amphibolite facies and related Permian chlorite-apatite zone including the reaction planes.

dacite) in the island arc magmatism caused the bulging of 
the upper crust above the hot line, which is considered by 
some authors to be a manifestation of extension related to 
the Permian rift (Vozárová et al., 2009, 2009a, 2012, 2013, 
2015).
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Tab. 1  
Representative analyses of millerite, cobaltite and hauchecornite.

Mineral
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Enriched Ni Ni Ni Bi Bi. Sb Sb

Process SedEx SedEx Ep-Amp Ep-Amp Ep-Amp Ep-Amp Ep-Amp Ep-Amp

S 35.65 20.26 19.87 20.42 20.24 22.62 24.35 25.60
Fe 0.67 1.67 1.50 2.64 1.51 1.42 1.13 2.12
Co 0.29 32.73 25.78 27.49 32.49 1.97 2.96 2.89
Ni 64.18 0.98 7.81 4.94 3.09 44.62 46.92 47.65
Cu 0.09 0.00 0.01 0.02 0.00 0.03 0.08 0.06
Sb 0.00 0.36 0.25 0.74 0.53 5.06 16.72 20.41
As 0.02 42.87 43.85 42.07 42.79 0.00 0.00 0.05
Pb 0.10 0.06 0.01 1.48 0.00 0.22 0.34 0.34
Se 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.01
Bi 0.00 0.03 0.01 0.02 0.04 24.94 8.27 1.55
Total	(wt	%) 101.00 98.96 99.09 99.82 100.69 100.95 100.77 100.68
S 1.000 1.047 1.030 1.055 1.030 7.940 7.975 8.086
Se 0.000 0.000 0.000 0.000 0.000 0.010 0.000 0.001
X group 1.000 1.047 1.030 1.055 1.030 7.950 7.975 8.087
Cu 0.001 0.000 0.000 0.001 0.000 0.005 0.013 0.010
Co 0.004 0.921 0.727 0.773 0.900 0.376 0.528 0.497
Ni 0.983 0.028 0.221 0.140 0.086 8.559 8.397 8.225
Pb 0.000 0.000 0.000 0.012 0.000 0.012 0.017 0.017
Fe2+ 0.011 0.050 0.045 0.078 0.044 0.048 0.045 0.251
A group 0.999 0.999 0.993 1.004 1.030 9.000 9.000 9.000
Sb 0.000 0.005 0.003 0.010 0.007 0.468 1.442 1.698
As 0.000 0.949 0.973 0.931 0.932 0.000 0.000 0.007
Bi 0.000 0.000 0.000 0.000 0.000 1.343 0.416 0.075
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.238 0.168 0.134
B group 0.000 0.954 0.976 0.941 0.939 2.049 2.026 1.914
Sum	(atom.) 1.999 3.000 2.999 3.000 2.999 18.999 19.001 19.001
Fe	(Sum) 0.011 0.05 0.045 0.078 0.044 0.286 0.213 0.385
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Tab. 2  
Representative analyses of garnet pyroxene (hedenbergite), epidote, actinolite, chlorite, titanite and apatite in the skarn.

Mineral Garnet Pyroxene Pyroxene Epidote Actinolite Chlorite Titanite-F Apatite-F
Rock Skarn Skarn Skarn Skarn Skarn Skarn Skarn Skarn
Process Ep-Amp.f. Ep-Amp.f. Ep-Amp.f. Ep-Amp.f. Ep-Amp.f. Ep-Amp.f. Chl-Ap Chl-Ap
SiO2 37.85 50.77 49.21 38.02 52.35 31.96 31.32 0.00
TiO2 0.33 0.07 0.04 0.04 0.02 0.00 33.44 0.00
Al2O3 20.71 0.29 0.53 24.92 1.28 9.31 4.46 0.00
Cr2O3 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Fe2O3 0.00 0.00 0.00 11.58 0.00 0.00 0.00 0.00
FeO 8.85 18.22 16.42 0.00 21.84 31.83 1.36 0.01
MnO 13.02 3.55 6.02 0.34 1.51 0.74 0.03 0.04
MgO 0.03 4.95 4.32 0.00 8.99 12.98 0.03 0.01
CaO 19.28 22.40 22.52 23.06 12.12 0.56 29.43 56.22
SrO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21
Na2O 0.00 0.26 0.11 0.00 0.22 0.03 0.04 0.00
K2O 0.00 0.00 0.00 0.00 0.11 0.03 0.00 0.00
P2O5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 41.37
F 0.24 0.00 0.00 0.00 0.00 0.03 1.31 4.47
Cl 0.01 0.00 0.00 0.00 0.01 0.00 0.02 0.01
Total 100.32 100.51 99.17 97.97 98.45 87.47 100.82 100.46
Si 2.980 2.004 1.979 3.003 7.834 7.012 1.019 0.000
AlIV 0.020 0.000 0.021 0.000 0.166 0.988 0.000 0.000
Sum_T 3.000 2.004 2.000 3.003 8.000 8.000 1.019 0.000
AlVI 1.899 0.013 0.004 2.318 0.060 1.417 0.171 0.000
Fe3+ 0.000 0.000 0.023 0.688 0.144 0.000 0.000 0.000
Ti 0.020 0.002 0.001 0.002 0.002 0.000 0.819 0.000
Cr 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Fe2+ 0.583 0.601 0.529 0.000 2.590 5.840 0.037 0.001
Mg 0.004 0.291 0.259 0.000 2.006 4.245 0.002 0.001
Mn 0.868 0.119 0.205 0.023 0.191 0.138 0.001 0.003
Ca 1.626 0.947 0.970 1.952 1.943 0.132 1.026 5.088
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.01
Na 0.000 0.020 0.009 0.000 0.064 0.013 0.003 0.000
K 0.000 0.000 0.000 0.000 0.021 0.008 0.000 0.000
P 0.000 0.000 0.000 0.000 0.000 0.000 0.000 2.959
Sum 8.000 4.000 4.000 7.987 15.021 19.793 3.078 8.062
O 12 6 6 13 23 36 5 13
O-F-Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.56 1.88
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Tab. 3 
Representative analyses of pyrite generations, chalcopyrite, arsenopyrite, galena, stephanite and gudmundite.

Mineral Pyrite 1 Pyrite 1 Pyrrhotite

Ch
alc

op
yr

ite

Ar
se

no
py

rit
e

Gu
dm

un
di

te

Galena 1 Stephanite Pyrite 2

Process SedEx SedEx SedEx SedEx SedEx Sedex SedEx SedEx Chl-Ap

S 52.88 52.77 38.83 34.81 19.98 15.65 13.63 15.93 53.82
Cd 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
Ag 0.02 0.07 0.04 0.05 0.00 0.03 0.05 66.72 0.00
Zn 0.00 0.00 0.00 0.05 0.18 0.04 0.44 0.02 0.00
Fe 47.14 46.80 60.07 30.65 34.50 26.68 0.00 0.08 45.58
Co 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Au 0.00 0.12 0.13 0.00 0.00 0.00 0.00 0.00 0.00
Cu 0.04 0.00 0.00 33.84 0.00 0.10 0.00 0.16 0.00
In 0.00 0.00 0.00 0.16 0.00 0.00 0.00 0.12 0.00
Sn 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
Sb 0.07 0.05 0.00 0.00 0.00 57.83 0.17 15.47 0.00
As 0.05 0.08 0.09 0.04 44.43 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.00 0.00 0.00 0.09 85.22 0.67 0.00
Bi 0.05 0.00 0.14 0.00 0.00 0.08 0.25 0.04 0.00
Total	(wt	%) 100.25 100.02 99.30 99.66 99.09 100.51 99.76 99.21 99.4
S 1.982 1.984 1.058 2.000 1.018 1.014 1.005 3.970 2.018
Cd 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.00
Ag 0.000 0.001 0.000 0.001 0.000 0.001 0.001 4.944 0.00
Sn 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.00
Cu 0.001 0.000 0.000 0.981 0.000 0.003 0.000 0.020 0.00
Zn 0.000 0.000 0.000 0.001 0.004 0.001 0.016 0.002 0.00
Fe 1.015 1.010 0.940 1.011 *1.009 *0.992 0.000 0.011 0.982
In 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.008 0.00
Sb 0.001 0.000 0.000 0.000 0.000 0.987 0.003 1.016 0.00
As 0.001 0.001 0.001 0.001 0.969 0.000 0.000 0.000 0.00
Pb 0.000 0.000 0.000 0.000 0.000 0.001 0.972 0.026 0.00
Bi 0.000 0.000 0.001 0.000 0.000 0.001 0.003 0.002 0.00
Co 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.00
Au 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.00
Sum	(atom.) 3 3 2 4 3 3 2 10 3
Fe/S 0.51 0.51 0.49
(*	)	–	Fe3+
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Tab. 4 
Representative analyses of kobellite, PbBiSb-sulfide, bismuthinite, native Bi, wittite,  

PbSbBi-sulfide and Se-rich galena.

Mineral
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a 2
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Enriched Se Se Se Se Fe. Se Fe. Se Fe. Se Fe. Se Fe. Se Se Se

Process SedEx SedEx SedEx SedEx SedEx SedEx Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap

S 17.49 17.56 18.38 18.47 18.58 19.39 19.59 0.62 16.24 18.41 19.13 19.78 19.85 20.31 3.86 13.88 12.63

Se 0.13 0.15 0.68 0.72 0.58 0.18 0.00 0.00 1.87 0.73 1.00 0.94 0.77 0.73 0.04 1.13 3.41

Te 0.00 0 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.09

Cd 0.06 0.04 0.07 0.00 0.02 0.02 0.04 0.08 0.02 0.10 0.08 0.06 0.07 0.08 0.10 0.01 0.00

Ag 0.52 0.52 0.45 0.36 0.35 0.02 0.00 0.07 0.24 0.33 0.36 0.30 0.31 0.25 0.03 0.37 0.12

Zn 0.02 0.02 0.00 0.02 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00

Fe 0.59 0.54 2.21 1.90 2.28 2.57 1.76 1.32 0.47 2.03 3.50 4.06 5.48 6.02 2.56 2.37 2.06

Mn 0.00 0 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cu 1.03 1.11 0.84 0.82 0.82 0.14 0.18 0.19 0.22 0.95 0.95 1.00 0.86 1.21 0.49 0.15 0.34

In 0.00 0 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.03 0.00 0.03 0.04 0.00 0.00 0.00

Sn 0.00 0 0.00 0.00 0.00 0.05 0.10 0.04 0.04 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00

Sb 4.54 4.57 11.64 11.28 12.25 0.13 0.63 3.05 0.52 17.17 16.55 19.39 16.37 17.67 7.10 1.28 0.08

Pb 32.79 32.93 35.54 35.75 35.78 0.75 0.90 1.78 36.51 37.37 35.27 36.57 35.55 34.65 10.87 76.36 76.71

Bi 42.83 43.01 30.29 30.98 29.42 76.55 76.53 92.97 44.13 23.07 23.24 18.29 20.72 19.38 75.94 3.67 4.51

Total	(wt.	%) 100.00 100.45 100.10 100.37 100.11 99.84 99.79 100.14 100.27 100.16 100.22 100.41 100.05 100.33 101.00 99.22 99.95

S 69.567 69.533 4.906 4.939 4.927 2.943 2.986 0.037 8.652 5.900 5.915 5.931 5.921 5.915 0.185 0.970 0.902

Se 0.210 0.241 0.073 0.079 0.062 0.011 0.000 0.000 0.405 0.095 0.125 0.114 0.094 0.086 0.001 0.032 0.099

Te 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.000 0.000 0.000 0.000 0.002

group X 69.777 69.774 4.979 5.023 4.989 2.954 2.986 – 9.057 5.995 6.042 6.047 6.015 6.001 – 1.002 1.003

Cd 0.068 0.045 0.005 0.000 0.002 0.001 0.002 0.001 0.003 0.009 0.007 0.005 0.006 0.007 0.001 0.000 0.000

Ag 0.615 0.612 0.036 0.028 0.027 0.001 0.000 0.001 0.038 0.031 0.033 0.027 0.027 0.022 0.000 0.008 0.003

Cu 2.068 2.218 0.113 0.110 0.110 0.011 0.014 0.006 0.058 0.154 0.149 0.151 0.129 0.177 0.012 0.005 0.012

Zn 0.039 0.039 0.000 0.003 0.004 0.000 0.003 0.000 0.005 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000

Mn 0.000 0 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

In 0.000 0 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.003 0.000 0.003 0.003 0.000 0.000 0.000

Pb 20.187 20.182 1.468 1.479 1.468 0.018 0.021 0.016 3.010 1.854 1.688 1.698 1.641 1.562 0.081 0.826 0.848

Fe2+ 1.348 1.228 0.339 0.291 0.347 0.000 0.000 0.045 0.142 0.000 0.075 0.075 0.173 0.228 0.071 0.095 0.084

grupe A – – 1.961 1.911 1.958 0.033 0.041 – – 2.048 1.955 1.956 1.985 1.999 – – –

Fe3+ – – – – – 0.224 0.154 – – 0.374 0.547 0.624 0.766 0.778 – – –

Sb 4.757 4.767 0.819 0.794 0.855 0.005 0.025 0.048 0.073 1.449 1.348 1.532 1.286 1.356 0.090 0.024 0.002

Sn 0.000 0 0.000 0.000 0.000 0.002 0.004 0.001 0.006 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.000

Bi 26.143 26.135 1.241 1.271 1.197 1.782 1.790 0.845 3.607 1.135 1.103 0.842 0.948 0.866 0.559 0.039 0.049

grupe B – – 2.060 2.065 2.052 2.013 1.973 – – 2.958 3.005 2.998 3.000 3.000 – – –

Sum	(atom.) 125 125 9 9 9 5 5 1 16 11 11 11 11 11 1 2 2

Fe	sum-at. 1.348 1.228 0.339 0.291 0.347 0.224 0.154 0.045 0.142 0.374 0.622 0.699 0.939 1.006

The	balance	of	Fe2+	and	Fe3+	calculated	according	to	element	substitutions	(Fig.	20)	and	according	to	chemical	formulae	divided	into	groups	A.	B.	X
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Tab. 5 
Representative analyses of In-rich sphalerite 1, ferrokesterite and Sn-rich sakuraiite.
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Enriched Zn Zn In In In In In In Sn Sn In In In In

Process SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx SedEx

S 34.01 32.74 32.78 31.84 30.01 29.45 30.03 29.41 29.99 29.96 29.36 30.19 30.12 32.30 29.82 30.46 30.11 31.41

Cd 0.26 0.39 0.49 0.00 0.03 0.00 0.03 0.00 0.00 0.00 0.00 0.03 0.00 0.13 0.03 0.04 0.00 0.00

Ag 0.04 0.01 0.01 0.04 0.02 0.03 0.05 0.00 0.00 0.12 0.09 0.12 0.05 0.05 0.04 0.06 0.07 0.08

Zn 57.64 55.12 49.87 46.21 3.86 7.26 4.03 2.05 6.66 3.61 3.46 9.28 9.17 40.62 11.61 14.53 15.63 30.17

Fe 6.67 7.19 7.85 6.94 12.11 11.90 12.11 12.71 13.35 13.05 13.56 12.08 11.55 8.21 12.01 11.55 11.76 10.04

Mn 0.01 0.00 0.02 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00

Cu 0.33 1.46 2.95 4.98 28.59 26.18 27.53 27.60 25.85 26.61 26.10 24.23 24.98 9.51 23.25 21.54 20.33 12.78

In 0.63 2.82 5.63 8.78 0.00 0.00 0.54 2.34 3.36 4.06 4.31 3.07 0.00 0.00 1.95 1.87 5.03 5.91

Sn 0.00 0.00 0.00 0.00 25.23 24.91 26.12 25.09 21.12 22.51 23.00 20.87 23.86 8.81 21.49 19.90 16.91 9.44

Pb 0.00 0.00 0.61 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.04 0.00 0.41 0.38 0.00 0.00

Se 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00

Bi 0.03 0.00 0.03 0.00 0.03 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.00 0.00 0.00 0.00

Total	(wt	%) 99.68 99.73 100.24 99.00 99.92 99.77 100.44 99.20 100.33 99.92 99.89 100.08 99.77 99.69 100.61 100.34 99.84 99.83

S 1.022 0.999 1.008 1.003 0.998 0.985 0.999 0.996 0.990 1.000 0.987 0.998 0.999 1.006 0.984 0.997 0.991 1.003

Cd 0.002 0.003 0.004 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000

Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.001 0.001 0.001

Sn 0.000 0.000 0.000 0.000 0.227 0.225 0.235 0.229 0.188 0.203 0.209 0.186 0.214 0.074 0.192 0.176 0.150 0.081

Cu 0.005 0.022 0.046 0.079 0.480 0.442 0.462 0.472 0.430 0.448 0.443 0.404 0.418 0.150 0.387 0.356 0.338 0.206

Zn 0.849 0.825 0.752 0.714 0.063 0.119 0.066 0.034 0.108 0.059 0.057 0.150 0.149 0.621 0.188 0.233 0.252 0.472

Mn 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe 0.115 0.126 0.139 0.126 0.231 0.229 0.231 0.247 0.253 0.250 0.262 0.229 0.220 0.147 0.228 0.217 0.222 0.184

In 0.005 0.024 0.048 0.077 0.000 0.000 0.005 0.022 0.031 0.038 0.040 0.028 0.000 0.000 0.018 0.017 0.046 0.053

Pb 0.000 0.000 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.002 0.000 0.000

Se 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000

Bi 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Sum	(atom.) 1.998 1.999 2.000 2.000 2.000 2.000 1.998 2.000 2.000 1.999 1.999 1.997 2.000 1.999 1.999 1.999 2.000 2.000

Sphalerite 84.9 82.5 75.2 71.4

Pyrrhotite 11.5 12.6 13.9 12.6

Roquesite 1 4.6 9.4 15.6
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Tab. 6 
Representative analyses of Ag-rich tetrehedrite, bournonite, plumosite-like, valentinite and anglesite.

Mineral
Te
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 1
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Bo
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Tetrahedrite-(Fe) Kenoargento- 
-tetrahedrite-(Fe) Rozhdestvenskayite-(Fe)

Process Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap

S 23.40 23.40 22.90 21.08 20.65 20.17 20.00 20.17 19.80 18.86 0.08 8.91

Cd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00

Ag 16.26 18.51 20.90 29.05 31.60 43.86 46.78 48.59 0.00 0.12 0.02 0.00

Zn 1.16 1.33 1.06 0.74 0.86 0.81 0.96 0.93 0.00 0.00 0.01 0.01

Fe 5.38 5.19 5.59 5.63 5.67 5.25 4.57 5.13 0.65 0.27 0.48 0.00

Mn 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cu 26.20 24.19 22.25 17.00 15.01 5.35 2.68 2.15 13.00 0.00 0.08 0.00

In 0.04 0.05 0.02 0.06 0.10 0.05 0.07 0.08 0.00 0.00 0.00 0.00

Sn 0.00 0.00 0.05 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sb 27.09 27.41 27.29 27.03 26.59 24.02 23.48 24.12 23.61 31.78 83.93 0.00

As 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 0.52 0.00 0.00

Pb 0.08 0.13 0.00 0.00 0.00 0.28 0.73 0.08 42.26 48.67 0.03 70.22

Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.12 0.21 0.33 0.06 0.08

O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.00 20.23

Total	(wt	%) 99.62 100.21 100.06 100.59 100.52 99.79 99.32 101.37 100.20 100.55 100.73 99.45

S 12.980 13.050 12.951 12.039 11.961 12.798 12.981 12.853 2.984 6.958 0.007 0.886

Cd 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000

Ag 2.682 3.069 3.514 4.932 5.442 8.274 9.027 9.205 0.000 0.013 0.001 0.000

Sn 0.000 0.000 0.008 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cu 7.335 6.809 6.349 4.900 4.388 1.713 0.878 0.691 0.989 0.000 0.004 0.000

Zn 0.316 0.364 0.294 0.207 0.244 0.252 0.306 0.291 0.000 0.000 0.000 0.001

Mn 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe 1.714 1.662 1.817 1.846 1.886 1.913 1.703 1.877 0.056 0.059 0.025 0.000

In 0.006 0.008 0.003 0.010 0.016 0.009 0.013 0.014 0.000 0.000 0.000 0.000

Sb 3.958 4.027 4.065 4.066 4.057 4.014 4.014 4.049 0.937 3.091 2.024 0.000

Te 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

As 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.043 0.081 0.000 0.000

Pb 0.007 0.011 0.000 0.000 0.000 0.027 0.073 0.008 0.986 2.779 0.000 1.080

Bi 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.012 0.005 0.020 0.001 0.075

O – – – – – – – – – – 3 4

Sum	(atom.) 29 29 29 28 28 29 29 29 6 13 5 6

Other elements analysed: Se, Te
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Tab. 6 – Continuation.

Mineral
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Tetrahedrite-(Fe) Kenoargento- 
-tetrahedrite-(Fe) Rozhdestvenskayite-(Fe)

Process Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap

Ag 0.000 0.000 0.000 4.932 5.442 6.000 6.000 6.000

Cu 6.000 6.000 6.000 1.068 0.558 0.000 0.000 0.000

A group 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000

Cu	(B	group) 1.335 0.809 0.349 3.832 3.830 1.713 0.878 0.691

Ag	(B	group) 2.682 3.069 3.514 0.000 0.000 2.274 3.027 3.205

Pb 0.007 0.011 0.000 0.000 0.000 0.027 0.073 0.008

Sn 0.000 0.000 0.008 0.000 0.006 0.000 0.000 0.000

In 0.006 0.008 0.003 0.010 0.016 0.009 0.013 0.014

Mn2+	(C	group) 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe3+(C	group) 0.030 0.026 0.111 0.053 0.130 0.165 0.009 0.168

Fe2+ (C	group) 1.684 1.636 1.706 1.793 1.756 1.748 1.694 1.709

Zn	(C	group) 0.316 0.364 0.294 0.207 0.244 0.252 0.306 0.291

B+C group 6.063 5.923 5.985 5.934 5.982 6.188 6.000 6.086

Zn+Fe2+ 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Sb3+	(D	group) 3.958 4.027 4.065 4.066 4.057 4.014 4.014 4.049

Bi3+(D	group) 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.012

D group 3.958 4.027 4.065 4.066 4.057 4.014 4.019 4.061

S	(Y.Z	group) 12.980 13.050 12.951 12.039 11.961 12.798 12.981 12.853

Sum	(atom.) 29 29 29 28 28 29 29 29
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Tab. 7 
Representative analyses of dolomite, ankerite, siderite, cerussite and Mn-rich calcite.

Mineral Dolomite Dolomite Ankerite Ankerite Siderite Siderite Siderite Siderite Cerussite Calcite 
Mn

Calcite 
Mn

Process Limestone Limestone Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap

FeO 5.24 4.97 9.01 17.62 61.16 58.57 59.77 52.37 2.58 2.06 0.81

MnO 3.28 2.46 3.71 1.34 0.29 2.23 0.44 2.35 0 8.2 6.71

MgO 16.82 17.72 13.66 9.5 0.29 0.1 0 1.19 0 0.44 0.07

CaO 28.48 28.9 28.32 27.75 0.25 0.77 1.79 5.09 0 45.81 49.08

SrO 0.09 0.07 0.08 0.14 0.01 0.02 0.02 0 0 0.09 0.04

PbO 0 0 0 0 0 0 0 0 79.65 0 0

CO2 45.99 46.65 44.97 43.84 38.13 37.96 38.31 38.82 17.27 42.82 43.26

Total 99.9 100.77 99.75 100.2 100.12 99.65 100.34 99.82 99.5 99.42 99.97

Fe 0.070 0.065 0.123 0.246 0.982 0.945 0.956 0.826 0.092 0.029 0.011

Mn 0.044 0.033 0.051 0.019 0.005 0.036 0.007 0.038 0.000 0.119 0.096

Mg 0.399 0.415 0.332 0.237 0.008 0.003 0.000 0.033 0.000 0.011 0.002

Ca 0.486 0.486 0.494 0.497 0.005 0.016 0.037 0.103 0.000 0.840 0.890

Pb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.979 0.000 0.000

Sr 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000

Cations 1.000 1.000 1.001 1.000 1.000 1.000 1.000 1.000 1.071 1.000 0.999

CO3 1.045 1.060 1.003 0.972 0.839 0.841 0.850 0.870 0.380 0.973 0.983

CaCO3 48.6 48.6 49.4 49.7 0.5 1.6 3.7 10.3 0.0 84.0 89.1

MgCO3 39.9 41.5 33.2 23.7 0.8 0.3 0.0 3.3 0.0 1.1 0.2

FeCO3 7.0 6.5 12.3 24.6 98.2 94.5 95.6 82.6 8.6 2.9 1.1

MnCO3 4.4 3.3 5.1 1.9 0.5 3.6 0.7 3.8 0.0 11.9 9.6

PbCO3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 91.4 0.0 0.0

SrCO3 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0

Total 99.9 99.9 99.9 99.9 100.0 100.0 100.0 100.0 100.0 99.9 100.0
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Tab. 8 
Representative analyses of schreyerite, cassiterite, goethite, pyrochroite and szomolnokite.

Mineral Schreyerite Cassiterite Goethite Pyrochroite Szomolnokite
Process Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap
SiO2 0.08 0.00 0.70 0.11 0.00
TiO2 48.80 0.04 0.00 0.00 0.00
Al2O3 0.21 0.00 0.22 0.13 0.00
Cr2O3 3.71 0.00 0.00 0.00 0.00
SnO2 1.07 100.37 0.00 0.00 0.00
FeO 0.00 0.14 0.00 1.46 48.83
Fe2O3 9.37 0.00 80.35 0.00 0.00
Sc2O3 0.71 0.00 0.00 0.00 0.00
V2O3 20.14 0.00 0.00 0.00 0.00
Mn2O3 1.54 0.00 0.00 0.00 0.00
ZnO 0.61 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.01 65.36 0.00
CaO 0.00 0.00 0.03 6.76 0.00
SrO 3.04 0.00 0.00 0.00 0.00
PbO 3.33 0.00 0.00 0.00 0.00
MgO 0.05 0.10 0.04 0.93 0.00
UO2 5.42 0.00 0.00 0.00 0.00
Na2O 0.00 0.00 0.06 0.00 0.00
SO3 0.00 0.00 0.00 0.00 47.66
F 0.00 0.00 0.24 0.00 0.00
Cl 0.00 0.00 0.01 0.00 0.00
H2O 1.05 0.00 18.40 19.69 3.51
Total 99.13 100.67 100.06 94.44 96.49
Si 0.006 0.000 0.023 0.002 0.000
Al 0.018 0.000 0.008 0.002 0.000
V 1.154 0.000 0.000 0.000 0.000
Ti 2.627 0.000 0.000 0.000 0.000
Sn 0.031 0.994 0.000 0.000 0.000
Fe3+ 0.504 0.000 1.956 0.000 0.000
Fe2+ 0.000 0.003 0.000 0.019 1.103
Cr 0.210 0.000 0.000 0.000 0.000
Sc 0.044 0.000 0.000 0.000 0.000
Mn3+ 0.084 0.000 0.000 0.000 0.000
Mn2+ 0.000 0.000 0.000 0.843 0.000
Ca 0.000 0.000 0.000 0.110 0.000
Zn 0.032 0.000 0.000 0.000 0.000
Sr 0.126 0.000 0.000 0.000 0.000
Pb 0.064 0.000 0.000 0.000 0.000
Mg 0.005 0.003 0.002 0.021 0.000
U 0.086 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.004 0.000 0.000
S 0.000 0.000 0.000 0.000 0.965
Cations 4.991 1.000 1.994 0.997 2.068
OH 0.50 0.00 3.98 2.00 0.00
O 9 2 5 2 4
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Tab. 9 
Representative analyses of V/Cr-rich muscovite-phengite, V/Cr-rich phengite-illite, V-rich chlorite,  

chlorite and kaolinite.

Mineral
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SiO2 48.59 48.08 48.74 47.84 46.02 46.85 45.59 45.58 50.29 50.34 50.74 51.11 24.23 24.20 25.87 26.27 24.06 47.95

TiO2 0.13 0.17 0.21 0.16 0.25 0.21 0.29 0.47 0.31 0.24 0.34 0.40 0.06 0.03 0.02 0.00 0.00 0.02

Al2O3 33.65 29.30 28.41 28.12 24.39 23.29 22.76 22.79 30.55 27.38 26.22 28.06 19.16 17.97 22.26 22.16 19.29 36.44

Cr2O3 0.00 0.00 1.54 0.02 1.33 1.39 1.43 0.81 2.06 0.71 1.06 1.15 0.00 0.40 0.00 0.01 0.00 0.01

FeO 1.29 1.80 2.10 2.13 1.27 0.98 0.90 0.92 1.55 2.17 0.91 0.82 37.13 31.55 23.94 25.51 43.85 0.75

V2O3 0.47 1.59 2.97 5.00 5.69 7.30 8.29 10.91 3.57 5.43 8.54 9.35 1.07 2.46 0.01 0.00 0.01 0.00

MnO 0.01 0.01 0.00 0.03 0.05 0.04 0.03 0.04 0.03 0.03 0.03 0.00 0.47 0.45 0.29 0.27 0.26 0.00

MgO 1.41 2.04 2.03 1.74 2.03 2.20 1.92 2.02 1.35 1.97 2.16 1.77 5.65 9.54 15.62 14.23 1.44 0.00

CaO 0.02 0.04 0.03 0.02 0.01 0.04 0.02 0.03 0.02 0.04 0.03 0.01 0.02 0.10 0.00 0.03 0.01 0.03

Na2O 0.55 0.25 0.33 0.32 0.30 0.26 0.20 0.22 0.24 0.22 0.10 0.08 0.00 0.00 0.01 0.01 0.03 0.01

K2O 8.86 10.05 8.49 9.34 9.09 9.47 9.33 7.38 4.51 5.54 4.46 2.69 0.00 0.00 0.00 0.00 0.00 0.02

Cl 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00

H2O 4.55 4.40 4.47 4.43 4.20 4.25 4.18 4.23 4.59 4.51 4.55 4.64 10.59 10.68 11.54 11.52 10.39 13.80

Total 99.53 97.74 99.32 99.15 94.65 96.28 94.95 95.40 99.07 98.58 99.14 100.08 98.39 97.39 99.57 100.02 99.34 99.03

Si 3.204 3.277 3.270 3.241 3.283 3.302 3.271 3.234 3.288 3.348 3.345 3.304 5.489 5.432 5.377 5.467 5.553 2.084

AlIV 0.796 0.723 0.730 0.759 0.717 0.698 0.729 0.766 0.712 0.652 0.655 0.696 2.511 2.568 2.623 2.533 2.447 0.000

Sum_T 4 4 4 4 4 4 4 4 4 4 4 4 8 8 8 8 8 2.084

AlVI 1.817 1.629 1.514 1.484 1.332 1.235 1.194 1.139 1.640 1.492 1.381 1.440 2.600 2.182 2.826 2.898 2.796 1.865

V 0.025 0.087 0.160 0.271 0.325 0.412 0.476 0.620 0.187 0.289 0.451 0.484 0.194 0.442 0.002 0.000 0.002 0.000

Ti 0.006 0.009 0.011 0.008 0.013 0.011 0.016 0.025 0.015 0.012 0.017 0.019 0.010 0.005 0.003 0.000 0.000 0.001

Fe2+ 0.071 0.103 0.118 0.121 0.076 0.058 0.054 0.055 0.085 0.121 0.050 0.044 7.034 5.922 4.162 4.439 8.464 0.027

Cr 0.000 0.000 0.082 0.001 0.075 0.077 0.081 0.045 0.106 0.037 0.055 0.059 0.000 0.071 0.000 0.002 0.000 0.000

Mn 0.001 0.001 0.000 0.002 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.000 0.090 0.086 0.051 0.048 0.051 0.000

Mg 0.139 0.207 0.203 0.176 0.216 0.231 0.205 0.214 0.132 0.195 0.212 0.171 1.908 3.192 4.840 4.414 0.495 0.000

Ca 0.001 0.003 0.002 0.001 0.001 0.003 0.002 0.002 0.001 0.003 0.002 0.001 0.005 0.024 0.000 0.007 0.002 0.001

Na 0.070 0.033 0.043 0.042 0.041 0.036 0.028 0.030 0.030 0.028 0.013 0.010 0.000 0.000 0.004 0.004 0.013 0.001

K 0.745 0.874 0.727 0.807 0.827 0.851 0.854 0.668 0.376 0.470 0.375 0.222 0.000 0.000 0.000 0.000 0.000 0.001

Cations 6.875 6.946 6.860 6.913 6.909 6.916 6.912 6.800 6.574 6.649 6.558 6.450 19.841 19.924 19.888 19.812 19.823 3.980

CCl 0.000 0.002 0.000 0.000 0.005 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.008 0.008 0.007 0.007 0.000 0.000

OH 2.000 1.999 2.000 2.000 1.998 2.000 1.999 2.000 2.000 2.000 2.000 2.000 15.996 15.996 15.996 15.996 16.000 4.000

O 12 12 12 12 12 12 12 12 12 12 12 12 36 36 36 36 36 9
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Tab. 10 
Representative analyses of In-rich sakuraiite and sphalerite 2.

Mineral In  
sakuraiite

In  
sakuraiite

In  
sakuraiite

In  
sakuraiite

In 
sakuraiite

In  
sakuraiite

In  
sakuraiite

Sphalerite  
2

Process Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap Chl-Ap

S 32.98 32.83 31.23 32.09 30.38 30.85 29.75 33.24

Cd 0.00 0.00 0.00 0.00 0.54 0.00 0.28 0.27

Ag 0.03 0.04 0.04 0.10 0.11 0.11 0.00 0.01

Zn 42.10 40.77 36.66 34.54 31.57 28.25 20.66 59.63

Fe 8.69 8.59 9.22 8.73 10.29 10.34 8.63 6.61

Mn 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

Cu 5.86 6.15 8.10 8.49 9.76 10.87 14.21 0.00

In 10.78 11.62 14.67 15.97 18.18 19.67 25.83 0.07

Sn 0.00 0.00 0.00 0.00 0.00 0.00 0.42 0.00

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00

Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.27 0.12

Total	(wt	%) 100.44 100.00 99.91 99.92 100.85 100.09 100.20 99.95

S 1.021 1.024 0.996 1.022 0.980 1.001 1.000 1.001

Cd 0.000 0.000 0.000 0.000 0.005 0.000 0.003 0.002

Ag 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000

Sn 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.000

Cu 0.092 0.097 0.130 0.136 0.159 0.178 0.241 0.000

Zn 0.639 0.624 0.574 0.539 0.500 0.449 0.341 0.881

Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe 0.154 0.154 0.169 0.160 0.191 0.193 0.167 0.114

In 0.093 0.101 0.131 0.142 0.164 0.178 0.243 0.001

Pb 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000

Bi 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001

Sum	(atom.) 1.999 2.000 2.000 2.000 2.000 2.000 2.001 2.000

Sphalerite 63.9 62.4 57.4 53.9 50 44.9 34.1 88.1

Pyrrhotite 15.4 15.4 16.9 16 19.1 19.3 16.7 11.4

Roquesite 18.5 19.8 26.1 27.8 32.3 35.6 48.4 0.1
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Študované územie lokality Bystrý potok budujú šošov-
ky lyditov, kryštalických vápencov a zriedkavo vápencov 
s dolomitom, ktoré sú súčasťou grafitických fylitov holec-
kých vrstiev silúrskeho veku (Grecula et al., 2009, 2011). 
V stratigrafii spodného paleozoika gemerika holecké vrstvy 
predstavujú podložie albitovo-kvarcitovo-keratofýrové-
ho (trachytového v zmysle klasifikácie IUGS) súvrstvia 
so stratiformnou sulfidickou mineralizáciou SedEx. Táto 
SedEx mineralizácia vznikla súčasne s keratofýrovým/
bazaltovým magmatizmom v neskorom silúre až devóne 
a pochádzala z exhalátov, ktoré vznikli počas magmatiz-
mu na morskom dne v spodnopaleozoickom rifte (obr. 1, 2 
a 3; Grecula et al., 1982, 2009, 2011; Radvanec a Grecula, 
2016). 

Silúrsko-devónske horninové sekvencie boli metamor-
fované v závere variskej orogenézy v období 281 – 256 mil. 
rokov. V amfibolitovej fácii táto metamorfóza spôsobila 
aj lokálne anatektické tavenie so vznikom granitu typu S 
v dvoch horúcich líniách. Metamorfóza súvisí s prenosom 
tepla nad subdukujúcou platňou a vrcholí vznikom ostrov-
nooblúkového andezitovo-dacitovo-ryolitového vulkaniz-
mu v perme (Radvanec et al., 2017; Radvanec a Gonda, 
2019). 

Vápencové šošovky na lokalite Bystrý potok boli meta-
morfované a metasomaticky zmenené na skarn v epidoto-
vo-amfibolitovej fácii (526 – 546 °C, 3 – 6 kbar) a v príbuznej 
chloritovo-apatitovej zóne (420 – 540 °C; obr. 1 – 3). Skarn 
tvorí granát Grs41.4-60.2Sps19.8-32.8Alm16.7-22.2Adr0-8.5, heden-
bergit Wo44.5-50.1Fs31.6-38.2En12.7-20.7, epidot, aktinolit, titanit, 
kremeň, zirkón a zvyšky kalcitu. Pukliny v skarne sú vy-
plnené krátkymi žilkami pyrochroitu a kalcitu bohatého na 
Mn (obr. 4, tab. 2). Vypočítaná teplota 526 – 546 °C pri 
P = 3 – 6 kbar z granátovo-klinopyroxénového geotermo-
metra (Ravna, 2000) a minerálna asociácia skarnu určujú 
P-T podmienky epidotovo-amfibolitovej fácie (Spear, 
1995). Pri zistenej teplote 420 – 540 °C chloritovo-apati-
tovej zóny vznikol v skarne aj fluórapatit a chlorit, pričom 
P-T podmienky chloritovo-apatitovej zóny sa čiastočne 
prekrývajú s P-T podmienkami epidotovo-amfibolitovej 
fácie (obr. 5). V týchto P-T podmienkach vznikli v matrixe 
silikátov skarnu aj sulfidy. V skarne vznikol kobaltit a mil-
lerit bol čiastočne nahradený zonálnym hauchecornitom 
a hauchecornitom-(Sb) (obr. 4, 21, tab. 1). Stabilné relikty 
dolomitu z holeckých vrstiev boli postupne zatláčané anke-
ritom, goethitom a sideritom (obr. 11d, f). 

Premenou organickej substancie na grafit v epidoto-
vo-amfibolitovej fácii sa z holeckých vrstiev do nadložia 
s keratofýrmi a primárnou stratiformnou SedEx sulfidic-
kou mineralizáciou uvoľnila fluidná fáza s obsahom O2, 
H2O, CO2, H3PO4, H2S, HF a V, kde vznikli impregnácie 
schreyeritu, bielej sľudy-fengitu a chloritu v matrixe s ob-
sahom zmesi pôvodných SedEx sulfidov (obr. 5 a 13, tab. 1, 
8). Primárna stratiformná SedEx sulfidická mineralizácia, 
zložená prevažne z pyritu 1, menej pyrotínu, chalkopyritu, 
sfaleritu 1, galenitu 1, arzenopyritu, ferrokesteritu, stefani-
tu, gudmunditu, bizmutinitu 1, sulfidu bohatého na PbBiSb 
(typ A2B2S5) a kobellitu, bola oxidovaná a rozložená touto 

fluidnou fázou za vzniku novej metamorfogénnej minerál-
nej asociácie in situ (obr. 6, 7a, 8, 15 – 19, tab. 3). Pôvodný 
SedEx pyrotín sa rozpadol na asociáciu szomolnokit, pyrit 
2, goethit a siderit (obr. 11a – b, tab. 8). Agregáty galenitu 
1 oxidovali a rozkladali sa na zmes anglesit a ceruzit (obr. 
11c, tab. 6 a 7). Pôvodná SedEx asociácia ferrokesterit s ob-
sahom In, sakuraiit s obsahom Sn ± In a sfalerit 1 obsahujúci 
In a molekulu roquesitu oxidovala, rozpadla sa a zreagovala 
na kasiterit, chalkopyrit, sakuraiit s obsahom In a na sfalerit 
2 (obr. 9, 10, 14 – 17, tab. 5). Lokálne a vzácne vznikol aj 
agregát zmesi allanit-(Ce), galenit 1, fluórapatit a kasiterit 
v matrixe zmesi dolomitu, sideritu a kremeňa. Vzácny je aj 
vznik agregátu siderit a bastnäsit-(Ce) v matrixe kremeňa 
(obr. 7b, 11f). Siderit je na skúmanej lokalite bežný minerál. 
Sulfid PbSbBi (typ A2B3S6), wittit s obsahom S, bizmutinit 
2, rýdzi Bi a galenit 2 s obsahom Se sú nové minerály, kto-
ré vznikli z rozpadu sulfidu PbBiSb (typ A2B2S5), kobellitu 
a bizmutinitu 1 (obr. 19, 20, 21, tab. 4). Tri zóny tetraedri-
tov od tetraedritu-(Fe) cez kenoargentotetraedrit-(Fe) až po 
rozhdestvenskayait-(Fe) ukazujú postupné usporiadanie tet-
raedritov v troch oddelených zónach riadených medzerami 
nemiešateľnosti v Cu-Ag substitúcii. Tetraedrity 1 – 3 vznik-
li rozkladom pôvodného ferrokesteritu, stephanitu a gud-
munditu (obr. 18, 21, tab. 6). Gudmundit tiež oxidoval na 
valentinit (obr. 18e – f, 21, tab. 6). Aj bournonit a  sulfid po-
dobný plumositu vznikli rozkladom pôvodnej SedEx asoci-
ácie ferrokesterit, galenit 1 a gudmundit (obr. 11e, 14c, 21, 
tab. 6). Celkovo 22 reakcií opisuje vzťah medzi zdrojovou 
SedEx mineralizáciou a novými metamorfogénnymi mine-
rálmi, ktoré vznikli na úkor pôvodnej stratiformnej SedEx 
sulfidickej mineralizácie in situ. Chemické zloženie oxidov, 
sulfidov, sulfátov a Fe-Ca-Pb karbonátov sú vizualizované 
v tetraédroch, diagramoch a trojuholníkových diagramoch 
(obr. 5, 9, 10, 12, 17, 20, 21).

Metamorfogénna fluidná fáza uvoľnená z holeckých 
vrstiev bola obohatená o ďalšie prvky v stratigrafickom 
horizonte stratiformnej SedEx sulfidickej mineralizácie. 
V tomto SedEx horizonte boli pôvodné sulfidy v chlori-
tovo-apatitovej zóne oxidované a rozložené 22 reakciami. 
Pôvodná fluidná fáza z holeckých vrstiev bola  takto oboha-
tená a mala nasledujúce zloženie: O2, H2S, H2O, CO2, HF, 
H3PO4, K, Na, Ca, Al, Si, Fe, Mg, Mn, Sn, V, REE, U, Ti, Y, 
Cu, Sb, Bi, Ag, Zn, In, Pb, Ni, Co a As. Geneticky je súčas-
ťou permského matamorfno-magmaticko-hydrotermálneho 
(MMH) cyklu (Radvanec a Gonda, 2019). Fluidná fáza ge-
nerovaná v tomto MMH cykle migrovala do štruktúr, kde 
sa v závislosti od polohy, v ktorej tieto štruktúry vznikli, 
vytvorili rôzne typy mineralizácie od greisenov a skarnov, 
ktoré sa nachádzajú v amfibolitovej alebo v epidotovo-am-
fibolitovej fácii, až po žily v chloritovej zóne gemerika 
(Grecula et al., 1995; Radvanec a Gonda, 2019).
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Oxidácia a rozpad stratiformnej SedEx sulfidickej mineralizácie  
v epidotovo-amfibolitovej fácii metamorfózy in situ za vzniku kasiteritu, sľúd 

bohatých na V, In-Sn-Ag-Sb-Pb-Bi-Zn-Fe-As-Cu-Ni-Co sulfidov  
a Fe-Ca-Pb karbonátov (lokalita Bystrý potok, gemerikum, Západné Karpaty)
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Comparison of morphology of quartz crystals –  
“Marmarosh diamonds” – from Paleogene Flysch  
sequences of Krosno (Silesian) Zone, Dukla Zone  
in Ukrainian Carpathians, and Intra-Carpathian  
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Abstract: Quartz crystals of “Marmarosh diamonds” type were goniometrically studied in Ukrainian Carpathians 
from the veins in flysch deposits of Krosno (Silesian) unit (137 crystals, locality 1 – New Beskydy Tunnel) and 
the Oligocene sediments of the Dukla Zone (77 crystals; loc. 2 – Pryslip pass). They were compared with quartz 
crystals from intra-Carpathian Paleogene sequences of the Western Carpathians in Slovakia (175 crystals; loc. 
3 – Šoltysa stream).  The analysis of the obtained results allows to state that the “Marmarosh diamonds” from 
the studied Ukrainian and Slovak localities are generally similar. The main simple forms represent the hexagonal 
prism m {101̅0} and the rhombohedra r {101̅1} and z {011̅1}. The following types of crystal habit have been 
identified: hexagonal-dipyramidal, pseudocubic, hexagonal-prismatic, trigonal-prismatic. For the polyhedra from 
the Ukrainian Carpathians, minor forms are less typical, such as the trigonal dipyramid s {112̅1} and the trapezoid 
x {516̅1}. Statistically, the shape of “Marmarosh diamond” crystals from the Ukrainian Carpathians is closer to 
isometric. For them, elongation along the main crystallographic axis is even less typical than for polyhedra from 
the Slovak localities. In addition, “Marmarosh diamonds” from the W. Carpathians in Slovakia are more often 
flattened at {101̅0}. In the process of crystal growth with decreasing temperature, the habit changes from hexa-
gonal-dipyramidal to trigonal-prismatic. Quartz from Krosno (Silesian) zone of Ukrainian Carpathians was found 
in the association with calcite. There are numerous hydrocarbon inclusions in both minerals. The mineralogical 
crystallographic and geochemical investigations (especially of the migrating hydrocarbon fluids), are important for 
oil and gas geology of the Carpathian oil and gas-bearing province.

Key words: quartz crystal morphology, hydrocarbon inclusions, “Marmarosh diamonds”, Carpathians

Introduction

Quartz crystals of “Marmarosh diamonds” type can be 
found in many regions of the world (Alps, Carpathians, 
Crimea, Donbas, Caucasus, etc.). They were first discovered 
within the Marmarosh massif of the Eastern Carpathians. 
The perfection of the morphology of the “Marmarosh 
diamonds”, for which they got their name, has attracted 

the attention of researchers since the first mention of their 
findings (Fichtel, 1791; Zipser, 1817; Tokarski, 1905; etc.). 
The first crystal morphological description of this quartz 
was made by Leidolt in 1885. Later it was supplemented 
by research by Arkhipova (1951, 1961), Lazarenko et al. 
(1963) and Vozniak et al. (1974).

“Marmarosh diamonds” are widespread in car-
bonate-quartz veins in flysch deposits of the Carpathian 

• Quartz crystals of “Marmarosh diamonds” type 
from Paleogene sequences of W. and E. Carpathians 
in Slovak and Ukrainian territories were studied go-
niometrically. Obtained results indicate their general 
similarity.

• Numerous hydrocarbon inclusions in these crystals 
indicate the importance of crystallographic and ge-
ochemical investigations for oil and gas geology of 
the Carpathians.
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thrust-fault structure of the ages from the Cretaceous to 
Paleogene and Neogene (Kolodii, 2004). In Slovakia 
“Marmaros diamonds” occur in the vicinity of Ulič, Veľký 
Lipník, and Starina localities. The best known occurrences 
in the Ukrainian Carpathians are found in the surround-
ings of Kobylets’ka Polyana, Pidpolozzya, Nyzhni Vorota, 
Mizhgirya, Volovets’ and Byckiv (Udubasa et al., 2002). 
These are transparent colorless quartz crystals with a typi-
cal glass luster. The size of the crystals along the main 
crystallographic axis is usually from the first millimeters 
to 1.0 cm, occasionally up to 3.0 cm. Quartz fills fractured 
zones in sedimentary rocks, being in paragenesis with cal-
cite and close association with bitumen of different com-
position. Goniometric studies have shown that the main 
habitual forms of such quartz are the hexagonal prism 
{101̅0}, rhombohedra {101̅1}, {011̅1}, less often usually 
poorly developed trigonal dipyramid {112̅1}.

The first complete crystal morphological description of 
“Marmarosh diamonds” from the Ukrainian Carpathians 
was done by Matkovskiy (1961). As a result of goniometric 
studies of many crystals, the scientist identified two main 
types of habitus:

 ● columnar-prismatic with predominant develop-
ment of prism faces (characteristic of “Marmarosh 
diamonds” from Eocene deposits of the Pidpo-
lozzia village area);

 ● dipyramidal with predominant development of 
rhombohedral faces (characteristic of “Marmarosh 
diamonds” from flysch deposits of the Chivchyn 
Mountains area).

Vozniak et al. (1974) in the Ukrainian Carpathians 
identified three types of habitus of “Marmarosh diamonds” 
(Fig. 1):

 ● prismatic with the predominant development of 
the faces of the prism;

 ● rhombohedral with predominant development of 
rhombohedral faces;

 ● pseudocubic with a sharp predominance of 
positive rhombohedron faces and without or with 
weak prism face development.

Zatsikha et al. (1984) in the Ukrainian Carpathians 
identified dipyramidal and dipyramidal-prismatic types of 
habitus of “Marmarosh diamonds”.

Kvasnytsia (2016) described rare form – rhombohedron 
{011̅2}, being established for the first time not only for the 
“Marmarosh diamonds” but also for quartz crystals from 
various hydrothermal mineralizations of Ukraine.

Typical representatives of “Marmarosh diamonds” 
are crystals of rhombohedral and pseudocubic habit. 
Information on the shape, habit and morphology of all 
these species are summarized in Matkovskyi (2011).

In addition to the habit of crystals, an important typo-
morphic feature of “Marmarosh diamonds” is the presence 
of different hydrocarbon inclusions. They are indicators 
of the sequence of growth of individuals, changes in the 
chemical composition of the mineral-forming fluid (from 
high-density hydrocarbon-water in the initial stages to 
oil-water, and sometimes with significant impurities of 
carbon dioxide in the final). Accordingly, this testifies to 
the important role of “Marmarosh diamonds” in the re-
production of hydrocarbon migration processes during 
the formation of industrial accumulations of oil and gas 
condensates in oil and gas provinces. Therefore, “Marma-
rosh diamonds”, as a new genetic type of quartz – skele-
tal crystals with hydrocarbon inclusions (Vozniak et al., 
1978), are of fundamental importance as fixers of chemical 
composition and PT parameters of migration processes of 
hydrocarbon compounds and direct connection with oil 
and gas, as well as the evidence of a detailed PT history of 
the Folded Carpathians (Vityk et al., 1996).

The hydrocarbon inclusions in the crystals “Marmarosh 
diamonds” from the Western Carpathians on Slovak 
territory (in further text Slovak Carpathians) are described 
by Hurai et al. (1995). The morphology of “Marmarosh 
diamonds” polyhedra from the Veľký Lipník locality is 
described by Fulín (1997).

In current paper we present morphology of “Mararosh 
diamonds” in three localities. Two of them (Krosno zone 
and Veľký Lipník area) were already described (Dudok et 

Fig. 1. Types of habit of “Marmarosh diamonds” (Vozniak et al., 1974).
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al., 2002; Vovk et al., 2018; a.o.), but the New Beskydy 
Tunnel was only recently built, and all presented research 
results from there are new and less known to the scien-
tific community. Obviously, the comparison of new results 
with data obtained earlier allows to present wide spectra 
of “Marmarosh diamonds” morphology and their genesis 
from different localities. Therefore, the main focus is on the 
new studied locality of the Krosno (Silesian) structural-fa-
cial unit of the Ukrainian Carpathians in the area of the 
New Beskydy Tunnel. We will consider only the peculiari-
ties of the crystal morphology and genesis of “Marmarosh 
diamonds” from the Ukrainian Carpathians and compare 
them with individuals from the Slovak Carpathians, which 
are described mainly in (Dudok et al., 2002).

Methodology

As it was mentioned above, the investigated crystals 
were selected in three localities. The first of them is lo-
cated in the Krosno (Silesian) zone of the Ukrainian Car-
pathians, in the area of the New Beskydy Tunnel. Field 
geological studies were carried out during the construc-
tion of the tunnel, if possible, directly with the geologi-
cal service of the tunnel. They included the selection and 
description of stuffs, macroscopic analysis of structural 
and textural features of the veinlet-impregnated minerali-
zation and host rocks.

Altogether 137 crystals of “Marmarosh diamonds” 
were selected for goniometric research from the veinlet-
impregnated mineralization in the flysch deposits of the 
Krosno (Silesian) structural-facial unit of the Ukrainian 
Carpathians in the area of   the New Beskydy Tunnel (Figs. 
2 and 3). Samples were taken from observation points 
along the tunnel recorded at a distance of 1 247.6 m, 
1 435 m, 1 445 m, 1 464 m, 1 505 m, 1 508 m, 1 522 m, 
1 544 m and 1 612 m. 

General mineralogical approaches were used to provide 
mineralogical studies. Determination of the composition of 
volatiles, relative gas saturation as well as water saturation 
of fluid inclusions was performed by the mass spectrometry 
on the MX-3A mass spectrometer (IGGC of the National 
Academy of Sciences of Ukraine, analyst B. Sakhno). 
A mineral (rock) sample weighing 200 mg of the +1–2 
fraction was crushed in a specially designed mortar; before 
analysis, the inlet system of the mass spectrometer was 
vacuumed to values   of the order of 1.10–3 Pa. Relative gas 
saturation ∆Р, Pa – pressure increase in the inlet system 
of the mass spectrometer (relative to the residual pressure 
of the order of 1.10–3 Pa in it), which is created as a result 
of the release of volatile components (without taking into 
account the water vapor sorbed on P2O5, placed in the inlet 
system) from inclusions and closed pores when grinding 
the sample. It can represent a comparative value for the 
same weights. The chemical composition of minerals of the 
veinlet-impregnated  mineralization was determined using 

Fig. 2. The map with position of sampling localities: 1 – veins in the flysch deposits of the Krosno (Silesian) structural-facial unit of 
the Ukrainian Carpathians in the area of the New Beskydy Tunnel; 2 – Oligocene deposits of the Dukla zone (observation point 1 502, 
Pryslip pass); 3 – the Inner-Carpathian Paleogene (observation point 1 527, Veľký Lipník area, Šoltysa stream).



Mineralia Slovaca, 54, 2 (2022)

166

scanning electron microscopy and X-ray microanalysis 
based on the PEMMA-102-02 raster electron microscope 
– microanalyser (analyst R. Serkis).

The crystals were measured on a two-circle goniometer 
GD-1 (analyst O. Vovk). Gnomostereographic projections 
were built on the basis of research materials, based on 
which the axonometric projections of polyhedra were 
drawn. All axonometric projections of quartz crystals 
constructed using the Shape program (demo version) are 
made at the position of the projection pole φ = 71.5° and 
ρ = 80°. 

The second locality represents the Oligocene deposits 
of the Dukla zone (observation point 1 502, Pryslip 
pass; Figs. 2 and 3). Altogether 77 quartz crystals of the 
“Marmarosh diamond” type were selected from cracking 
zones in the relevant rocks, represented by sandstones 
and siltstones. At the observation point 1 502 the azimuth 
of the dip of the host rocks is 140°, the angle of dip is 

70–80° (140/70–80°); concerning cracks – the dip azimuth 
is 190–200°, angle of dip 70–80° (190–200/70–80°). At 
observation point 1 527 in the host rocks it is 150/30°; 
125/80–90° and 185/80–90°. The thickness of the cracks 
varies from the first millimeters to 3.0 cm.

The third locality occurs in the Inner Carpathian Paleo-
gene in Slovakia (observation point 1 527, Veľký Lipník 
area, Šoltysa stream; Figs. 2 and 3). Altogether 175 quartz 
crystals of the “Marmarosh diamond” type were gonio-
metrically studied. According to Fulín (1997) “Marma-
rosh diamonds”: are found in the grey-blue sandstones, 
in weathered samples having yellowish brown colour. 
Sandstones are characterized by the presence of NW-SE 
trending cracks with a dip of 70–90° to SE. The “Marma-
rosh diamonds” from the W. Carpathians are typical with 
all types of hydrocarbon inclusions described for similar 
quartz from the Ukrainian and Polish Carpathians (Dudok, 
2000; Kalyuzhnyi et al., 1998).

Fig. 3. Tectonic map (Birkenmajer & Gedl, 2017) with position of sampling points: 1 – veins in the flysch deposits of the Krosno (Sile-
sian) structural-facial unit of the Ukrainian Carpathians in the area of the New Beskydy Tunnel; 2 – Oligocene deposits of the Dukla 
zone (observation point 1 502, Pryslip pass); 3 – the Inner-Carpathian Paleogene (observation point 1 527, Veľký Lipník area, Šoltysa 
stream).
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Results and discussion
Crystal morphology and habits

Polyhedra of “Marmarosh diamonds” from both 
– the Ukrainian and Slovak parts of Carpathians are 
two-headed, their size is up to 1 cm, rarely up to 3 cm 
along the main crystallographic axis L3. The faces of the 
hexagonal prism m {101̅0} and the rhombohedra r {101̅1} 
and z {011̅1} are present on all crystals. The development 
of these faces determines the crystals habit. In addition, 
a trigonal dipyramid s {112̅1} was found on about a third 
of individuals from the Dukla zone and on 13 % of crystals 
from the Inner Carpathian Paleogene. This form was not 
detected on the studied polyhedra from the Ukrainian 
Carpathians. Acute rhombohedra are rare. All these forms 
are described in the special literature, in particular in 
Goldschmidt (1922).

The habitus of the crystals is isometric or short-column, 
rarely columnar. There are several types of individuals by 
habit (see Tab. 1).

Hexagonal-dipyramidal habit with approximately equal 
development of the faces of rhombohedra r {101̅1} and 
z {011̅1} and underdeveloped faces or without faces of the 
prism m {101̅0} (Fig. 11.1). Crystals of this habit are quite 
common in the Slovak part of Carpathians, almost half of 
them have dipyramids. In the Ukrainian Carpathians, in 
particular in the flysch deposits of the Krosno (Silesian) 

structural-facial zone, this type is also manifested (Vovk et 
al., 2018, 2019), but less frequently.

Pseudocubic (Fig. 11.2) crystals are characterized by 
well-developed faces of one of the rhombohedra (positive 
or negative) and small faces of the prism and the other 
rhombohedron. Such individuals are rare in both the 
Ukrainian and Slovak Carpathians. Crystals of transitional 
habit between hexagonal-dipyramidal and pseudocubic 
are more typical for the Slovak Carpathians (Fig. 11.3). 
Dipyramide was found in only 5 % of the total number of 
crystals.
Hexagonal-prismatic. This type is divided into two 
subtypes:
I. –  Short-prismatic. Crystals of this subtype are 

characterized by uniform development of three 
main forms: hexagonal prism, positive and negative 
rhombohedrons (Fig. 11.4). Such individuals in the 
Slovak Carpathians make up 18 % of the total number 
of crystals. Dipyramide was found in a third of them 
(Fig. 11.5). Such polyhedra are even more typical of 
the Krosno (Silesian) structural-facial zone. Their 
frequency is 30 %.

II. –  Actually prismatic (Fig. 11.6). The main form is 
a prism, rhombohedra are evenly developed, but are 
of secondary importance. Such individuals are very 
rare for both the Ukrainian and Slovak Carpathians, 
no dipyramid has been found in them.

Fig. 4. Geological map of the eastern part of the 
Krosno Nappe and the adjacent segment of the 
Skyba Nappe in the basins of the upper reaches 
of the Stryi, Opir, Vecha, Rika rivers: 1 – Re-
search area; 2 – Eocene flysch; 3 – Menilite 
Fm.; 4 – Verets (Transitional) Fm.; 5 – Lower 
Krosno Fm. (sandstones); 6 – Middle Krosno 
Fm. (bedded flysh); 7 – strike, dip angle and 
position of the bed bottom; 8 – tectonic breccia; 
9 – tectonic mélange; 10 – intensively folded 
deposits; 11 – tectonic boundary between the 
Krosno and Skyba nappes; 12 – secondary 
faults; 13 – geological boundaries.
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Trigonal-prismatic is also divided into two 
subtypes:
I. – Short-prismatic. The prism and one of 

the rhombohedra are well developed, 
the other rhombohedron is of secondary 
importance (Fig. 11.7). Such crystals are 
rare in Slovak Carpathians, dipyramid 
was found in one of them. Such polyhedra 
are very typical for the Krosno (Silesian) 
structural-facial zone of the Ukrainian 
Carpathians, their frequency is 54 %; 

II. – Actually prismatic. The hexagonal prism  
dominates the rhombohedra of diff erent 
sizes (Fig. 11.8). Individuals of this 
type represent 2 % (Inner Carpathian 
Paleogene) and 9 % (Dukla zone) of 
the total number of crystals. Dipyramid 
was found on two of them. In the 
Krosno (Silesian) zone of the Ukrainian 
Carpathians, the frequency of such 
polyhedra is slightly higher – 9 %.

According to the analysis of statistical 
data it can be concluded that in the process of 
growth (i.e. with decreasing temperature), the 
habit of crystals changes from hexagonal-dipy-
ramidal to trigonal-prismatic. The presence of 
dipyramid is typical for individuals of hexago-
nal-dipyramidal and hexagonal-prismatic 
(short-prismatic) habit from the Slovak Car-
pathians.

In addition to the crystals described above, 
which are close to ideal, the distorted indi-
viduals are quite common. The macroscop-
ic symmetry of real crystals may diff er from 
the true one both in the direction of decrease 
and in the direction of increase. The greatest 
symmetry is in individuals of hexagonal-dipy-
ramidal and hexagonal-prismatic habit. The 
appearance of the sixth-order pseudoaxis is 
due to the equal development of positive and 
negative rhombohedra, and the pseudoplanes 
arose in the absence of the faces of the dipyra-
mid s {112̅1} and the trapezoid x {516̅1}. Such 
highly symmetric crystals are formed under 
conditions of chaotic rotation of the crystal in 
a medium with maximum symmetry ∞L∞∞PC 
(symmetry of a sphere) or L∞∞PPS (symmetry 
of a stationary cylinder), provided that the axis 
of infi nite order of the medium coincides with 
the axis of third order quartz. The fl ow of mat-
ter to all faces of the crystal is uniform. In na-
ture, under such conditions, crystals grow that 
rotate continuously in the melt or in solution. 
Therefore, dipyramidal crystals are charac-

Fig. 6. The New Beskydy Tunnel.

Fig. 7. The outcrop with crystals of “Marmarosh diamonds” in the area of the 
New Beskydy Tunnel.

Fig. 5. Lithostratigraphic column of the fl ysch zone with depicted Krosno (Sile-
sian) zone (Hnylko et al., 2021). The samples of quartz crystals were taken 
from Lower Member P3kr1.



Vovk, O. et al: Comparison of morphology of quartz crystals – “Marmarosh diamonds” from Paleogene Flysch sequences of Krosno (Silesian) Zone, 
Dukla Zone in Ukrainian Carpathians, and Intra-Carpathian sequences of Western Carpathians

169

prismatic (elongation 2.5); long-prismatic (~ 4); needle 
(> 6); very shortened (< 1.5). The studied crystals from 
the Slovak Carpathians are strongly shortened or short-
prismatic. Long-prismatic individuals are extremely rare, 
and no needles are present. Polyhedra from the Ukrainian 
Carpathians are strongly shortened (over 90 %), or short 
prismatic (up to 10 %), long prismatic and needle-shaped 
among the studied individuals are not detected (Fig. 9).

Crystals with reduced visible symmetry were also 
found: flattened prisms and rhombohedra (with visible L2 
symmetry), wedge-shaped and pseudotriclinic.

Crystal morphological studies of quartz also deter-
mined the flattening size of crystals n, i.e. the ratio of 

teristic with paramorphoses of trigonal quartz on hexago-
nal quartz in quartz porphyries and for late hydrothemal 
quartz of ore and quartz-carbonate veins. Crystals of pris-
matic habit grew under conditions of more intense influx 
of matter to the faces of the prism. Such conditions can 
occur if the crystal is attached to the head of the rock. Indi-
viduals grow under the condition of a homogeneous liquid 
slick with the symmetry of a circle, in the case of identical 
sides of the slick - with the symmetry of the cylinder. The 
second head of such crystals is often regenerated due to the 
fact that the crystal broke off from the attachment.

There are several degrees of elongation of the crystals 
in the ratio of sizes along the L3 axis to the L2 axis: short-

Fig. 8. The crystals of “Marmarosh diamonds” from the Krosno (Silesian) structural unit of Ukrainian Carpathians  (the area of the 
New Beskydy Tunnel).
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crystal sizes in L3 to the distance between opposite faces 
{101̅0} perpendicular to the flattening direction. In our 
case, the value of n ranges from 1 : 1 to 1 : 3 for individuals 
from the Slovak Carpathians and up to 1 : 2 for polyhedra 
from the Ukrainian Carpathians. Individuals are flattened 
on the faces {101̅0} or {011̅0}. The macrosymmetry of 
such crystals is pseudorhombic, individuals were attached 
to the prism face to the rock wall, which caused a more in-
tense influx of matter to the two opposite faces of the prism. 
Crystals flattened on a rhombohedron grew in the condi-
tions of a bilateral slick with symmetry of the cylinder. 
The axis of infinite order of the medium coincided with L2 
in the crystal, so the symmetry of individuals is monoclin-
ic. Wedge-shaped crystals with symmetry P grew under 
conditions close to those in which pseudorhombic indi-
viduals flattened by {101̅0} grew. They 
were also attached to the face {101̅0} 
to the rock wall, but the symmetry of 
the medium was less. Mineral-forming 
fluids moved along the crystal in the di-
rection from the more developed crys-
tal top to the less developed one. Due 
to the unilateral direction of flows on 
individuals of all elements of symme-
try, only the pseudoplane is preserved. 
Wedge-shaped crystals are very valu-
able genetically, because they contain 
information about the directions of mi-
gration of mineral-forming fluids.

Pseudotriclinic crystals indicate that 
the symmetry of the medium was not 
maximal, and the elements of symme-
try of the crystal did not coincide with 
the elements of symmetry of the medi-
um. That is, individuals grew obliquely 
in relation to the directions of migration 
of mineral-forming fluids.

As a result, the analysis of literature 
data (Vozniak et al., 1974; Lazarenko 
et al., 1963; Matkovskiy, 1961) and 
own goniometric studies of crystal 
morphology of “Marmarosh diamonds” 
from the deposits of the Ukrainian 
(Krosno, now Silesian and Dukla 
zones) and Slovak Carpathians (Dukla 
zone and Intra-Carpathian Paleogene 
zone) allowed to state that in general 
that the “Marmarosh diamonds” from 
the Slovak and Ukrainian Carpathians 
are similar. However, in (Dudok et 
al., 2002) it is said that the described 
individuals from the Slovak Carpathians 
are less characterized by polyhedra 
of prismatic habit. Our studies of 

“Marmarosh diamonds” and the Krosno (Silesian) zone of 
the Ukrainian Carpathians show that prismatic individuals 
are even rarer than in the Slovak Carpathians.

Anyway, there is the conclusion about the evolution of 
habit from hexagonal-dipyramidal to trigonal-prismatic by 
decreasing of the temperature during growth (Vovk et al., 
2019).

Inclusions in quartz in “Marmarosh diamonds” 
from the Krosno zone

The polyhedra of rhombohedral and pseudocubic habit 
with a strong lustre of the “Marmarosh diamond” type were 
formed in a hydrocarbon-saturated (oil-saturated) fluid 
medium in a calm tectonic situation, when the tectonic 
overprint had already ended, creating a system of fractured 

Fig. 9. Crystal types of “Marmarosh diamonds” from the Krosno (Silesian) structural 
unit of Ukrainian Carpathians (Vovk et al., 2018).  Simple forms m {101̅0}, r {101̅1} 
and z {011̅1}.

Fig. 10. Crystal habit of “Marmarosh diamonds” from the Krosno (Silesian) structural 
unit of Ukrainian Carpathians (the area of the New Beskydy Tunnel).
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of the rock complexes in the area of the New Beskydy 
Tunnel, is close to the theoretical one. Contains significant 
impurities of magnesium (0.00‒0.37 wt. %), manganese 
(0.02‒0.52 wt. %) and iron (0.06‒0.87 wt. %).

Impurities in the chemical composition of quartz were 
not detected, because their content are near the detection 
limit. Numerous fluid inclusions of hydrocarbons 
were found in the investigated crystals of “Marmarosh 
diamonds” and calcite from the Krosno (Silesian) zone in 
the area of the New Beskydy tunnel (Naumko et al., 2017). 
According to mass spectrometry, the composition and ratio 
of volatiles in them is characterized only by the presence 
of hydrocarbons, mainly methane and the firsts members 
of its homologous series (see Tab. 2). In particular, all 
analysed samples are strongly dominated by methane 
(87.6–97.3 vol. %). In addition, in quartz crystal (sample 
NBT-1) there is homologous series of methane to propane 
(up to 2.9 vol. %), in another quartz crystal (sample 
NBT-7) – to butane with traces of heavier hydrocarbons, 
probably of the methane series (12.4 vol. %). It should be 
emphasized the high weight concentration of hydrocarbon 
components in the fluid (up to 392.236.10–6 g per g of the 
sample), which determines the possibility of its transfer of 
mineral substances (and hydrocarbons) and crystallization 
of parageneses with “Marmarosh diamonds” from such 
a hydrocarbon-containing fluid. The given data indicate 
the hydrocarbon orientation of upward migrating paleo-
fluids (Naumko et al., 2022).

Conclusions
Common and distinctive features of the morphology of 

quartz crystals of the “Marmarosh diamonds” type from 
the Slovak and Ukrainian Carpathians have been revealed.

Common in the “Marmarosh diamonds” from the 
Slovak and Ukrainian Carpathians are:
1. Presence of basic simple forms of hexagonal prism m 

{101̅0} and rhombohedra r {101̅1} and z {011̅1}.
2. Types of crystal habitus: hexagonal-dipyramidal, pseu-

docubic, hexagonal-prismatic, trigonal-prismatic.
3. Elongation of the crystals in the ratio of the dimensions 

along the L3 axis to the L2 axis is preferably < 1.5.
The differences in the polyhedra of “Marmarosh 

diamonds” from the Ukrainian and Slovak Carpathians are 
as follows:
1. On polyhedra from the Slovak Carpathians, less im-

portant simple forms are more common: the trigonal 
dipyramid s {112̅1} and the trapezoid x {516̅1}.

2. In the Krosno (Silesian) zone of the Ukrainian Car-
pathians, greatly shortened individuals appear even 
more often.

3. Crystals flattened on {101̅0} are more characteristic of 
the Slovak Carpathians.
Fluid inclusions of hydrocarbons are present in all 

zones. The healing of the formed cracks contributed to the 
crystallization of perfect crystals of typical rhombohedral 
and pseudocubic habit, which by their defects-inclusions 
in the process of growth-synthesis captured and preserved 
hydrocarbons of various aggregate and phase states 
(Naumko et al., 2004, 2014, 2017).

Quartz of the “Marmarosh diamond” type in the Kros-
no (Silesian) zone is associated with calcite. Calcite forms 
mottled veins (up to 55 mm) of various shapes, the thick-
ness of which varies from microscopic to 2–3 cm and more. 
Veins with partially or completely leached calcite and trac-
es of sliding are often observed. It is represented by crys-
talline-granular varieties, mainly fine-grained (0.1 mm) 
and coarse-grained (over 0.1 mm). Large-crystalline va-
rieties predominate. Large calcite grains reach 4–6 mm. 
Dense aggregates, druses, and sometimes well-cut crystals 
are often found (Zankovych, 2016). The chemical compo-
sition of calcite of the veinlet-impregnated mineralization 

Fig. 11. Crystal habit of “Marmarosh diamonds” from Slovak 
Carpathians (Dudok et al., 2002).
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Tab. 1
Habit of “Marmarosh crystals” from Ukrainian Carpathians and Western Carpathians.

Habit
The area of the New 

Beskydy tunnel 
crystals %

Dukla zone Intra-Carpathian 
Paleogene

Hexagonal-dipyramidal 7 35 31

Pseudocubic 1 24 23

Hexagonal-prismatic (short-prismatic) 30 18 18

Hexagonal-prismatic (actually prismatic) 1 7 3

Trigonal-prismatic (short-prismatic) 52 7 23

Trigonal-prismatic (actually prismatic) 9 9 2

Tab. 2
The composition of volatiles of fluid inclusions in “Marmarosh diamonds” and calcite of the veinlet-impregnated 

mineralization and closed pores of host rocks of the Krosno (Silesian) zone in the area of the New Beskydy tunnel) 
(Naumko et al., 2022).

Number 
of the 
sample

Interval  
of selection  

[m]
Mineral  
(sample mass)

Components: volume share,  
% weight concentrations,  
n.10–6 g/g of the sample2)

Relative 
gas 

saturation
∆ Р, Pa

Total weight 
concentration, 

n.10–6 g/g  
of the sample1)

СО2 СН4 СnН2n+2

NBT-1 1 247.6 “Marmarosh diamond” 
crystal (0.16 g) – 97.3  

248.430
2.73)  

0.370 36.0 248.800/311.0002) 

NBT-2 1 435 The same (0.19 g) – 97.1  
61.530 

2.93)  
0.140 10.8 61.670/64.9162)

NBT-3 1 445 The same (0.32 g) – 97.1  
113.560

2,93)  
0.250 33.3 113.81/71.1302) 

NBT-4 – Calcite crystal (0.43 g) – 99.0  
8.420 

1.03)  
0.002 3.2 8.422/3.8172)

NBT-7 1 464 “Marmarosh diamond” 
crystal (0.16 g) – 87.6  

204.100 
12.43)  
11.630 25.3 215.730/392.2362)

Notes:
1) – the total weight concentration in samples NBT-1–NBT-4 and NBT-1–NBT-7 was determined relative to the mass of the crystal; 
2) – the total weight concentration is reduced to the standard amount of weight – 200 mg; 
3) – in samples NBT-1–NBT-4 in the composition СnН2n+2 n = 2, 3, in sample NBT-7 – n = 2–4 (up to 6).
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calcite and quartz crystals of the “Marmarosh diamonds” 
type. By the chemical composition data, it is methane with 
impurities of higher hydrocarbons (up to hexane). The 
high weight concentration of hydrocarbon components 
in the fluid determines the possibility of its transfer of 
mineral substances (and hydrocarbons) and crystallization 
of parageneses with “Marmarosh diamonds” from such 
a hydrocarbon-containing fluid.

Detailed studies of the vein mineralization of the rock 
complexes of the Krosno (Silesian) zone of the Ukrainian 
Carpathians, exposed by the New Beskydy tunnel, make 
it possible to obtain important genetic information about 
the composition and distribution of hydrocarbons in fluid 
inclusions in non-ore minerals of the veinlet-impregnated 
mineralization as relics of migrating hydrocarbon fluids 
within the flysch formation of the region. Therefore, 
further mineralogical research will contribute not only 
to obtaining new results from mineralogy, geochemistry 
and crystallography, but also important data from the oil 
and gas geology of the Carpathian oil and gas-bearing 
province.
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Porovnanie morfológie kryštálov kremeňa – „marmarošských diamantov“ –  
zo sekvencií paleogénneho flyšu krosnianskej (sliezskej) a duklianskej zóny  

v Karpatoch na Ukrajine a vnútrokarpatských paleogénnych  
sekvencií Západných Karpát

Na komparatívny goniometrický výskum kryštálov 
kremeňa, tzv. marmarošských diamantov, boli použité 
vzorky z reprezentatívnych výskytov vo Východných Kar-
patoch na území Ukrajiny – kryštálov v žilách vo flyšo-
vých sedimentoch krosnianskej (sliezskej) jednotky (137 
kryštálov; lokalita 1 – nový Beskydský tunel; obr. 2 – 7) 
a tiež v oligocénnych sedimentoch duklianskej zóny (77 
kryštálov, lokalita 2 – priesmyk Pryslip; obr. 2 a 3). „Mar-
marošské diamanty“ v Západných Karpatoch na území 
Slovenska zastupovali výskyty vo vnútrokarpatských 
paleogénnych sekvenciách na lokalite 3 – Veľký Lipník, 
vodný tok Šoltysa (175 kryštálov; obr. 2 a 3 ). 

Získané výsledky potvrdzujú, že „marmarošské 
diamanty“ zo študovaných lokalít oboch štátov vykazujú 
podobné charakteristiky. Dominantne sú zastúpené jed-
noduché kryštály hexagonálneho prizmatického tvaru m 
{101̅0} a tiež romboédre r {101̅1} a z {011̅1}. Identifi-
kované boli aj nasledujúce polyhedrálne kryštálové tvary: 
hexagonálno-dipyramidálny, pseudokubický, hexagonál-
no-prizmatický a trigonálno-prizmatický. Predĺženie kryš-
tálov vyjadruje pomer rozmerov pozdĺž osi L3 k osi L2, 
ktorý vykazuje hlavne hodnoty < 1,5.

V prípade výskytov v Ukrajinských Karpatoch sú tri-
gonálno-dipyramidálny tvar s {112̅1} a trapezoidný tvar x 
{516̅1} menej typické. Štatisticky sa kryštálový tvar „mar-
marošských diamantov“ z Ukrajinských Karpát prejavuje 
ako viac izometrický. Ich predĺženie pozdĺž hlavných 
kryštalografických osí je menej typické ako v prípade 
polyhedrálnych tvarov zo slovenských lokalít. Navyše, 
„marmarošské diamanty“ zo slovenského územia Zá-
padných Karpát sú častejšie splošteného tvaru v {101̅0}. 
V procese rastu kryštálu sa pri poklesávajúcej teplote tvar 

mení z hexagonálno-dipyramidálneho na trigonálno-priz-
matický. 

Kremeň z krosnianskej (sliezskej) zóny Ukrajinských 
Karpát sa zistil v asociácii s kalcitom. V oboch mineráloch 
sa vyskytujú početné inklúzie. 

Vo všetkých kryštáloch kalcitu a kremeňa „marmaroš-
ských diamantov“ sú prítomné inklúzie uhľovodíkov. Pod-
ľa údajov o chemickom zložení ide o metán s nečistotami 
vyšších uhľovodíkov (až po hexán). Vysoká hmotnostná 
koncentrácia uhľovodíkových zložiek vo fluide určuje 
možnosť prenosu  minerálnych látok (a uhľovodíkov) 
a kryštalizáciu paragenéz s „marmarošskými diamantmi“ 
z tzv.  fluíd obsahujúcich uhľovodíky. Podrobné štúdie 
žilnej mineralizácie horninových komplexov krosnianskej 
(sliezskej) zóny Ukrajinských Karpát odkrytých novým 
Beskydským tunelom umožňujú získať dôležité genetické 
informácie o zložení a distribúcii uhľovodíkov v kvapaline 
inklúzie v nerudných mineráloch žily, ktorá reprezentuje 
relikty migrujúcich uhľovodíkových tekutín v rámci flyšo-
vej formácie regiónu. Ďalší mineralogický výskum prispe-
je nielen k získavaniu nových výsledkov z mineralógie, 
geochémie a kryštalografie, ale aj dôležité údaje z  karpat-
ského ložiska ropy a plynu.

Mineralogicko-kryštalografický a geochemický vý- 
skum (so zameraním na migráciu hydrokarbonátových 
fluíd) poskytuje podstatné informácie pri vyhľadávaní 
a prieskume výskytov ropy a zemného plynu v karpatskej 
roponosnej a plynonosnej provincii.
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Comparison of two model environmental burdens  
with massive light non-aqueous phases liquids (LNAPL) 
pollution – the extent of pollution identified by geological 

survey vs. reality uncovered by remediation

JURAJ MACEK1, 2, ĽUBOMÍR JURKOVIČ1, JÁN MILIČKA1, ROMAN TÓTH1, 2  
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Abstract: The paper deals with the results of exploration and remediation in two railway operations. Locomotive 
depots in Štúrovo and Leopoldov belonged to heavily polluted sites with the occurrence of light non-aqueous 
phases liquids (LNAPL) on the groundwater table. Remediation began on the sites in 2018. The results of the 
pre-remediation surveys did not indicate the presence of large volumes of pollution in the form of free phase, 
however, during the remediation LNAPL flowed into new wells. At the same time, the spreading of LNAPL accu-
mulations and the progressing of pollution in dissolved form by groundwater has not been confirmed. Comparison 
of surveys and remediation points to various facts that must be considered when evaluating the degree of pollution 
of the site. It is necessary to perceive the whole space of the railyard as possible source of pollution. Remediation 
project should not be based solely on the presence of LNAPL. Its presence and the risk it poses must be verified. 
Outcomes of activities, based on limited data, may in that case differ from the remediation goals.

Key words: remediation, light non-aqueous phases liquids, locomotive depot, environmental burden

Introduction
The basis for planning of a remediation is usually 

a detailed site survey. It mostly results in accurate 
information on the nature and spatial distribution of the 
pollution. Selected sites, locomotive depots in Leopoldov 
and Štúrovo (Fig. 1), have a long history of repairs of 
traction rolling stock. Both were already in operation in 
the 1950s. During transition from steam to diesel traction, 
both depots switched to maintenance of diesel locomotives.

During operations, leakage of oil-based operating 
fluids (diesel, lubricants) may have occurred, either due 
to leaks from single walled tanks and fittings or improper 
handling. Both sites have been examined in detail in the 
past (Štúrovo depot – Polák, 1987; Solymosiová et al., 
1988; Leopoldov depot – Vrana, 2008) and since 2008 

groundwater monitoring has been carried out on both sites.
In Štúrovo, four boreholes in the vicinity of 

underground storage tanks were identified, in which light 
non-aqueous phases liquids (LNAPL) thicknesses up to 
870 mm were present for a long time (Kostolanský et al., 
2017a). In Leopoldov, LNAPL was observed only in  one 
borehole located near the fuel dispensing point (LEV-1 
borehole). The assumed sources of pollution were fuel 
pipelines or leaks from pumping fuel (Kostolanský et al., 
2017b). In 2017, both sites were included in the group of 
14 railway sites where the Ministry of Environment of 
Slovak Republic was approved for the implementation of 
remediation. In the information system of environmental 
burdens, the sites were registered as confirmed 
environmental burdens – NZ (029) / Štúrovo-Rušňové 
depo, Cargo, a. s. (SK/EZ/NZ/601) and HC (1844) / 

• Distribution of LNAPL on two sites is evalu-
ated

• Pre-remediation survey and remediation out-
comes are compared

• Vast differences in pollution plumes were 
discovered

• Remediation decision making must include 
detailed LNAPL characteristics
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Leopoldov-Rušňové depo, Cargo, a. s. (SK/EZ/HC/1844). 
The depot in Štúrovo has been out of operation since 2008, 
operation in Leopoldov is limited at present.

The first step of remediation was the pre-remediation 
survey which led to update of the risk assessment. 
Atmogeochemical measurements (detection of VOC´s 
in soil vapor) were carried out as a part of the survey, 
which primary focused on the drilling of soil probes and 
hydrogeological wells from which soil and groundwater 
samples were collected. Primary concentrations of organic 
substances – NEL-IR (non-polar extractable substances 
– infrared spectrum), NEL-UV (non-polar extractable 
substances – ultraviolet spectrum), C10–C40 (total petroleum 
hydrocarbons via GC-FID), BTEX (benzene, toluene, 
ethylbenzene, xylenes), CAH (chlorinated aliphatic 
hydrocarbons), PAH (polycyclic aromatic hydrocarbons), 
and PCB (polychlorinated biphenyls) – were determined 
in the samples and the extent of contamination was 
continuously adapted based on the new information 
obtained during the geological survey. Concentrations of 

BTEXs, CAHs, PAHs and PCBs were low, or under the 
laboratory detection limit.

The results of the survey in Leopoldov identified 
extensive soil pollution in the vadose zone (0.0–1.0 m 
below ground surface (bgs) at max. 2 320 mg.kg–1 C10–C40, 
3.0–5.0 m bgs max. 6 160 mg.kg–1 C10–C40) and in the 
saturation zone (5.0–7.0 m bgs up to 5 690 mg.kg–1 C10–C40) 
and in groundwater (up to 6.76 mg.l–1 C10–C40). Pollution 
consisted of oil substances (diesel), identified mainly in 
the area under the turntable and under the above-ground 
fuel tanks. The occurrence of LNAPL was confirmed 
during the survey only in the original LEV-1 well (Tupý et 
al., 2019). In the newly built wells only an oil sheen was 
observed at the groundwater head. The assumed sources 
of pollution were handling areas of filling and discharging 
of fuel, operating place of oil-mill and above-ground fuel 
tanks.

Survey in Štúrovo depot identified very extensive 
soil contamination at the top of the saturation zone with 
the content of C10–C40 in soils up to 17 200 mg.kg–1. The 

Fig. 1. Schematic 
map of model loco-
motive depots with 
the location of real-
ized geological and 
remediation objects
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maximum concentration of C10–C40 in groundwater was up 
to 7.71 mg.l–1. The occurrence of LNAPL was observed 
only in old wells on area of about 700 m2. The assumed 
source of pollution were three underground single walled 
fuel storage tanks – USTs (Urban et al., 2019).

Based on the results of pre-remediation survey, the 
main planned remediation operations focused to the 
pumping and treatment of groundwater in oil separators 
and the pumping of LNAPL out from the created hydraulic 
depressions. In Leopoldov, the removal 2 000 m3 of polluted 
soils was also planned. The paper deals with the results of 
exploration and remediation activities on above mentioned 
sites. Other techniques used for LNAPL plume estimation 
are described in case studies in papers by Dippenaar et al. 
(2005), Steyl et al. (2012) or Mineo et al. (2022).

Geological situation at model sites 
Leopoldov

According to Vass (2014) the investigated territory 
belongs to the Danube Basin, Blatné Depression, belonging 
to the Váh river floodplain and lies on Quaternary fluvial 
sediments. Lithofacially it is built by undivided fluvial 
loams or sandy to gravel loams. More lithological and 
lithofacial information are presented by Maglay et al. 
(2005) and Maglay et al. (in press).

Alluvial sediments of the Váh river in broader area 
reach a thickness of 7–10 m. On the surface, there are clays 

and sands of variable thickness (1–4 m), below them there 
is a continuous layer of gravel and sand (Valušiak, 1987). 
Exploration works (wells LEV-1 to LEV-7) verified the 
lithological conditions in the area of the locomotive depot 
up to a depth of 12 m below ground level (Vrana, 2008). 
Below the backfill layer, 0.5 m thick, locally up to 2.8 m, 
there is a clay-sandy layer (sandy clay, loamy sand) 1.6 
to 1.8 m thick. Below is developed a sandy layer with an 
admixture of gravel to a depth of approx. 4.5–5 m, below 
which sandy gravels occur.

The Neogene sediments do not outcrop to the surface 
anywhere within the Quaternary alluvial basement in 
the immediate vicinity. The underlying Neogene is built 
of Pontian sediments with a predominance of variegated 
clays with positions of fine, medium, loamy-clay sands and 
locally with gravel lenses (Valušiak, 1987). The basement 
of the gravel-sand layer is formed by impermeable clay and 
was verified in the area of the locomotive depot at a depth 
of 10 to 11 m below the ground. Representative geological 
profile of locality Leopoldov with massive contamination 
is presented in Fig. 2.

Štúrovo

The area of interest is located on the eastern edge of the 
Štúrovo-Mužla Terrace with poorly divided terrain between 
the valley floodplains of the Hron and the Danube rivers. 
The terrace is built of Quaternary sediments – gravel-sand 
facies approx. 3–4 m thick, with well-worked layers of all 

Fig. 2. Leopoldov depot – geological situation at model site in cross section with contamination.
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grain size categories. Pebbles consist of quartz, quartzite, 
more rarely of granitic rocks. The occurrence of the sandy 
fraction is variable in percentage content and grain size. In 
the overburden of sandy gravels, the loess, loess clays and 
clays of considerable thickness occur, approx. 8–10 m thick. 
The base of the terrace consists of clayey-sandy sediments of 
the Neogene and Paleogene. More detailed lithological and 
lithofacial information are presented by Nagy et al. (1998). 
Representative geological profile of locality Štúrovo with 
massive contamination is on the Fig. 3.

From a geological point of view, the localities differ 
considerably. In Leopoldov, under a layer of material 
accumulation up to 3.0 m thick, a great  water bearing 
gravel layer occurs. The Váh floodplains in the wider 
area reach a thickness of 7–10 m. The survey verified the 
lithological conditions of the area up to a depth of 12 m 
below the ground surface in the locomotive depot. Below 
the 0.5 m thick bacfill layer (locally up to 2.8 m)  a clayey-
sandy layer (sandy clay, loamy sand) with thickness of 1.6 
to 1.8 m is located. Below is a sandy layer with gravels up 
to a depth of ca. 4.5–5 m, below this layer sandy gravels 
occur (Tupý et al., 2019).  

The base of gravel-sandy layer is built by impermeable 
clays and was verified in the locomotive depot at a depth of 
10 to 11 m below the ground surface. The main collectors 
of groundwater are Quaternary gravel-sandy sediments, 
which reach a thickness of about 10–15 m in the studied 
area (Tupý et al., 2019).

The coefficient of hydraulic conductivity of gravel 
sandy sediments ranges from 1 to 2.10–3 m.s–1. From a hy-
draulic point of view, the groundwater in the Quaternary 
sediments is unconfined. General direction of groundwater 
flow is from north to south.

The situation is considerably different in Štúrovo. Geo-
logical conditions in the locomotive depot were verified 
by new wells to the depth of 15 m below ground surface. 
Below the top 0.5–3.8 m thick backfill layer, there is an 
impermeable layer consisting of silty clay and silt. Under 
these, from a depth of 7.8–9.8 m sandy gravels 1.7–4.0 m 
thick (in average about 2.5 m) occur. Below the imperme-
able clays occur (Auxt et al., 2009; Urban et al., 2019). 
Groundwater at the site of interest is in sandy gravels of 
fluvial origin. It is filled up with infiltrated rainwater. The 
height of the water column is very variable and depends 
not only on the infiltrated amount of precipitation, but also 
on the character of the bedrock and the overall natural con-
ditions. Transmissivity also varies, hydraulic conductivity 
coefficient ranges inbetween 10–4 to 10–5 m.s–1, aquifer is 
confined. 

Methods
The removal of pollution from both sites was based on 

a similar principle. The pumping and infiltration wells with 
a diameter of 200 mm were drilled and the groundwater 
pumping started. After groundwater treatment in the oil 
separator, it was infiltered via several wells back into 
the aquifer. In Štúrovo, it was enough to pump water of 

Fig. 3. Štúrovo depot – geological situation at model site in cross section with contamination.
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about 0.5–1.0 l.s–1 to create optimal depression cones, into 
which pollution flowed. On the contrary, in Leopoldov, the 
lowering of groundwater levels in the wells was achieved 
by pumping more than 3.0 l.s–1. In addition, in Štúrovo 
there was not sufficient groundwater inflow into the 
pumped wells, and therefore it was necessary to gradually 
reduce the pumping capacity.

Remediation was carried out for approximately 2 years 
at both sites. These included supplementary methods 
to remove residual pollution such as air-sparging, soil 
washing and enhanced biodegradation by bacterial strains 
isolated from the contaminated soil in Štúrovo. In 2021, 
the turntable and the polluted soils below it were removed 
in Leopoldov (Fig. 4). The excavation was carried out 
about 2 m below groundwater level. Subsequently, 
LNAPL was skimmed from the water table. Groundwater 
samples were analysed at the accredited laboratory ALS 
Czech Republic, s. r. o., Na Harfě 336/9, Praha 9, Czech 
Republic. The “CZ_SOP_D06_03_151 (ČSN EN ISO 
9377-2)” method for detection of extractable compunds 
in the hydrocarbon range C10–C40 (gas chromatography 
with flame ionisation detector) was utilized.

out stepwise in 5 stages. In Leopoldov, the remediation 
wells were drilled in one stage (except for airsparging 
wells).

During drilling works in Štúrovo, spontaneous 
LNAPL inflows into new wells were observed. During 
the realization of wells (07/2019) at the margin of the as-
sumed pollution cloud (identified in Urban et al., 2019), 
a relatively fast inflow of LNAPL into two new wells was 
observed.

In the next phase of drilling works (07/2020), a large area 
with another source of pollution at the site was identified. 
This source of LNAPL pollution was more quantitatively 
abundant as in the area around the underground storage 
tanks. The presence of pollution in the form of a mobile 
LNAPL was confirmed in the track area in front of the 
former roundhouse, that no longer exists today. The high 
degree of soil saturation by pollution was also confirmed 
by the immediate occurrence of LNAPL in new wells (up 
to a thickness of almost 1 000 mm). LNAPL was first 
pumped without supporting groundwater pumping (in 
several wells on the site, after the initial volume of the 
LNAPL was pumped out, it has not immediately inflowed 
again). High inflows of LNAPL in several new wells 

(STC-8, STC-10) were the impulse 
for starting groundwater pumping 
in adjacent wells (STC-7, STC-9, 
STC-11). Subsequently, LNAPL 
with a thickness of almost 1500 mm 
(STC-9) appeared in these wells 
(except STC-11). Approximately 
2 m3 of pollution was pumped from 
wells in the vicinity of underground 
reservoirs and more than 4 m3 from 
wells in the railyard area. Thus, 
the source of pollution identified 
during the remediation (trailyard in 
front of the former depot building) 
was double abundant in terms of 
extracted LNAPL as the originally 
considered source of pollution 
(underground fuel tanks). In addition 
to the two main pollution sources, 
two smaller sources (fuel pipeline 
and repair pit) were identified at the 
site (Urban et al., 2021).

The remediation thus verified 
the pollution by LNAPL on an area approximately three 
times larger than originally expected (Fig. 5). The work 
of Macek and Milička (2021) evaluates the nature of 
pollution regarding its degradation and the result is the 
conclusion that the pollution comes from several different 
sources. Despite the fact, that the depot has been out of 
operation for more than 10 years, one of the collected 
LNAPL samples showed no obvious signs of degradation. 

Fig. 4. LNAPL in excavation pit at locality Leopoldov depot.

Results and discussion
Štúrovo

To start the remediation, the pumping out of LNAPL 
from the existing wells was realized. Almost 150 l of 
pollution was pumped from the ST-5 well at once. The 
initial step of remediation at both sites was to build 
a network of new wells. In Štúrovo, the drilling was carried 
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The estimated age of pollution at the site is from 8 to 48 
years.

Leopoldov
In Leopoldov, the remediation wells were drilled in 

one stage (except for airsparging wells). No significant 
spontaneous infiltrations of LNAPL were observed in the 
newly built wells (07/2019). Free phase was observed 
in 08/2019 in 9 wells (of 13) with a maximum layer 
thickness of 40 mm. After the start of remediation and the 
start of groundwater pumping in August 2019, significant 
inflows of pollution in the form of LNAPL were observed 
in the CLE-1 and CLE-2 wells. LNAPL flowed into the 
CLE-2 well immediately after it was pumped, reaching 
a thickness of almost 80 cm (approx. 25 l), which was 
the highest volume of all wells. Gradually, after the 
groundwater pumping from new drilled wells, LNAPL 
inflow was also observed in wells CLE-3, ALE-4, ALE-7, 
HLE-2 and ILE-2. The area around the turntable and 
above-ground fuel tanks thus proved to be much more 
polluted than originally expected. In total, more than 5 m3 
of LNAPL, and of LNAPL and groundwater mixtures, 
with high contents of emulsified petroleum substances, 
were pumped exclusively from boreholes in the turntable 
area and fuel tanks.

The distribution of the pollution identified during 
the remediation corresponds to the area identified by 
the pre-remediation survey. However, the concentration 
of pollution highly exceeds the original assumptions. 
The occurrence of LNAPL also in the area around the 
CLE-3 well behind the turntable (downgradient from the 
source) proved the high degree of soil and groundwater 
pollution in the studied area (Fig. 6). This fact was not 
discovered either by long-term monitoring work in the 
years 2008–2017 (Kostolanský et al., 2017b) or by the 
pre-remediation survey (Tupý et al., 2019). It should be 

noted that the monitoring wells (Kostolanský et al., 2017b) 
are located mainly in the railyard area, upgradient from 
turntable and UST. In the originally assumed pollution 
center, the situation was exactly reverse. Pollution was 
pumped out from the LEV-1 well (units of liters) and no 
repeated inflow was observed.

The aim of the paper is to point out the different 
pollution conditions at the sites, which were found before 
and during the remediation. During the surveys, no LNAPL 
was observed in the newly built wells; according to LSPA 
(2008), the presence of LNAPL in mobile form should by 
indicated by high levels of pollution in some soil samples 
(more than 10,000 mg.kg–1 C10–C40). Nevertheless, during 
remediation of both sites, large volumes of pollution were 
pumped out of the wells (in Leopoldov approx. 5 m3, in 
Štúrovo approx. 6.5 m3). The high degree of pollution 
was evident in Štúrovo already at the beginning of the 
drilling works during the remediation. LNAPL flowed into 
some remediation wells spontaneously immediately after 
drilling.

During the remediation, several facts were observed, 
which were inconsistent with theoretical assumptions, 
based on the characteristics of pollutants and the proper-
ties of the geological environment. Laboratory analyses 
of groundwater samples from Leopoldov collected prior 
remediation (August 2019), showed low pollution con-
centrations in the CLE-2 well (compared to the results of 
other samples). They achieved approximately double IT 
criteria for NEL-IR and C10–C40, and the concentrations in 
samples from other wells (ALE-4, ALE7, ILE-1) exceed 
these values up to 20 times (Tab. 1). In the sample from the 
CLE-1 well, the concentrations of both parameters were 
below the ID criterion. However, the highest amount of 
LNAPL was during the remediation extracted from wells 
CLE-1 and CLE-2.

Fig. 5. LNAPL plume at model lo-
calities identified by remediation 
activities – a) Leopoldov depot 
(Tupý et al., 2022), b) Štúrovo de-
pot (Urban et al., 2021).
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of soil or free product properties (Hall et al., 1984; de 
Pastrovich et al., 1979); moreover, due to the confined 
aquifer, the values measured in the field do not correspond 
to reality, but are highly overestimated (Hawthorne et al., 
2011). Also, the soil pores are not completely saturated 
with pollution. According to API (1998), the pores in 
coarse-grained materials as sandy gravels in both localities 
are saturated with pollution in the range of 10–56 %. 
Considering 270 measurements carried out in the research, 
only in 17 % of the samples was observed the pore 
saturation by more than 10 %.

Generally, we can say that despite the large volume of 
pollution that was found in the porous media, there was 
no spread of the LNAPL, nor contamination dissolved in 
groundwater. This is consistent with the research of Rice et 
al. (1995). The authors examined LNAPL contamination 
clouds at 271 sites with underground storage tanks; their 
spreading was demonstrated in only 8 % of examinated 
cases. Similarly, no spread of pollution in dissolved form 
in groundwater has been reported. During the long-term 
monitoring of both sites no increased values of oil sub-
stances dissolved in groundwater were observed. The 
reason may be the out washing of more soluble parts of 
groundwater pollution in the past (Kostolanský et al., 
2017a, b). In groundwater samples from wells located 
approximately 10 m (or even less) from the LNAPL 
clouddowngradient, only minimal pollution concentra-
tions were observed during the remediation. Pollution in 
dissolved form was identified only in wells where LNAPL 
was observed (thickness in order of mm to cm). A more 
detailed analysis of these samples (treatment of the sam-
ples with non-polar silica gel) revealed that part of the con-
taminant identified by laboratory analyses as petroleum, 
refers not to petroleum hydrocarbons. These results are 
likely influenced by pollution degradation products (polar 

Tab. 1
Evaluation of groundwater contamination in Leopoldov – 
selected parameters and wells (Tupý et al., 2022; *ID/IT 

Criterion from Directive of Ministry of Environment  
of the Slovak Republic No. 1/2015-7, Anon, 2015).

Well NEL-IR [mg.l–1] C10–C40 [µg.l–1]

CLE-1 0.119 216
CLE-2 2.22 1 230
ALE-4 2.33 5 600
ALE-7 8.67 7 060
ILE-1 5.05 11 700
ID Criterion* 0.5 250
IT Criterion* 1 500

In Štúrovo the inflow of LNAPL was observed 
into wells outside the two main contamination clouds, 
probably due to preferential pathways and the realization 
of remediation pumping of groundwater from the wells. 
On the other hand, the inflow of LNAPL into the well in 
the assumed center of the pollution (under removed USTs) 
did not occur after its drilling, neither after the start of 
groundwater pumping and the subsequent depression of its 
level. LNAPL appeared in this well spontaneously about 
half a year after its completion despite the fact, that there 
was no pumping of groundwater from other wells in its 
vicinity. This may be the result of natural changes in the 
groundwater level within the changes of the seasons. The 
volume of LNAPL calculated according to the Directive of 
the Ministry of Environment of the Slovak Republic No. 
1/2015-7 (Anon, 2015) was significantly overestimated 
for Štúrovo (10.5 m3 of pollution on an area of 700 m2). 
The formula used does not contain any correction in terms 

Fig. 6. LNAPL 
plume at model sites 
(Leopoldov depot) 
– a) identified by 
geological survey, 
b) identified by re-
mediation activities 
(Tupý et al., 2022).
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substances) preferentially dissolved in groundwater and 
detected by C10–C40 analysis (Lang et al., 2009; Zemo et 
al., 2017; Bruckberger et al., 2018).

Conclusion
The distribution of pollution found in the pre-

remediation survey at both sites was significantly different 
from the findings obtained by the remediation. New 
abundant sources of pollution have been identified at both 
sites. During the remediation, more than 1 m3 of pollution 
was extracted from the newly drilled wells. Pollution in 
the vicinity of above-ground storage tanks in Leopoldov 
can be attributed to leakage from them or to the leakage 
from the diesel pipeline. The occurrence of pollution in 
Štúrovo is discontinuous, therefore its probable source 
are not only USTs, but also massive leaks in the railyard 
during the operation of the depot. The extracted volume of 
pollution, as well as the rate of spontaneous re-inflow of 
LNAPL into the boreholes, suggests the local high degree 
of saturation of the rock pores by the pollution.

In the case of historic railway sites, it is therefore ne- 
cessary to consider not only well-defined sources of pol-
lution e.g. such as oil and fuel housekeeping and distribu-
tion, but also the whole space of the railyard as possible 
source. Pollution at examined sites is of different nature 
(diesel, lubricating oil) as well as different degrees of deg-
radation. This fact indicates continuous leaks during the 
active period of operation. The suggestion for the imple-
mentation of remediation should not be based solely on 
the identification of LNAPL in wells on the site, as it is in 
accordance with the Directive of the Ministry of Environ-
ment of the Slovak Republic no. 1/2015-7. The assessment 
of the contamination degree must be verified, for example, 
based on experimental extraction of LNAPL from wells 
and the continuity of repeated inflow, and (or) on long term 
evaluation of LNAPL thickness in wells. Costs and dura-
tion of remediation activities, projected based on limited 
data, are thus very hard to estimate and contain high risk 
of discovering important new facts related to site contami-
nation.
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Prezentovaná štúdia sa zaoberá výsledkami geologic-
kých prác v dvoch modelových železničných prevádz-
kach. Pre tento typ lokalít je charakteristický častý výskyt 
znečistenia vo forme voľnej fázy ropných látok (VFRL) 
na hladine podzemnej vody. Je to výsledok únikov veľ-
kého objemu znečistenia (najčastejšie nafty) do životného 
prostredia. 

Vybrané lokality, železničné depá v Leopoldove a Štú-
rove, majú dlhodobú históriu opráv hnacích koľajových 
vozidiel. Obe boli v prevádzke už v 50. rokoch 20. storo-
čia a patrili k silne znečisteným prevádzkam s výskytom 
VFRL na hladine podzemnej vody. Lokality boli v minu-
losti podrobne preskúmané a od roku 2008 sa na oboch vy-
konávalo monitorovanie podzemnej vody. V Štúrove boli 

v okolí podzemných nádrží na pohonné hmoty (PHM), 
predpokladaného zdroja znečistenia, identifikované 4  
vrty, v ktorých sa dlhodobo vyskytovala VFRL s hrúbkou 
až 870 mm (Kostolanský et al., 2017a). V Leopoldove bola 
VFRL pozorovaná iba v jednom vrte, ktorý sa nachádza 
v blízkosti výdajného miesta na PHM (vrt LEV-1). Pred-
pokladaným zdrojom znečistenia boli potrubné rozvody 
na PHM, resp. úniky pri prečerpávaní PHM (Kostolanský 
et al., 2017b). Obe lokality boli v roku 2017 zaradené me-
dzi 14 železničných lokalít, na ktorých Ministerstvo život-
ného prostredia Slovenskej republiky (MŽP SR) schválilo 
realizáciu sanačných prác. Cieľom článku je poukázať na 
rozdielne stavy znečistenia lokalít, ktoré sa zistili pred sa-
náciou a počas sanácie.
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V roku 2018 sa začali realizovať geologické práce 
na oboch lokalitách. Prvým krokom bolo uskutočnenie 
predsanačného prieskumu s aktualizovanou analýzou 
rizika znečisteného územia. Ťažiskom prác bola realizá-
cia prieskumných a hydrogeologických vrtov, z ktorých 
sa odoberali vzorky zemín a podzemnej vody. Výsledky 
predsanačných prieskumov nepoukazovali na prítomnosť 
veľkého objemu znečistenia vo forme voľnej fázy, no 
počas realizácie sanačných prác dochádzalo k natekaniu 
menšieho objemu VFRL do vrtov (hrúbka vrstvy v jednot-
kách centimetrov). Zároveň sa nepotvrdilo rozširovanie 
mrakov VFRL a šírenie znečistenia v rozpustenej forme 
podzemnou vodou. 

Výsledky prieskumu v Leopoldove identifikovali roz-
siahle znečistenie zemín v pásme prevzdušnenia a nasý-
tenia, ako aj podzemnej vody ropnými látkami (naftou). 
Znečistenie bolo identifikované hlavne v priestore pod 
točňou a pri nadzemných nádržiach na PHM. Výskyt 
VFRL sa počas prieskumu potvrdil iba v pôvodnom vrte 
LEV-1 (Tupý et al., 2019). Prieskum v štúrovskom depe 
identifikoval plošne rozsiahle a výrazné znečistenie zemín 
pásma nasýtenia a podzemnej vody. Výskyt VFRL bol po-
zorovaný iba v starých vrtoch na ploche približne 700 m2. 
Predpokladaným zdrojom znečistenia boli podzemné jed-
noplášťové nádrže na PHM (Urban et al., 2019).

V roku 2019 sa začala na oboch lokalitách sanačná eta-
pa geologických prác. V Leopoldove neboli pozorované 
výrazné samovoľné náteky VFRL do novovybudovaných 
vrtov. Znečistenie vo forme fázy bolo  pozorované v 9 
vrtoch (celkovo z 13 novovybudovaných) s maximálnou 
hrúbkou vrstvy 40 mm. Po začatí sanačných prác a spus-
tení sanačného čerpania podzemnej vody boli pozorované 
výrazné prítoky znečistenia vo forme VFRL, ktoré nate-
kalo okamžite po odčerpaní, pričom hrúbka vrstvy VFRL 
dosahovala takmer 80 cm (pri vrte s priemerom paženia 
200 mm ide o zhruba 25 l znečistenia). Bolo to najviac 
zo všetkých vrtov. Postupne, po realizácii overovacích 
čerpaní podzemnej vody z novovybudovaných vrtov, bolo 
natekanie VFRL pozorované aj v ďalších vrtoch. Oblasť 
okolo točne a nadzemných nádrží na PHM sa tak ukázala 
ako oveľa viac znečistená, ako boli pôvodné predpoklady. 
Spolu bolo v rámci sanačných prác odčerpaných a likvi-
dovaných viac ako 5 m3 VFRL, resp. zmesi VFRL a pod-
zemnej vody s vysokým obsahom emulgovaných ropných 
látok, a to výhradne z vrtov v priestore pri točni a nádr-
žiach na PHM (Tupý et al., 2022). 

V Štúrove v niektorých novovybudovaných vrtoch boli 
pozorované okamžité samovoľné náteky VFRL. V priesto-
re koľajiska pred dnes už neexistujúcou budovou depa sa 
potvrdila prítomnosť znečistenia vo forme mobilnej VFRL. 
Vysoký stupeň nasýtenia horninového prostredia znečis-
tením sa potvrdil aj okamžitým (jednotky dní) objavením 
VFRL v nových vrtoch (do hrúbky takmer 1 000 mm). 
VFRL sa odčerpávala najskôr bez podporného čerpania 
podzemnej vody (vo viacerých vrtoch na lokalite po od-
čerpaní prvotného objemu VFRL už nedošlo k jej ďalšie-
mu dotekaniu). Z vrtov v okolí podzemných nádrží boli 

odčerpané zhruba 2 m3 znečistenia, z vrtov v priestore 
koľajiska viac ako 4 m3 (Urban et al., 2021). Zdroj znečis-
tenia identifikovaný počas sanačných prác (koľajisko pred 
bývalou budovou depa) bol teda dvojnásobne výdatnejší 
z hľadiska odčerpanej VFRL ako pôvodne uvažovaný 
zdroj znečistenia (podzemné nádrže na PHM). Okrem 
uvedených dvoch hlavných zdrojov znečistenia boli na 
lokalite identifikované aj dva menšie zdroje (produktovod 
PHM a opravárenská jama). Sanačnými prácami sa tak 
overilo znečistenie VFRL na približne trojnásobne väčšej 
ploche, ako sa pôvodne predpokladalo. V práci Maceka 
a Miličku (2021) je vyhodnotený charakter znečistenia 
z hľadiska jeho degradácie. Výsledkom je zistenie, že zne-
čistenie pochádza v viacerých rôznych zdrojov. Napriek 
tomu, že depo je viac ako 10 rokov mimo prevádzky, bola 
na lokalite odobraná vzorka VFRL bez zjavných známok 
degradácie. Odhadovaný vek znečistenia na lokalite je od 
8 do 48 rokov.

Rozšírenie znečistenia identifikované v priebehu sa-
načných prác z hľadiska priestoru zodpovedá ploche iden-
tifikovanej predsanačnými prieskumami. Koncentrácia 
znečistenia však vysoko prekračuje pôvodné predpokla-
dy. Počas prieskumov sa nezistila VFRL v novovybudo-
vaných vrtoch (resp. v Leopoldove iba vo forme filmu), 
prítomnosť VFRL v mobilnej forme mohol podľa LSPA 
(2008) naznačovať iba vysoký obsah znečistenia v niekto-
rých vzorkách zemín (viac ako 10 000 mg . kg–1 C10 – C40). 
Napriek tomu bol na oboch lokalitách počas sanačných 
prác z vrtov odčerpaný veľký objem znečistenia vo forme 
VFRL. V rámci realizácie prác sa ukázali aj viaceré sku-
točnosti, ktoré boli v nesúlade s teoretickými predpoklad-
mi založenými na charakteristikách znečisťujúcich látok 
a vlastnostiach geologického prostredia. V Leopoldove 
bola pred sanáciou koncentrácia znečistenia rozpusteného 
v podzemnej vode vo vrtoch CLE-1 a CLE-2 relatívne níz-
ka (v CLE-1 nižšia ako ID kritérium smernice MŽP SR č. 
1/2015-7), z týchto vrtov sa však počas sanácie odčerpal 
najväčší objem VFRL. V Štúrove bolo pozorované nateka-
nie VFRL aj do vrtov mimo dvoch hlavných kontaminač-
ných mrakov, pravdepodobne v dôsledku preferenčných 
miest a realizácie sanačného čerpanie podzemnej vody 
z vrtov. Natekanie VFRL do vrtu v centre znečistenia sa 
ale nezistilo po jeho odvŕtaní ani po spustení čerpania pod-
zemnej vody a následnom znižovaní jej hladiny. VFRL sa 
v tomto vrte objavila samovoľne asi pol roka po jeho reali-
zácii napriek tomu, že v jeho okolí sa nečerpala  podzemná 
voda z iných vrtov. Porovnanie prieskumov a sanačných 
prác poukazuje na rôzne druhy neistôt, ktoré je nutné brať 
do úvahy pri vyhodnocovaní stupňa znečistenia lokality 
a plánovaní sanačných prác.
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