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Abstract: We applied geochemical (ICP-MS, WD-XRF, GFAAS, and AMA 254) and mineralogical
(EPMA) studies of 137 samples to ore mineralization from Middle-Triassic sediment-hosted Zn-Pb
(Mississippi Valley-type MVT) and Lower Zechstein sediment-hosted stratiform (SSC) Cu-Ag
(Kupferschiefer-type) deposits in Poland. They contain a number of trace elements which are not
recovered during the ore processing. Only Cu, Ag, Pb, Ni, Re, Se, Au, and PGE are extracted from
Cu-Ag deposits while Zn and Pb are the only elements produced from Zn-Pb deposits. Zn-Pb deposits
contain Cd, Ag, Ga, and Ba in slightly elevated concentrations and have potential to be mineral
resources. This applies to a lesser extent to other trace elements (Bi, As, Hf, T1, Sb, Se, and Re). However,
only Cd and Ag show high enrichment factors indicative of potential for recovery. The bulk-rock
analyses reveal strong correlations between Zn and Cd and Se, As and Mo, and weaker correlations
between Ag and Cd, as well as Ga and Zn. Electron microprobe analyses of sphalerite revealed
high concentrations of Cd (£2.6 wt%) and Ag (<3300 ppm). Zn-Pb deposits have fairly significant
estimated resources of Ga and Sc (>1000 tons) and Cd (>10,000 tons). The Cu-Ag deposits have
element signatures characterized by high values of Co, V, Ni, and Mo and much lower of Bi, As,
Cd, Hg, Mo, Sb, and T1. Bulk-rock analyses show strong correlations between Se and V; As and Co;
Bi and Re; and weaker correlations between, for example, Cu and Mo; V, Ni, Ag and Mo; and Ni, V,
and Co and Ni. The EPMA determinations reveal strong enrichments of Ag in Cu sulfides (geerite <
10.1 wt %, chalcocite < 6.28 wt %, bornite < 3.29 wt %, djurleite < 9080 ppm, yarrowite < 6614 ppm,
and digenite < 3545 ppm). Silver minerals and alloys, as well as the native Ag and Au, were recorded
in the Cu-Ag ores. Large resources of Co, V, and Ni (>100,000 tons) and Sc and Mo (>10,000 tons) are
notable in Cu-Ag deposits. A number of trace elements, classified as critical for the economy of the
European Union, including Ga and Ba (to a lesser extent Hf, Nb, and Sc) in Zn-Pb deposits, and Co
and V in the Cu-Ag deposits, may eventually be recovered in the future from the studied deposits if
proper ore-processing circuits and increasing demand are favorable.

Keywords: trace elements; critical elements; geochemistry; ore mineralogy; Zn-Pb MVT deposits;
Cu-Ag Kupferschiefer SSC deposits; Poland

1. Introduction

Poland has the following two world-class mining districts that produce base metals: (1) the
Silesia-Cracow district with the Mississippi Valley-type (MVT) Zn-Pb deposits hosted by the
Middle-Triassic carbonate formations, and (2) the Lubin-Sieroszowice copper district with the

Minerals 2020, 10, 75; d0i:10.3390/min10010075 www.mdpi.com/journal/minerals


http://www.mdpi.com/journal/minerals
http://www.mdpi.com
https://orcid.org/0000-0002-9941-5630
https://orcid.org/0000-0002-1965-0594
https://orcid.org/0000-0003-3163-2433
http://www.mdpi.com/2075-163X/10/1/75?type=check_update&version=1
http://dx.doi.org/10.3390/min10010075
http://www.mdpi.com/journal/minerals

Minerals 2020, 10, 75 2 of 47

sediment-hosted stratiform (SSC) Cu-Ag (Kupferschiefer-type) deposits hosted by the Zechstein
copper-bearing series. The Zn-Pb deposits are mined to produce Zn and Pb while Cu and Ag determine
the economic value of the Kupferschiefer deposits. In addition, Au, PGE, Pb, Ni, Se, and Re are also
recovered in the processing of Cu-Ag ores produced by KGHM Polska Miedz S.A. mines [1]. However,
while certain elements are recovered, questions remain as to whether other elements could occur at
sufficient concentrations to be of economic interest now or in the future.

In these two main metal districts, 32 ore deposits with identified resources are documented [1].
The Silesia-Cracow region has a long tradition of Zn and Pb mining, dating back to the Middle
Ages [2-4] and was regarded as the world’s largest area of the MVT-type Zn-Pb deposits [5]. The total
ore resources amounted to approximately 0.7 billion tons with an average content of Zn + Pb from 4%
to 6% during the last two decades [6]. Currently, the identified resources amount to c.a. 84 Mt of ore
yielding 3.6 Mt of Zn and 1.4 Mt of Pb. The deposits are mined at depths of between 40 and 240 m.
The ores are mined with a production of 43 kt of Zn and 13 kt Pb in 2018 [1]. The Lubin-Sieroszowice
Copper District, discovered in 1957 by Polish Geological Institute, ranks as one of the largest in the
world. Identified resources in the Lubin-Sieroszowice (L-S) deposit amount to a total of 1802.5 Mt of ore
containing 32.6 Mt of Cu and 97.94 kt of Ag including 1663.0 Mt of ore (30.4 Mt of Cu and 86.8 kt of Ag)
in developed deposits and 139,535 Mt of ore (2.2 Mt of Cu and 11.1 kt of Ag) in undeveloped deposits [1].
Deposits are mined at depths of between about 600 and 1300 m. In 2018, KGHM, the sole producer of
Cu in Poland, mined 30,253 Mt of ore at 1.49% Cu and 48.6 ppm Ag, comprising 451 thousand tons of
Cu and 1471 tons of Ag. Maximum average grades are typical of the shale ore (5.4% Cu and 134 ppm
Ag). In the same year KGHM recovered 501.8 kt of electrolytic Cu along with 1189 tons of Ag, 523 kg
of Au, 27.21 kt of Pb, 66.36 tons of Se, 1.73 kt of nickel sulfate, as well as sulfuric acid and Cu sulfate.
In addition, 2587 kg of Au, Pt, and Pd and 9.09 tons of Re were produced, both from their own and
foreign concentrates.

In this article, we present whole rock geochemical results of studies of mineralized samples from
these two major districts in order to determine the concentrations of over 40 trace elements from which
some have potential interest in these deposits. Moreover, key elements have been recently considered
critical to the world economy (e.g., [7-15]). Results of electron microprobe analyses of selected minerals
are also presented in order to determine the residence of these elements.

2. Geological Setting of Zn-Pb and Cu-Ag Sediment-Hosted Deposits in Poland

2.1. Zn-Pb Mississippi Valley-Type Deposits

The Silesia-Cracow Zn-Pb district is located north of the Carpathian nappes, overlapping in
the southwest the margins of the Upper Silesia Coal Basin and in the northeast the transition zone
between the Upper Silesia Block (Brunovistullian Terrane) and Matopolska Block (Matopolska Terrane)
(Figure 1A,B). These blocks concealed under the Mesozoic-Cenozoic platform cover are separated
by the Cracow-Lubliniec Fault Zone (KLFZ, Figure 1A), [16] being a part of the transcontinental
Hamburg, i.e., the Cracow tectonic zone that constitutes the Trans-European tectonic suture zone
(TESZ) separating the East-European Craton (Laurussia-Baltica) from mosaic terranes in Western and
Central Europe (Gondwana blocks, e.g., [17] and references therein).
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Figure 1. (A) A simplified geological map of Poland without Cenozoic cover (after [6]), with main
tectonic borders under the Cenozoic cover and (B) the main metallogenic formations of Poland
(after [18]) with location of investigated Zn-Pb and Cu-Ag deposits.

The Triassic displays characteristic tripartition reflecting the principal transgression-regression
cycle, that commenced with Buntsandstein continental clastics that were followed by marine carbonates
of the Muschelkalk (Middle Triassic) and terminated along an erosional paleo-morphology with
continental Keuper evaporates, claystones, and clastics [19]. The Muschelkalk carbonate sediments are
subdivided into several members (Figure 2) consisting of limestones and early diagenetic dolomite ([3]
and references therein). The Triassic sediments cover discordantly the Variscan basement comprising
the Devonian and Carboniferous rocks. The Mesozoic cover generally dips toward the northeast,
which reflect the vertical crustal mobility of this region, influencing periodic connection between the
southern part of the northwestern European basin and the Tethys Ocean during the Mesozoic [19].
The Zn-Pb deposits are related to carbonate and siliciclastic rock formations with Permian-Mesozoic
successions resting monoclinally on the pre-Permian basement [16-19]. The Zn-Pb mineralization is
hosted by rocks ranging in age from the Devonian to Jurassic (Figure 2). However, resources of economic
value are mainly confined to the so-called “ore-bearing dolomites” of the Muschelkalk [2,3,20-22].
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Figure 2. Schematic lithostratigraphic position of the Zn-Pb ore series within sedimentary rocks in the
Silesia-Cracow district modified after [6].

The deposits are spread over an area of approximately 1000 km? and they are grouped into
the following four regions: Chrzanoéw, Olkusz, Bytom, and Zawiercie (Figure 3A). The Klucze I,
Olkusz and Pomorzany deposits in the Olkusz area are currently mined. The deposits of the Bytom and
Chrzanoéw regions have been exhausted and now comprise some subeconomic resources, which are
mainly Zn-oxide ores. In the Zawiercie region, mining has not yet started but exploration is still
on-going [23-25]. The Zn-Pb deposits range in size generally from a few to a dozen km? and are
located at a depth from 40 to 240 m below surface level [3]. The ores occur in the form of pseudo layers,
sub-horizontal lenses, and nest-like replacements (Figure 3B).

Approximately 95% of all metal production comes from the ore-bearing dolomites, and the rest
from the dolomites of Rhaetian and Devonian [6]. The ore-bearing dolomites are represented by an
epigenetic dolosparite, which often is discordant to the Middle Triassic limestones and early diagenetic
dolomites [2,3,21,23]. According to Szuwarzynski ([2] and references therein) two types of ore-bearing
dolomites are distinguished; the early variety is represented by dolostone and calcareous dolostone
with relatively low abundances of Fe and base metals that forms large tabular bodies within the
Muschelkalk beds, and the second (younger) variety of ferruginous dolomite, occurring as hosts
and haloes around the ore mineralization, enriched in Zn, Pb, and Fe. Alpine block-fault tectonics
determine the extent, location, and distribution of ore bodies in particular regions [6,21]. The fault
orientation generally follows old tectonic lines of the basement, which were repeatedly reactivated.
The dominant are network faults with NW-SE, N-S, and NNE-SSW striking directions and vertical
slips are around 50 to 70 m [3,20,21]. During the Early Cimmerian tectonic phase in the Early Jurassic,
the area was uplifted and the karstifications processes took place. Major tectonic deformations, faulting,
and north-northeast dipping of the Silesia-Cracow monocline was related to the Early to Late Tertiary
phases of the Alpine orogeny that formed the Carpathian fold belt and foredeep [3,20,21].
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Figure 3. (A) Location of the Zn-Pb active and abandoned mines and undeveloped deposits on the
schematic geological background (without Quaternary sediments) in the Silesia-Cracow Zn-Pb district,

modified after [3] and (B) cross-section through the Zn-Pb ore deposit of the Pomorzany mine modified
after [22].

Ore Mineralization

The Zn and Pb grades in sulfide ores range usually from 2% to 4% Zn and from 1% to 2% Pb [6].
The Zn/Pb ratio in the operated deposits is about 3:1. Sulfide mineralization occurs in the form of laminae,
impregnation, veinlets, collomorphic and banded (Figure 4A-E) or ribbon incrustations, breccia cement
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(Figure 4E), and sporadically infiltration textures [26-28]. The Zn-Pb sulfide ores comprise variable
generation of sphalerite, galena, pyrite, melnikovite, and marcasite [27-31]. Inaddition, rare occurrences
of sulfoarsenides (jordanite Pbi4(As,Sb)sSy3 and gratonite PbgAs;Sy5) and chalcopyrite have been
reported [29]. The following gangue minerals are distinguished that are associated by organic carbon:
dolomite, barite, calcite, chalcedony, and quartz [3,21,22,29,32]. Generalized paragenetic sequence
for minerals from the Silesia-Cracow Zn-Pb district after [28] is shown in Figure 5. The second and
third stages are of economic importance, due to abundant sphalerite and galena crystallization of
the successive generations. The first ore stage began with the earliest galena (Gnl) precipitation,
postdated by first significant light tan banded sphalerite (SpLB), followed by dark brown banded
sphalerite (SpDB1) with characteristic colloform texture (SLB), and by galena (Gn2) [26,28,30,33].
The second ore stage (stage 3) is characterized by abundant pyrite and marcasite (McPy2 and McPy3)
in paragenetic association with a second band of dark brown, banded sphalerite (SpDB2) and with
galena (Gn3). The pre-ore stage represents pyrite, marcasite (McPy1), and granular sphalerite (Spg),
whereas the post-ore stage is dominated by barite, calcite, Fe-sulfides, minor granular sphalerite,
and brunckite [28,29,34,35]. Despite the widespread occurrence of paragenetic Zn-Pb-Fe sulfides,
it should be noted that they are very diverse in the frequency of mutual occurrence of a particular
stage from site to site [3,6,23,28,29]. Sphalerite-galena ores contain Fe sulfides in the range from 6% to
15% in the Olkusz mine and <2% in the Trzebionka deposit [2,6].

Figure 4. Cont.
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Figure 4. Typical massive sphalerite-galena-marcasite ore from the Mississippi Valley-type (MVT)
deposits in the Silesia-Cracow district. (A-E) Characteristic colloform Zn-Pb-Fe ore composed of
cryptocrystalline (rhythmic or botryoidal) sphalerite (SpLB1, SpDB2 for explanation see Figure 5),
rod-like fibrous marcasite (McPy2), and coarse crystalline or metacolloidal galena (Gnl, Gn2).
The Olkusz (A,C) and Trzebionka (B) mines; (D) ore-bearing dolomite (OD) with colloform Zn-Pb-Fe ore
represented by sphalerite (SpLB1, SpDB2)-marcasite and coarse crystalline galena (Gn2); Pomorzany
mine (E) massive crystalline marcasite pyrite (McPy2) with sphalerite (SpDB2) and galena (Gn2)
coatings; and the Pomorzany mine (F) brecciated ore-bearing dolomite (OD) cemented by dark brown
sphalerite (SpDB2), the Trzebionka mine.

Dolomite-Pyrite Sphalerite-Galena Marcasite-Pyrite Barite-Calcite
Stage 1 Stage 2 Stage 3 Stage 4
LDC <
McPy1 McPy2
Py e - o | - - < e e e e 2 SRR - —————
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ME i iy s s s e e e e -
A solB  spoB1 | SpDB2 a
p SpDB1
Spb P p
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Gn - ~—---- ———

e 1y it e e

Bar
BCCA A A A A A A A

Figure 5. Generalized paragenesis of mineralization in the Zn-Pb Silesia-Cracow district (after [28]).
LDC, late dolomite cement; McPy1, 2, 3, the successive stages of marcasite (Mc) and pyrite (Py); Gnl, 2,
3, the successive stages of galena; Spg, granular sphalerite; Spb, banded sphalerite; SpLB, light coloured,
banded or colloform sphalerite from stage 2; SPDBI, first dark banded sphalerite in stage 2; SpDB2,
second dark banded sphalerite in stage 3; Cc, calcite; Bar, barite; and BCCA, breccia.

The Zn-Pb ores contain sphalerite with the largest share of Ag, Fe and Cd, Tl and As, remarkably
high in some galena, and sphalerite, reaching thousands of ppm or even weight percent level [28,29,36].

In addition to sulfide ores, which occur in the entire district, the nonsulfide Zn ores (called
“galmans”) occur and were subject to production. Two types of galmans were recognized [37].
The first one, a highly ferruginous red galman containing hydrous iron oxides (mainly goethite),
smithsonite, and hemimorphite; and the second one, white galman (not very common) enriched in
Fe-smithsonite and Zn-dolomite. Traces of Mn, Co, and Ni have been detected in smithsonite ([37],
and references therein). Red galmans are considered as a product of Zn-sulfide ore supergene processes
and white galmans as a result of low temperature hydrothermal alteration related to the same fluids
that precipitated the Zn-Pb ores [37].
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An epigenetic low temperature hydrothermal MVT-style origin of the Zn-Pb Silesia-Cracow
deposits has been proposed [5,21,28,31,34,35]. However, the timing of ore emplacement is still debatable
and considered as the following: (1) Late Triassic to Middle Jurassic [38], (2) Early Cretaceous [31],
or (3) Early Tertiary [21,28,39].

2.2. Cu-Ag Sediment-Hosted Stratiform Deposit on the Fore-Sudetic Monocline

The Lubin-Sieroszowice (L-S) Copper District is located in the central part of the Fore-Sudetic
Monocline that borders with the Fore-Sudetic Block. This district comprises six mining areas
(Deep Glogow, Lubin-Matomice, Polkowice, Radwanice-Gaworzyce, Rudna, and Sieroszowice,
(Figures 1B and 6) shared by three underground mines, i.e., Lubin, Polkowice-Sieroszowice, and Rudna.
The L-S deposit represents the sediment-hosted stratiform type that occurs in the contact zone between
the Zechstein and Rotliegend groups. The Polish Zechstein Basin forms a southeastern extension of
the Southern European Permian Basin [40]. Deposition in the Polish Zechstein Basin commenced
with flooding of the continental Rotliegend Basin as a result of rifting-induced subsidence combined
with a contemporaneous rise in sea level. The Zechstein Basin, about 1700 km long, extended from
eastern England to western Lithuania, Estonia, and Belarus. As a result of transgression and cyclically
progressing changes in the Zechstein Basin palaeogeography, the following four basic cycles were
deposited: Z1 (Werra), Z2 (Stassfurt), Z3 (Leine), and Z4 (Aller). Cu-Ag ore mineralization is restricted
to the Zechstein copper-bearing series, i.e., the Weissliegend sandstones (Ws), the Basal Limestone
(Ca0), the Kupferschiefer (T1), and the Zechstein Limestone (Cal). Locally, mineralization occurs at
the lowermost part of the Lower Anhydrite (Ald) (Figure 7). The Weissliegend sandstone includes
light gray sandstones, in the lower part of which there are aeolian sandstones and in the upper
part-transgressive sandstones with numerous small sedimentary structures and bioturbations (locally
with marine fauna), created due to redeposition of terrestrial sandstones. Its thickness can locally
reach 40 m. On some paleoelevations there are no sandstones and transgressive conglomerates. In the
initial period of a stabilizing sea conditions, the nearshore Basal Limestone was formed (known as the
Border Dolomite in the L-S Copper District). Its thickness is usually insignificant; it reaches several
dozen centimeters. The Kupferschiefer represents the mature stage of transgression associated with the
increase in the sea level. Its sedimentation took place under the reducing conditions of the stratified
epicontinental sea [41]. The age of the Kupferschiefer is determined as 258 Ma [42] and the age of the
ore mineralization is considered as a result of multiply processes that underwent according to variable
geochronological methods as Late Permian-Early Triassic [43,44], Late Triassic [45,46], or Triassic-Early
Jurassic age [47]. The origin was also referred to as being of a multistage and long-term origin [48-51].
The ore mineralizing processes were connected with a late diagenesis and further migration of low
temperature oxidized hydrothermal fluids, which were reduced on a large scale along a redox front of
the reducing basal Zechstein sediments [52-55]. The Kupferschiefer has variable thickness, usually
between 30 and 60 cm. It generally overlies either the Weissliegend sandstones and rarely the Rotliegend
volcanics or pre-Permian rocks. It is absent from marginal parts of the Zechstein basin and from the
elevated parts of ridges. It comprises laminated clay- and mudstones composed of clay minerals
(mainly illite with minor montmorillonite and kaolinite), carbonates (dolomite commonly prevails over
calcite), and organic matter. These sediments were formed at the sea bottom located below the wave
base under anaerobic conditions. The Kupferschiefer is overlain by the Zechstein Limestone deposited
under oxygenated conditions. Its sequences are characterized by a regressive nature expressed by
the presence of mudstones in the lower part, as well as wackestones, packstones, and boundstones
in the upper part of profiles. The Zechstein Limestone is followed by the Lower Anhydrite (Ald),
Oldest Halite (Nal), and Upper anhydrite (Alg). These rocks constitute the evaporative phase of the
Zechstein Sea during the deposition of the first Zechstein cycle.
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Figure 6. Schematic cross-section across the contact zone between the Fore-Sudetic Block and the
Fore-Sudetic Monocline through the Radwanice deposit and SW part of the Sieroszowice deposit. Q,
Quaternary; Pg-Ng, Paleogene-Neogene; Tp, Buntsandstein; Pz, Zechstein; Ks, Kupferschiefer series;
PR, Rotliegend; and B, pre-Permian basement.
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Figure 7. Stratigraphic position of the Zechstein copper-bearing series and distribution chart of
geochemical zones that cut across the strata.
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The Zechstein copper-bearing series is developed in two geochemical magnafacies, namely as
dark-grey organic matter-rich, metal sulfide-containing deposits (reduced zone, Figure 8A-D), and as
red-colored, organic matter-deficient, hematite-bearing sediments (oxidized zone = Rote Faule hematitic
footwall alteration) (Figure 8E). The redox interface, both vertically and horizontally, separates oxidized
rocks, barren in Cu and Ag, from reduced rocks with ore mineralization [54]. The highest grade Cu
mineralization closely surrounds the oxidized areas.

Figure 8. (A-C) Typical black shale (Kupferschiefer) ore with bornite (Bo) and chalcopyrite (Cp)
veinlet and dissemination, (D) Weissliegend sandstone with very characteristic chalcocite lamination,
and (E) red-spotted sandstones (Rote Faule). All samples from the Lubin mine.

Ore Mineralization

The Cu-Ag deposit contains ore mineralization consisting of fine-grained copper sulfides that occur
as stratiform to stratabound disseminations in siliciclastic, shale, and carbonate rocks [52,53,55-59].
The ores form a peneconformable blanket-type deposit with large continuity. Copper mineralization
is transgressive to bedding relative to the Rote Faule front (Figure 7). The main ore minerals
are chalcocite Cu,S, digenite CugSs, covellite CuS (Figure 9), djurleite Cu3z;Sq4, bornite CusFeSy,
and chalcopyrite CuFeS, with lesser tennantite (Cu,Fe)1pAs4S13 and minor anilite CuySy, roxbyite
CugSs, spionkopite CuszgSyg, yarrowite CugSg, geerite CugSs, idaite CusFeSg, mooihoekite CugFegSyg,
and haycockite CugFe5Sg [52,54-59]. The main sulfides are commonly accompanied by Fe sulfides,
galena, and sphalerite. Silver occurs in the form of own minerals (native silver, electrum, stromeyerite
AgCuS, naumannite AgySe, mckinstrite (Ag,Cu),S, jalpaite AgzCuS,, chlorargyrite AgCl, eugenite
AggHg», and silver alloys, mostly amalgams) but the most important silver carriers are copper sulfides,
bornite (up to about 15% by weight Ag) and, then, chalcocite (up to 1.13 wt %); tennantite (Cu,Fe)1,As4513
and tetrahedrite (Cu,Fe)125b4S13 (up to 2.4 wt %); djurleite, digenite, and chalcopyrite (up to 0.4 wt %);
galena (up to 0.3 wt %); sphalerite (up to 0.1% wt %); and pyrite (up to 1.5% wt %) [54-56,58-67].
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Figure 9. Simplified paragenetic succession of ore mineralization from the Cu-Ag Kupferschiefer
deposits in Poland, modified after [53].

3. Samples and Analytical Methods

A total of 137 samples were subject to geochemical and mineralogical studies. Sixty-six samples
of Zn-Pb ores originated from the Silesia-Cracow district, and 71 from the Cu-Ag Lubin-Sieroszowice
Copper District. Representative samples for the MVT deposit were taken from several archive boreholes
documenting seven sulfide deposits of Zn-Pb in the Zawiercie region (Zn-Pb deposits at Gotuchowice,
Zawiercie I and II, Marciszow, Poreba, Siewierz, and Rodaki-Rokitno Szlacheckie) and from three
active mines in Olkusz, Pomorzany, and Klucze (Figure 10A). Among the representative samples of
the Zechstein copper-bearing series, 62 samples came from archival drillings documenting the Cu-Ag
deposits on the Fore-Sudetic Monocline and nine samples from the active KGHiM mines. Samples from
archival drilling cores concern the following Cu-Ag deposits: Polkowice, Lubin-Matomice, Rudna,
Radwanice-Gaworzyce, and Sieroszowice, (Figure 10B). The ore-grade economic intervals of drilling
cores were examined for metal element content with a portable Olympus pXRF Delta spectrometer
before sampling. In order to select and collect samples for geochemical analysis, over 1000 metal
content measurements were made.
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Figure 10. Location of boreholes sampled and studied in the Zn-Pb (A) and Cu-Ag (B) deposits.
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Chemical analyses in accordance with the international standard procedures were carried out
at the Chemical Laboratory of Polish Geological Institute-National Research Institute in Warsaw,
during the period of 2016 to 2018 [4].

The content of trace elements were determined in pressed powder samples (As, Ba, Bi, Br, Cd,
Ce, Co, Cr, Cu, Ga, Hf, La, Mo, Nb, Ni, Pb, Rb, Sn, Sr, Th, U, V, Y, Zn, and Zr) and in fused samples
from the Zn-Pb deposits the main compositions (SiO;, TiO,, Al,O3, Fe;O3, MnO, MgO, CaO, Na,O,
K,0, P,0s5, SO3, Cl, and F) were determined. Analyses were performed by wavelength dispersive
X-ray fluorescence spectrometry (WD-XRF) method using a Philips PW-2400 spectrometer (Philips,
Amsterdam, the Netherlands). The conditions of WD-XRF measurements for major oxides and trace
elements were as follows: source of radiation, X-ray tube with Rh anode (3 kW); analyzing crystals
LiF 200, PE, Ge, and PX1; collimators 0.15 mm and 0.30 mm; and detectors scintillation counter,
flow proportional counter (Ar/CH4), and Xe-sealed proportional counter. It should be noted that
in the samples at high values of some elements such as Zn (>10,000 ppm), Ba (>4000 ppm), and Pb
(>6000 ppm) there are serious interferences that appear in the spectra, which consequently causes an
increase in the measured content of some other elements. These effects were not corrected because the
content of interfering elements in many of the test samples significantly exceeds (one to two orders of
magnitude) their content in the certified materials used to validate the method and it was not possible
to determine appropriate correction factors. This is clearly visible in the case of a high concentration
of Ba where the concentration of V is incorrectly increased, and in the case of Pb (galena) ores an
uncorrected increase in Cr content. Results of Cr and V content determined by WD-XRF method were
omitted in the article.

The content of rare earths (Sc, Y, La, Ce, Pr, Nd, Eu, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu)
and trace elements (Ag, As, Bi, Cd, Co, Cu, Hf, In, Mn, Mo, Ni, Nb, Re, Sb, Se, Sn, Ta, Te, Th, T,
W, and V) were determined after decomposition with a full mixture of HCI, HNO3, HE, and HCIO,4
acids using a Perkin Elmer ICP-MS Elan DRC II (Perkin Elmer SCIEX Instruments, Waltham, MA,
USA) mass spectrometer by means of the inductively coupled plasma mass spectrometry (ICP-MS).
The combination of organic carbon, silicates, and sulfides present in mineralized Kupferschiefer
poses significant difficulties in quantitative chemical bulk-rock analysis [68]. As demonstrated by
laboratory studies that compared the results of the chemical bulk-rock analyses of Kupferschiefer
using various analytical methods (e.g., WD-XRF and instrumental neutron activation analysis, INAA),
the results obtained can vary in the range of several to tens of percent for some elements [68]. However,
Rahfeld et al. [68] mentioned that they obtained accurate results by a combination of INAA and
multiple-step digestion procedures with ICP-MS, which was a case with our samples, which underwent
multiple-step digestion procedures with ICP-MS.

Au, Pd, and Pt were measured using a Perkin Elmer model 4100 ZL spectrometer by graphite
furnace atomic absorption spectrometry (GF AAS) method). Gold samples were preroasted and
reconstituted with a mixture of HCl and HNOj acids. Liquid-liquid extraction to methyl isobutyl
ketone (MIBK) was used to separate the matrix and concentrate the test solution. The platinum and Pd
samples were digested with aqua regia, and then Pt and Pd were isolated on activated carbon using
formic acid.

Mercury was measured only in samples from Cu-Ag deposits with application of atomic absorption
spectrometer AMA-254 (Altec) with amalgamation technique (analyses were made directly from a
solid sample) and in the case of extremely high mercury content by X-ray fluorescence spectrometry
with wavelength dispersion (WD-XRF) using a Philips PW 2400 spectrometer (the analyses were
performed with pressed powder samples). The lower limits of detection by the above applied methods
are presented in Table 1.
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Table 1. The minimum detection limits of element measurements by applied methods.

WD-XRF [ppm]

13 of 47

As Ba Bi Br Cd Ce Co Cr Cu Ga Hf La Mo
3 10 3 1 3 5 3 5 5 3 3 5
Nb Ni Pb Rb Sn Sr Th U A\ Y Zn Zr 2
2 3 3 3 2 2 3 2 5 3 2 3
ICP-MS [ppm] GF AAS [ppm] AMA254 [ppm]
Sc Y La  C¢e Pr Nd Eu Sm Au Pd Pt Hg
0.5 0.5 0.5 0.5 0.5 05 005 0.05
Gd Tb Dy Ho Er Tm Yb Lu 0.001 0.005 0.01 0.001
0.05 005 0.05 0.05 005 0.05 0.05 0.05
ICP-MS [ppm]
Ag Cd In Mn Re Sb Se Sn Ta A\ Te Tl W
0.1 0.5 0.05 1 0.05 05 2 1 0.05
As Bi Co Cu Hf Ni Nb Mo Th 5 0.5 0.05 0.1
2 0.05 05 05 005 05 0.5 05 0.05
WD-XRF [%]
SiOz TiO2 A1203 Fe203 MnO MgO CaO NaZO Kzo P205 503 Cl F
0.1 001 005 001 0.001 001 0.01 0.01 0.01 0.0010 0.01 0.001 0.01

The basic statistical parameters (arithmetic mean, geometric mean, median, and standard deviation)
of the content of elements in bulk-rock samples from Zn-Pb and Cu-Ag deposits were determined,
as well as the correlation matrices between elements in the considering deposits. The degree of
correlation of parameters was interpreted as follows: r = 0 to 0.3 no correlation, r = 0.3 to 0.5 very
weak correlation, r = 0.5 to 0.7 weak correlation, r = 0.7 to 0.9 strong correlation, and r > 0.9 very
strong correlation.

Datasets containing values below the limit of detection (LD) can lead to underestimates or
overestimates of both the mean value and standard deviation, and therefore to correct this influence
the statistical substitution methods was adopted [69] which is commonly used to replace a value below
minimum limit of detection with a value equal to half the limit of detection (LD/2). In our bulk-rock
geochemistry statistics we consider sample population of specific element only in the case when the
number of samples with values above low detection limit constitute at least 75% and other values were
treated as LD/2.

Detailed mineralogical and petrographic examinations together with photomicrographic
documentation were carried out on a NIKON ECLIPSE LV100 POL (NIKON, Tokyo, Japan) microscope
containing NIS-Elements software (Version 3.0). Quantitative examination of ore minerals on
the X-ray microscope CAMECA SX-100 were preceded by preliminary investigation using the
LEO-1430 (Obekochen, Germany) electron microscope (ZEISS) with an EDS (energy-dispersive
X-ray spectroscopy) detector. Electron microprobe analysis (EPMA) was performed using a Cameca
SX-100 (Gennevilliers, Cedex, France) microprobe equipped with five wavelength dispersive X-ray
spectrometers (WDS). Determination of low concentrations in small phases with an electron microprobe
is not straightforward and uncertainties differ for each acceleration voltage, counting statistics,
background subtraction, sample heterogeneity, beam drift and other analytical reasons (e.g., stray X-rays
and surface contamination). Although the precision of a single measurement for a given element
was different due to the specificity of the method, it was possible to determine the variability of
measurement precision. It was from about two hundred to one to three thousand ppm. In the case of
main component of minerals, for example, in sphalerite the range of measurement precision variations
were as the following: 250 to 330 ppm for S, 1650 to 1900 ppm for Zn, and 580 to 800 ppm for Fe.
In galena were in the range 200-320 ppm for S and 2200-2900 ppm for Pb. In turn, for trace elements,
such as Cd and Ag in sphalerite, variations in measurement precisions were from 280 to 1250 ppm
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(average about 700 ppm) and from 700 to 1050 ppm (average about 800 ppm). In the Kupferschiefer
samples the precision of single measurements within Ag-bearing copper minerals (chalcocite, djurleite,
geerite, digenite, yarrovite, spionkopite, bornite, and chalcopyrite) varied in the range 730-970 ppm.
The statistics of elements presented in this article include values above or close to the level of precision
of a single measurement. The measurement statistics showed a large heterogeneity of the studied
populations with a low level of confidence.

The following parameters were used during the EPMA analyses: HV accelerating voltage 15 kV,
beam current 20 nA, and focused beam (<1 pm in diameter); acquisition times at the peak position 20 s,
at the background position 10 s, and carbon sputtering; used international (commercial) standards
from the SPI-53 set from SPI and from the sulf-16 set from P&H: Chalcopyrite = Cu: 34.63%, Fe: 30.43%,
S: 34.94%; HgTe semicond = Hg: 61.2201%, Te: 38.7799%; Hessite Ag,Te = Ag: 62.8352%, Te: 37.1648%;
Gold = Au: 100%; Co, As-Scooterrudite; Sb-Sb,S; Antimonite; Sb metal = Sb: 100%; Ni-Ni metal;
Hg-Cinnabar HgS = Hg: 86.22%, S: 13.78%; Cd-synthetic CdS = Cd: 77.8085%, S: 22.1915%; Vanadinite
standard = Pb: 73.1495%, Cl: 2.5033%, V: 10.7906%, O: 13.5566%; Galena = S: 13.4%, Pb: 86.6%;
Zn-ZnS synthetic sphalerite = Zn: 67.1%, S: 32.9%; ZnSe = Zn: 45.2958%, Se: 54.7042%; Arsenopyrite
FeAsS = Fe: 34.44%, As: 44.83%, S: 20.73%; Pentlandite = S: 33.01%, Fe: 30.77%, Co: 0.1%, Ni: 36.12%;
Cobaltite = Co: 20.59%, As: 41.72%, S: 22.2%, Fe: 8.03%, Ni: 7.46%; Pyrite = Fe: 46.552%, S: 53.448%;
InAs synthetic; Celsian = Ba: 37.23%, Al: 14.26%, Si: 14.6%, O: 33.7%, K: 0.22%; Wollastonite = O:
41.17%, Na: 0.01%, Mg: 0.01%, Si: 23.99%, Ca: 34.17%, Ti: 0.01%, Mn: 0.49%, Fe: 0.15%; Periclase = Mg:
60.3028%, O: 39.6972%. Signal(s) used: Si K«, Al Ka, S Ke, Te Lot, Ca K, Cd Lo, Ag Lex, Sb Lex, Cl
K&, Pb M3, Zn K«, Se L3, As L3, Cu K«, Ni K&, Co Ke, Fe K, Mg K&, Hg Mf3, Au M«, In L«.
To obtain best results original CAMECA software and procedures were used for a final correction of all
measured elements. However, for some pairs of elements, overlapping of peaks occurred (e.g., Pb and
Au in galena), which caused problems, and in many cases remain unresolved due to the limitations of
the EPMA.

4. Results
4.1. Zn-Pb Mississippi Valley-Type Deposits

4.1.1. Results of Bulk-Rock Geochemical Investigation

Sixty-six sulfide ore samples were taken from 22 archival boreholes documenting seven deposits
in the Zawiercie region and from three active mines in Olkusz, Pomorzany, and Klucze I (Figure 10A).
The only produced commodities are Zn and Pb. Geochemical study of the Zn-Pb ores suggests that the
arithmetic mean for zinc is 7.4% (n = 66 and standard deviation (s.d.) = 7.5%, Table 2) and for Pb about
3.6% (s.d. = 10.9%). Most samples contain up to 5% Zn (about 60% of the population, Figure 11A-C)
and Zn values from 5% to 20% accounts for about 40% of the sample population. The arithmetic mean
of Agis 13.4 ppm (1 = 66 and s.d. = 16.4 ppm) and the range varies from 0.9 to 102.7 ppm (Figure 11C).
About 30% of the population contain from 10 to 20 ppm Ag (n = 23). Cadmium concentrations are
usually between 200 and 400 ppm (1 = 19) and only about 10% of samples have Cd content > 1000 ppm
(Figure 11D,E). The arithmetic mean is 440.2 ppm (1 = 66 and s.d. = 445.3 ppm). There is a strong
positive correlation between Zn and Cd distribution in ores (correlation coefficient r = 0.90, Table 3)
and a variable positive correlation between Zn-Cu (r = 0.61), Zn-Ga (r = 0.56), and Zn-Ag (r = 0.51), as
well as between Pb and U (r = 0.86) and Ga (r = 0.61, Figure 11F).
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Table 2. Basic statistical parameters for trace elements and main commodities (Zn and Pb) (in ppm) of
the bulk-rock samples from Zn-Pb MVT deposits in Poland.

Arithmetic Geometric . Minimum Maximum Standard
Element Number of Sample Mean Mean Median Content Content Deviation
As 64 205.7 13.9 5 <3 2609 453.9
Ba 64 11,271.2 133.2 43 5 117,347 25,975.2
Cd 66 440.2 246.5 298 14 2100 445.3
Co 63 5.5 3.8 4 <3 25 54
Cu 66 56.3 29 375 5 257 61.9
Ga 63 44 22.3 31 <3 177 439
Mn 65 1562.1 1428.1 1308.9 627.3 3299.4 679.9
Nb 63 7.3 6.5 6 3 24 4.3
Ni 63 714 16.8 17 <3 512 124.6
Pb 66 36,815.1 32409 3968 20 800,737 109,493.7
Rb 65 38.9 21.2 15 6 450 64.9
Sr 64 221.3 104.4 61 34 1635 356.9
U 63 6.6 5.9 6 3 22 3.7
\% 63 327 9.5 7 <5 284 61.9
Y 63 22.5 13.6 15 <3 90 21.4
Zn 66 73,820.4 34,577.1 47,912 973 303,530 74,596.5
Zr 66 70.8 329 33 4 821 117.9
Ag 66 134 79 9.9 0.9 102.7 16.4
Mo 66 29 1 0.9 <1 45.1 8
Hf 66 0.07 0.05 0.06 <0.05 0.5 0.1
Sb 66 234 6.5 9.8 <0.5 225.1 38.1
Se 66 3.5 2.5 3 <2 18 3.1
Y 66 18.9 1.2 0.4 <0.1 347.1 50.1
Tl 66 7.6 2.7 2.7 0.14 109.6 18.6
Th 66 0.34 0.24 0.27 <0.05 1.9 0.3
Sc 66 2.30 1.48 2.30 <0.05 6.4 1.2
La 66 1.8 1.3 1.4 <0.05 11.6 1.6
Ce 66 3.2 24 24 <0.05 18.7 2.7
Nd 66 1.6 1 1.2 <0.05 10.1 14
Sm 66 0.4 0.3 0.3 <0.05 10.7 0.4
Eu 66 0.08 0.06 0.07 <0.05 0.5 0.1
Gd 66 0.33 0.26 0.25 <0.05 2.0 0.3
Dy 66 0.28 0.22 0.22 <0.05 1.6 0.2
Er 66 0.14 0.11 0.11 <0.05 0.8 0.1
Yb 66 0.11 0.08 0.09 <0.05 0.7 0.1
Arithmetic Geometric . Minimum Maximum  Standard
Element Number of Sample Mean Mean Median Content Content Deviation
below/above
detection limit
Pr 48/18 - - - <0.05/0.5 <0.05/2.6 -
Tb 47/19 - - - <0.05/0.1 <0.05/0.3 -
Ho 40/26 - - - <0.05/0.1 <0.05/0.3 -
Tm 62/4 - - - <0.05/0.1 <0.05/0.1 -
Lu 63/3 - - - <0.05/0.1 <0.05/0.1 -
Bi 43/23 - - - <0.05/0.1 <0.05/0.7 -
Br 39/24 - - - <0.5/1 <0.5/13 -
Sn 28/38 - - - <0.5/1 <0.5/5 -
Ta 55/11 - - - <0.05/0.1 <0.05/0.7 -
Au 38/15 - - - <0.001/0.001 <0.001/0.002 -
Pd 47/6 - - - <0.005/0.0012 <0.005/0.01 -
Pt 50/3 - - - <0.01/0.001  <0.01/0.001

Note: In, Re, and Te measured in the bulk-rock samples (1 = 66) were below detection limit (for In and Re < 0.05 ppm,
and for Te < 0.5 ppm) by ICP-MS.
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Figure 11. Bivariate plots of trace elements (ppm) in bulk-rock samples of Zn-Pb ores from the MVT
deposits in Poland: (A) Zn vs. Cd, (B) Zn vs. Se, (C) Zn vs. Ag, (D) Ag vs. Cd, (E) Cd vs. Ga, (F) Pb vs.
Ga, (G) Gavs. Nb, (H) Gavs. Ag, (I) Scvs. Th, (J) Asvs. T, (K) Cuvs. Co, and (L) Ba vs. Sb. Note: 95%
confidence intervals are shown as the red dotted lines, while the line of best fit is shown as the red line.
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Table 3. Pearson’s correlation coefficients of selected elements for the bulk-rock samples from Zn-Pb (MVT) deposits in Poland.
Ag As Ba Cd Ce Co Cu Ga Hf La Mo Nb Ni Pb Sb Sc Se Sr Th Tl w

As 024

Ba 003 -0.10

Cd 064 016 0.00

Ce -013 -014 -0.11 0.00

Co 022 000 027 009 032

Cu 045 018 011 057 032 0.59

Ga 033 -011 038 050 -0.10 030 040

Hf -003 0.00 -0.04 -005 071 033 026 -0.12

La -017 -0.16 -0.11 -0.03 0.99 034 032 -0.13 0.70

Mo -0.01 0.76 -0.10 0.00 -0.08 -0.10 -0.06 -0.18 -0.05 -0.08

Nb 011 -011 0.68 -005 -0.10 040 013 072 -0.03 -0.11 -0.08

Ni 031 029 001 025 005 032 033 013 031 000 -0.08 0.01

Pb 000 -022 048 -027 -019 028 -0.06 061 -014 -018 -0.14 092 -0.12

Sb 016 003 038 -006 -001 035 017 037 012 =002 -001 052 045 046

Sc 015 011 -034 022 058 009 019 -033 0.1 057 002 -050 034 -062 -0.14

Se 047 016 -0.02 0.88 004 009 059 052 -006 0.00 -0.06 -0.07 029 -028 -0.08 0.19

Sr 004 -011 099 002 -009 028 012 035 000 =009 -011 066 004 044 036 -029 -0.01

Th -006 001 -015 -012 0.79 030 025 -016 093 076 -0.04 -0.08 026 -0.15 0.12 062 -0.10 -0.12

T -002 058 -0.05 0.07 -010 -0.09 -0.03 -0.08 -0.09 -0.11 0.83 -0.05 0.04 -0.14 000 004 0.03 -0.06 -0.10

U 012 -010 012 -006 -0.15 023 006 069 -011 -017 -0.08 076 -001 086 040 -049 -0.07 0.08 -0.08 -0.05

W 013 -005 032 -0.01 025 077 047 027 016 029 -0.05 040 -004 035 015 -015 0.01 030 0.14 -0.08 024

Zn 051 019 002 09 002 011 0.60 056 -001 -003 -0.07 -0.03 036 -026 001 025 093 0.03 -0.07 0.09 -0.03

Note: Pearson’s correlation is based on 66 samples with Zn-Pb ore mineralization and coefficients with absolute values greater than 0.26 are statistically significant at the 95%; Value in bold
indicating for correlation coefficient interpreted as follows: r = 0.5 to 0.7 weak correlation, r = 0.7 to 0.9 strong correlation, and r > 0.9 very strong correlation.
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The elevated concentration of some critical elements, such as: Ga (Figure 11G,H), Hf, In, Sc
(Figure 11I), and traces like T1 (Figure 11J) and Ag (Figure 11C) are also typical for the examined ores.

Particular attention is paid to the high arithmetic mean values for Tl and Ga (7.6 ppm and 44 ppm,
respectively, Table 2). Thallium concentrations range from 0.14 to 109.6 ppm, but T1, similar to Cd,
is a toxic and detrimental ore component from an environmental point of view. Gallium is present
in the range from 1.5 ppm to 177 ppm. Figure 11H shows that about 30% of the samples from the
entire Ga population are in the range of up to 20 ppm. The rest samples (about 70%) show Ga
concentrations higher than 20 ppm. The distribution of Ga, similar to Cd, is associated predominantly
with sphalerite [28,29]. About 70% of the population of the analyzed samples has a Co concentration
below the arithmetic mean (5.5 ppm Co) and only 5% of the population of samples contain Co
in the range from 20 and 25 ppm (Figure 11K). The arithmetic mean for Sc, 2.3 ppm (n = 66 and
s.d. = 1.2 ppm), is very low (almost three times lower relative to its abundance in the Earth’s crust [70]).
The concentrations of Nb in bulk-rock sulfide ores are low changing from 3 to 24 ppm (arithmetic
mean = 7.3 ppm, 1 = 63, and s.d. = 4.3 ppm). On the other hand, Ba is associated with Zn-Pb ores,
and occurs locally in significant concentrations. Its content ranges from 5 ppm to 11.73% (Figure 11L)
and the arithmetic mean is 1.13% (n = 64 and s.d. = 2.59%). Approximately 20% of the investigated
samples have Ba content above 1%, what is very common at MVT deposits [5]. Barium is present in
Zn-Pb ores in the form of barite, which is classified in the EU as critical raw material. The correlation
coefficient between Ba and Pb in bulk-rock samples is very weak (r = ~0.5).

Concentrations of other critical elements, including REE and PGE, in most of the bulk-rock
samples are low. Within rare earth elements the highest arithmetic mean was for Ce (3.2 ppm, n = 66,
s.d. = 2.7 ppm, range from <0.05 to 18.7 ppm). The sum of light REE (LREE, from La to Ce) is very low
and ranges from 1.5 to 30.3 ppm, and the arithmetic average is 5.1 ppm (1 = 64). In turn, the sum of
elements classified as middle (MREE, from Pr to Eu) and heavy REE (HREE, from Gd-Lu) is between 0.1
and 15.8 ppm and 0.2 and 6.1 ppm, respectively (arithmetic mean = 2.3 ppm, and 1 ppm, respectively).
Arithmetic mean of ) .REE = 8.3 ppm. The LREE to MREE ratio is between 1 and 22.9 and the LREE to
HREE ratio is between 1.6 and 12.3. Figure 12A shows concentrations of REE normalized to chondrite
according to [70]. Primarily, clearly visible are very low, beneath the lower detecting level of ICP-MS
method, contents of some REE such as Pr, Eu, Tb, Ho, Tm, Yb, and Lu. On the chart is noted a weak
enrichment of LREE and also a negative Eu anomaly and in over a dozen samples with a positive
anomaly of Sm (Figure 12B). These positive Sm anomalies in 11 samples correspond with high barite
contents in these samples. The highest Sm contents are two or three times higher than the contents of
neighboring elements on the plot, for example, Nd and Eu. The range of the highest Ba concentration
is from 9439.0 to 117,347.0 ppm and the Sm content range from 3.45 to 10.74 ppm, relatively.
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Figure 12. (A,B) Comparison of REE content plots in the bulk-rock analyses of Zn-Pb sulfide ores and
red galmans (Zn oxide ores, black line) from the MVT deposits in Poland: (A) Normalized to chondrite
(according to [70]), note negative Eu (A) and positive Sm (B) anomalies. Positive Sm anomalies are due
to high barite content in Zn-Pb ore.
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Noteworthy are the REE contents in two samples of red galmans (Zn oxide ores, black lines on
Figure 12A) from the outcrop near Bolestaw. Samples of red galmans have Zn and Pb concentrations
in the form of secondary, hydrated iron minerals (limonites) containing —3.7 and 50.1% Zn and —0.41
and 1.5% Pb, respectively. Galman samples are enriched in Ga (25 ppm and 397 ppm), As (0.3% and
751 ppm) and Hf (17 and 38 ppm, respectively). Red galman samples, relative to sulfide ores samples,
are also enriched in some REE (Figure 12A). They also showed a negative Eu anomaly and in case of
one sample there is a visible clear increase in Ce content. The REE enrichment in red galmans relative
to chondrite is relatively small and a sum of LREE is 16 and 22.7 ppm, and ) HREE = 5.1 and 3.2 ppm,
respectively. The LREE/HREE ratio is about 3.2 and 7.2, respectively.

4.1.2. Results of Mineralogical Investigation

The ore mineralization is mainly represented by sphalerite-galena-pyrite/marcasite mineral
assemblages (Figures 13 and 14). The studied core sections are intervals with identified economic
resources of documented Zn-Pb deposits made of carbonate rocks, mainly dolomites, clearly marked
by macroscopic sulfide mineralization. Galena and sphalerite are the main ore minerals, commonly
accompanied by pyrite and marcasite. They occur mainly as disseminations (Figure 13A,B), inclusions
in rock matrix, crystal brushes on the surfaces of cracks (Figure 13B-E), in caverns (Figure 13C),
and breccias (Figure 4F). The presence of cerussite was also found macroscopically, while willemite,
anglesite, and hydrated weathering products of Zn-Pb ores were identified by microprobe analyses.
Ore mineralization is often accompanied by calcite in the form of crystal brushes or as cement for
hydrothermal breccia (Figure 13F). In the Zawiercie 87 TN borehole, there is a layered Zn ore with
zebra texture (Figure 13C). Sphalerite often occurs in the form of disseminated mineralization in the
form of small (<3 mm), macroscopically visible honey-brown crystals (Figure 13E). Disseminated
sphalerite was formed as a result of filling of the pore space in dolomite or crystallized as a result
of metasomatism [20]. Sphalerite can also crystallize on the surface of cracks and caverns or appear
as crystalline brushes, creating automorphic or hypautomorphic crystals of a few millimeters in
size. In the samples taken from the Olkusz and Klucze deposits, sphalerite co-exist with galena and
marcasite forming collomorphic textures (so-called zinc blende, Figure 4A-D). In addition, sphalerite
is one of the components of the hydrothermal fractional cement in addition to galena (Figure 4F) and
white calcite (Figure 13F). Microprobe analysis of the chemical composition showed that the chemical
composition of sphalerite (e.g., Figure 14A-D) is characterized by arithmetic average Zn content of
65.95 wt % (s.d. = 0.66 and n = 500), and average S content of 32.58 wt % (s.d. = 0.42 and n = 500)
(Table 4). Additionally, Fe and Cd concentrations in sphalerite are up to 2.48 wt % (average = 2600 ppm,
s.d. = 4310 ppm, and n = 500) and 2.64 wt % (average = 3063 ppm and s.d. = 3633 ppm, respectively,
Figure 15B,D). In Figure 15A-C, the precision ranges of a single measurement for a given element in
EPMA are marked with a dashed horizontal line. It is possible to recognize two Fe populations in
sphalerites; the first one with moderate Fe contents (>0.5 wt %) and the second one with low Fe contents
(<0.5 wt %). Nickel and Co range from hundreds ppm up to 910 and 810 ppm, respectively. Silver
concentrations in sphalerite range from below detection limit to 3310 ppm (arithmetic mean 219 ppm
and n = 500) (Figure 15C) and Cu concentrations up to 10,470 ppm. Indium was detected only in a few
sphalerite crystals (maximum 290 ppm), although it is reported as a trace component within sphalerite
in many MVT-type world deposits [71-76]. According to previous studies, the ranges in concentrations
of minor and trace elements in any ore minerals vary widely throughout the district as well as in the
specific mines [28,29]. It was supported also by our investigation, in which we analyzed additionally,
numerous samples from the undeveloped Zn-Pd deposits from the Zawiercie region. The studied
sphalerites, which represent the main ore stage in the mineral succession (second stage, see Figure 5),
have a variable habit of crystals (granular, collomorphic, banded, and breccia cement) and content of Fe,
Cd, and minor and trace elements (Figure 15B,C). For example, in sphalerite of the collomorphic type,
the highest arithmetic mean content of Fe was found (Table 5). In turn, breccia cement sphalerites show
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the highest Cd admixtures (arithmetic mean = 5741 ppm, s.d. = 4530 ppm, and n = 9), and granular
sphalerites revealed a highest single content of Ag = 3310 ppm (Table 5).

Figure 13. (A) Galena (Gn2) crystals within irregularly streaked dolomite, Zawiercie 93 TN borehole;
(B) dolomite with visible unstable density layering structures, with many caverns partly filled with
sphalerite and galena, Zawiercie TN 87 borehole; (C) stratified Zn-Pb ore, “zebra-type”, Poreba MZ
23 borehole; (D) well-formed galena, in form of octahedrons and cubes, Gotuchowice 21 G borehole;
(E) sphalerite crystallized on the cracked dolomite surface, Gotuchowice 2 G borehole; and (F) galena
and white calcite forming the matrix of hydrothermal breccia, Kierszula TN 245 borehole.
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Figure 14. Photomicrographs of sphalerite-galena-marcasite ore from the Zn-Pb (MVT) deposits
in Poland: (A) Euhedral sphalerite (Sp) and marcasite (McPy2) scattered in ore-bearing dolomite
(Dol), reflected light, Z9 borehole; (B) massive marcasite (McPy2) encrusted on colloform sphalerite
(SpDB2), reflected light, the Pomorzany mine; (C) colloform texture of massive galena (Gn2), euhedral
marcasite (McPy2), and porous sphalerite (SpDB2), sample from the Klucze I deposit, reflected light;
and (D) automorphic crystals of galena (Gn2) overgrown by sphalerite (SpDB2) and pyrite (Py),
backscattered-electron imaging BSEI, false colors (red, high values of BSEI brightness and dark blue,
low values of BSEI brightness), TN-314 borehole.

Galena occurs in the form of macroscopically visible lead-gray, small grains in dolomite and
crystals in caverns and fissures, displaying large euhedral crystals of the cube or octahedron forms,
reaching up to 1 cm in size (Figure 13D). It occurs abundantly in the cement of hydrothermal breccia
forming intergrowths with sphalerite and white calcite (Figure 13F). EPMA studies have revealed that
galena has an average content of Pb (85.55 wt %, s.d. = 0.52 wt %, and n = 197) and S (13.39 wt % and
s.d. = 0.15) (Table 4). In most of the analyzed samples, galena contains Zn concentrations of up to
0.84 wt %. Antimony contents in galena are more varied from b.d.l. to 1.82 wt %. Galena is a known
Ag carrier, however, in the analyzed samples Ag was encountered sporadically, and its maximum
content was below 730 ppm (Table 4). Ag-rich galena is accompanied by either increased Sb or Bi
contents, due to double substitution for Pb>*. The majority of Ni concentrations in galena show values
up to 1280 ppm. Admixtures of Co are in the range of below detection limit to 1090 ppm, as well as Cu
up to 1710 ppm, Fe up to 12,370 ppm, and As up to 4300 ppm (Table 4).
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Table 4. Average EPMA analyses of sphalerite, galena, and pyrite/marcasite from the Zn-Pb (MVT) deposits in Poland.

Sf;:a_lesr(‘:oe) Zn S Fe Pb Cd Ag As Cu Co Sb Ni Au Se Te Bi Hg C Ca Mg Si Total
wt%e wt% wt% wt% ppm ppm ppm Pppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm wt.%

Mean 6595 3258 026 0.05 3063 219 165 400 205 1513 248 366 201 99.56
S.D. 066 042 043 0103 3633 334 478 658 193 1534 524 545 452 0.62
Min. 6296 30.27 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 98.14
Max. 67.69 33.80 248 124 26390 3310 5250 10470 810 10,040 910 1620 410 580 1250 8430 4590 5800 9850  101.44

%

?n"l_e‘;gﬂ Pb S Zn Fe Cd Ag As Cu Co Sb Ni Au Se Te Bi Hg CI Ca Mg Si  Total
wt% wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm wt.%

Mean 8556 13.38 0.09 0.05 217 514 363 1132 274 797 99.53
S.D. 053 014 009 0.11 540 388 276 2693 487 519 0.47
Min. 8290 1286 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 270 bdl bdl bdl 98.06
Max. 86.81 14.04 084 124 820 730 4370 1710 1090 18170 1280 1760 680 790 2110 6560 3880 610 970 100.80

: ite **

Pyn“"(/n mfr’f;s‘te Fe S Zn Pb As Co Ni Cu Sb Cd Ag Au Se Te Bi Hg Cl Ca Mg Si  Total
wt¥% wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm wt.%

Mean 4577 5312 0.1 0.08 2237 759 599 316 418 283 190 99.68
S.D. 0.68 065 017 024 4721 317 1909 309 796 389 174 0.43
Min. 4358 5073 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 98.50
Max. 4732 5464 138 1.68 26950 1700 15230 1340 1850 740 1450 1380 830 340 600 2110 4680 1800 1280  100.71

Note: Mean—Arithmetic mean; S.D.—standard deviation; Min.—minimum contents; Max.—maximum contents; Sc, Sn, and In measured were below detection limit (* b.d.l.). Maximum
contents of: Mo 760 ppm in sphalerite and 1090 ppm in pyrite/marcasite; Mn 700 ppm in sphalerite; Al 0.12 wt% in sphalerite, 0.05 wt% in galena and 0.064 wt% in pyrite/marcasite. **
Sphalerite sample numbers from borehole or active mine (in bold) /sample #: BI3KM/01;TN-323/01;TN-335/01; Z-12/02; 2G/02; 7G/01; Z-9/04;,TN-129/01,TN-243/02,TN-297/03; TN-205/0,
02; TN-314/01; TN-314/02; TN-318/02; Z-9/02; Za20/01; KLUCZE/06; OLKUSZ/01,02; POMORZANY/01, 02; ** Galena sample numbers from borehole /sample #: TN-129/01; TN-243/02;
TN-297/03; TN-314/02; Z-12/02; 2G/02; 7G/01; TN-205/01; Za20/01; ** Pyrite/marcasite sample number from borehole/sample #: TN-129/01; TN-243/02; TN-297/03; TN-314/01; TN-314/02;

TN-318/02; Z-9/02; Z-12/02; 2G/02; TN-205/01; TN-205/02; Za20/01.
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Table 5. Average EPMA analyses of different types of sphalerites from the main ore stage in the Zn-Pb (MVT) deposits in Poland.
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Sphalerite Zn S Fe Pb Cd Ag Sb Cl Bi Se As Cu Ni Co Mn Hg Au Mg Ca Si Total
Collomorphic ** o o o
(n = 84) wt% wtd%  ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm  ppm wt
Mean 65.76 3254 4322 1482 1033 3213 99.52
S.D. 058 046 4110 1289 1317 1530 0.49
Min. 6349 31.06 *b.dl bdl bdl bdl bdl 50 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 98.27
Max. 67.00 3339 22,050 6780 5830 720 6520 1620 3070 1310 910 710 1020 720 690 100.38
Sphalerite Zn S Pb Fe Cd Ag Sb Cl Bi Se As Cu Ni Co Mn Hg Au Mg Ca Si Total
Breccia (n =9) wt%  wt% ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm wt%
Mean 65.62 3228 3790 5741 2306 228 220 182 307 98.97
S.D. 043 056 550 1880 1475 199 156 169 152 0.78
Min. 65.06 3135 b.dl bdl 2750 b.dl bdl 240 bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 97.95
Max. 6624 3294 1300 530 8620 1510 4330 570 530 470 550 350 160 290 100.29
Sphalerite Zn S Pb Fe Cd Ag Sb Cl Bi Se As Cu Ni Co Mn Hg Au Mg Ca Si Total
Granular (n = 253) wt%  wt% ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm wt%
Mean 6596 3254 444 2708 4242 1089 477 204 199 222 300 423 181 99.63
S.D. 072 043 1049 5123 4530 1396 830 189 195 207 540 689 149 0.66
Min. 6296 3027 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 94.14
Max. 67.69 33.60 12,410 24,830 26,390 3310 10,040 8430 580 800 5250 10,470 850 810 700 1250 1330 5800 4590 1380  100.99

Note: Mean—Arithmetic mean; S.D.—standard deviation; Min.—minimum contents; Max.—maximum contents; Sc, Sn, and In measured were below detection limit (* b.d.l.). Maximum
contents of: Mo 760 ppm in sphalerite; Al 0.124 wt% in granular sphalerite. ** Sphalerite collomorphic sample numbers from active mine (in bold): KL-6/05, POM-1/03, POM-2/0;
Sphalerite breccia sample numbers from borehole TN-323/01; Sphalerite granular sample numbers from borehole or active mine (in bold): 13KM/01, TN-335/01, Z-9/04, TN-314/02, Z-9/02,
2G/02, 7G/01, OLK-1/01, OLK-2/03A, TN-205/2, Za-20/01, POM-1/03, POM-2/01, OLK-2/03A, TN-205/1.
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Figure 15. Bivariate trace element plots based on EPMA for sulfides minerals from Zn-Pb (A-C) and
Cu-Ag (D) deposits, 0 values and values below low precision limits are not presented on the logarithmic
axis. Note: horizontal grey dashed lines indicate the range of precision of measurements in the entire
population for a given element. (A) Zn vs. Fe in sphalerite, (B) Zn vs. Cd in sphalerite, (C) Zn vs. Ag
in sphalerite, and (D) Cu vs. Ag in Cu sulfides.

Pyrite and marcasite together with galena and sphalerite are part of typical paragenesis for
the Zn-Pb ores in the ore-bearing dolomite (Figure 14A-D). They usually form granular aggregates.
Pyrite typically occurs as cubes, whereas marcasite more often creates disintegrated earthy masses.
Marcasite co-exists and encrusts sphalerite and galena of collomorphic forms (Figures 4B and 14B,C).
Because pyrite and marcasite are polymorphs of the FeS, and they are indistinguishable in the analysis
of chemical composition in the microprobe studies, the results of these examinations were presented
together. Fe content averages 45.77 wt % (s.d. = 0.68 wt % and n = 98), and average S is 53.12 wt %
(s.d. = 0.65 wt % and n = 98) (Table 4), 0 to 2.69 wt % As, 0 to 1.38 wt % Zn, up to 1340 ppm Cu, and in
one measurement up to 1380 ppm Au, and up to 1090 ppm Mo. The content of Ni usually does not
exceed 3000 ppm, only in one sample the value of Ni reaches 1.52 wt %. Cobalt and Sb concentrations
are up to 1700 ppm and 1850 ppm, respectively.

Cerussite (PbCOs) is a typical mineral of lead oxidation or low-temperature hydrothermal activity.
It is found sporadically in the studied rocks in the form of small but macroscopically visible yellow
crystals in the vicinity of other ore minerals (galena, sphalerite, and pyrite). It contains about 74 to
76 wt % Pb and trace element concentration up to 0.67 wt % Ca, up to 1.2 wt % Zn, and up to 0.11 wt %
Cu. Increased calcium content in cerussite correlates with increased Zn content. Willemite (Zn,SiOy)
has also been identified, which is a typical mineral of the oxidation zone for Zn and Pb ore deposits [37].
It occurs as lath-shaped or rosette-like crystals. Willemite contains 12 wt % Si, 28 to 29 wt % O, and 58



Minerals 2020, 10, 75 25 of 47

to 59 wt % Zn. In addition to small amounts of Fe, up to 3600 ppm, it does not show significant
concentrations of other elements.

4.2. Cu-Ag Stratiform Deposit on the Fore-Sudetic Monocline

4.2.1. Results of Bulk-Rock Geochemical Investigation

The samples (n = 62) come from archival boreholes located in the Lubin-Malomice, Polkowice,
Radwanice-Gaworzyce, Rudna, and Sieroszowice deposits, and individual samples (1 = 9) from the
active mines of Rudna, Polkowice, and Lubin (Figure 10B). Specimens of both reduced and oxidized
rocks were investigated. Reduced profiles of the Zechstein Cu-bearing series above the oxidized rocks
are characterized by significant variability of metals and composition of sulfide minerals. The main
commodities are Cu and Ag. The bulk-rock geochemical investigation of the examined reduced
ore-bearing samples revealed Cu content in the range from 113 ppm to approximately 18.25% (Table 6).
Arithmetic mean for copper is 4.8% (n = 71 and s.d. = 4.7%). About 25% of the total sample population
has <1% Cu (Figure 16A). Concentrations of Cu > 2.7%, on the other hand, show more than 50% of all
samples. Copper has a weak correlation with Mo (r = 0.68, Table 7 and Figure 16A), V (r = 0.63), and Ag
(r = 0.62, Figure 16B) and slightly weaker with Re (Figure 16C) and Ni (r = 0.55), T1 (r = 0.49), and Se
(r =0.48) or Bi (r = 0.41). The average arithmetic content of Ag amounts to approximately 68 ppm
(s.d. =79.3 ppm) and can vary from 1.1 to 377 ppm (Table 6 and Figure 16B). Most often, the samples
contain Ag in the range of up to 10 ppm (1 = 33) and between 10 and 20 ppm (n = 23).
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Figure 16. Scatter plots with marked trend line of bulk-rock analyses of Cu-Ag sulfide ores from the
Kupferschiefer deposits on the Fore-Sudetic Monocline in Poland: (A) Cu vs. Mo, (B) Cuvs. Ag, (C)
Cuvs. Re, (D) Bivs. Re, (E) V vs. Se, (F) Co vs. As, (G) V vs. Ta, (H) Ni vs. Mo, and (I) Se vs. Hg.
Note: 95% confidence intervals are shown as the red dotted lines, while the line of best fit is shown as
the red line.
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Table 6. Basic statistical parameters for main commodities (Cu and Ag) and associated trace elements
(in ppm) in the bulk-rock samples of Cu-Ag ores from the Kupferschiefer deposits on the Fore-Sudetic
Monocline in Poland.

Element Number of Arithmetic Geometric Median Minimum Maximum Standard
Samples Mean Mean Content Content Deviation
Ag 71 67.9 33.1 43.9 1.1 377 79.3
As 71 381.3 38.1 30 <2 6250 1022.3
Au 71 0.247 0.003 0.002 <0.001 0.778 1.156
Bi 71 5 0.8 0.5 <0.05 78.7 13.6
Cd 71 5.0 0.8 0.6 <0.1 71.3 11.7
Co 71 2433 53.7 61.7 <3 5630 729.1
Cu 71 47,974.5 19,385.2 28,500 113 182,464 47,904.4
Hf 71 1.7 1.5 1.8 0.37 4 0.8
Hg 62 9 1.7 1.3 0.1 183 27.9
In 71 0.06 0.045 0.05 <0.05 0.29 0.047
Mn 71 1830.2 1456.3 1660 152 6784.6 1166.4
Mo 71 120.3 39.1 445 1.6 784.9 167.6
Nb 71 92.8 1.6 1.2 <0.5 3,210 529.4
Ni 71 194.1 92.2 117 <3 1,190 233
Re 71 5.8 0.9 0.9 <0.05 68.7 12.3
Sb 71 91.7 1.3 1.1 <0.05 3,210 529.6
Sc 71 9.5 8.1 10.8 0.7 20.1 43
Se 71 28.8 13.4 21 <2 109 27.7
Sn 71 3.8 3.5 4 1 8 14
Ta 71 0.5 0.3 0.4 <0.05 1.5 0.4
Th 71 6.5 5.5 7.4 <3 14.5 3.2
Tl 71 2.2 1.7 1.8 0.26 7.3 1.7
A% 71 740.2 328.7 497 15 2393 716.9
W 71 1.2 1 1.3 0.2 49 0.8
Y 71 18 15.8 16.2 4 50.3 9.5
La 71 21.4 19.3 23.2 5.7 443 8.76
Ce 71 42.7 38.5 43.6 104 95.7 17.7
Pr 71 5.8 5.1 5.3 14 155 2.8
Nd 71 23.9 20.9 21.6 52 70.9 12.6
Eu 71 1.2 1 0.9 0.28 3.8 0.7
Sm 71 54 4.7 4.5 1.16 17.9 3.2
Gd 71 4.6 3.9 4 0.92 14.6 2.7
Tb 71 0.6 0.5 0.5 0.13 2 0.4
Dy 71 3.5 3.1 2.9 0.72 10.3 1.9
Ho 71 0.6 0.6 0.6 0.16 1.8 0.3
Er 71 1.7 1.6 1.6 041 4.6 0.8
Tm 71 0.2 0.2 0.2 0.06 0.6 0.1
Yb 71 1.5 1.3 1.4 0.44 3.3 0.6
Lu 71 0.2 0.2 0.2 0.06 0.5 0.1
Number of Sample Arithmetic Geometric . Minimum Maximum Standard
Element below/above Median . ..
. .. Mean Mean Content Content Deviation
Detection Limit
In 35/36 /0.09 /0.08 /0.07 <0.05/0.05 <0.05/0.3 /0.1
Pd 61/10 <0.005/0.005 <0.005/0.153
Pt 59/12 <0.01/0.01  <0.01/0.184

Note: Measured Te contents in the all samples (1 = 71) were below detection limit (<0.5 ppm) by ICP-MS.
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Table 7. Pearson’s correlation coefficients of selected elements for the bulk-rock analyses of Cu-Ag ores from the Kupferschiefer deposits in Poland.

Eleme-nt Ag As Au Bi Co Cu Hf Hg In Mn Mo Nb Ni Re Sb Sc Se Sn Ta Th TI1 v W Y
As -0.01
Au -0.16 —-0.06
Bi 0.08 0.13 -0.02
Co 0.05 0.84 -0.06 0.12
Cu 0.62 -0.08 -0.21 041 0.03
Hf 0.05 -0.07 -021 0.14 0.07 029
Hg -0.07 -0.04 025 -0.01 -0.05 0.27 0.10
In -0.21 0.18 -0.08 —0.05 —-0.08 -0.12 -0.33 —0.06
Mn 010 0.08 011 -0.08 —-0.05 -0.12 -0.37 0.05 0.11
Mo 036 0.06 -012 046 0.14 0.68 029 -0.05 018 -0.21
Nb -0.11 042 -0.04 0.09 -0.04 -0.12 -0.14 0.04 045 022 -0.05
Ni 040 049 -011 026 0.64 055 037 006 -0.03 -023 0.69 -0.06
Re 023 0.06 -0.09 0.74 0.11 055 022 006 -015 -0.17 036 -0.05 0.29
Sb -0.12 042 -0.04 0.09 -0.04 -0.12 -0.14 0.04 045 022 -0.05 0.99 -0.06 —0.05
Sc -0.04 -0.07 -0.21 0.19 0.04 023 089 003 -025 -0.18 033 -0.09 032 023 -0.09
Se 011 -012 -0.08 027 -0.02 048 0.67 030 -0.13 -0.14 045 -0.10 043 0.38 -0.10 0.68
Sn 0.01 -013 -0.27 0.12 -0.01 022 0.71 -0.03 -0.22 -0.28 030 -0.10 029 0.17 -0.10 0.77 0.51
Ta 013 0.01 -020 028 0.18 040 086 012 -030 -0.30 045 -0.16 050 035 -0.16 0.88 0.76 0.72
Th 0.03 -0.07 -025 0.14 0.04 023 096 003 -030 -026 028 -0.06 033 020 -0.06 093 0.60 0.75 0.85
Tl 014 0.04 -021 014 018 049 029 019 047 -012 057 -0.18 042 016 -0.18 028 037 027 035 0.25
v 025 -0.09 -0.15 0.37 0.00 0.63 0.71 020 -0.06 -0.26 0.60 -0.07 0.55 047 -0.07 0.70 0.90 0.57 0.81 0.64 0.42
W 0.08 027 -020 0.06 048 022 0.2 015 -020 -0.24 029 -0.12 057 016 -0.12 0.63 037 059 0.69 0.66 031 042
Y -0.19 -0.08 039 0.10 001 -0.09 050 0.12 -0.32 0.11 -0.02 -0.14 0.06 010 -0.14 0.51 0.56 0.39 047 045 -0.05 0.37 0.24
La -0.02 -0.05 -0.21 0.13 0.00 024 087 015 -033 -0.03 022 0.04 029 018 0.04 091 0.74 0.68 0.81 0.89 020 0.67 0.58 0.59

Note: Pearson’s correlation is based on 71 of the bulk-rock analyses samples (excluding Hg and In, based on 62 and 36 samples, respectively, see Table 6) with Cu-Ag ore mineralization
coefficients with absolute values greater than 0.30 that are statistically significant at the 95%; Value in bold indicating for correlation coefficient interpreted as follows: r = 0.5 to 0.7 weak
correlation, r = 0.7 to 0.9 strong correlation, and r > 0.9 very strong correlation.
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The main commodities are accompanied by several trace elements which include: Re, Se, Co,
V, Ni, Hg, Bi, REE, and others (Table 6). The concentration of Re in the samples is in the narrow
range from <0.05 to 68.3 ppm (Figure 16C,D), and the arithmetic mean is 5.8 ppm (s.d. = 12.3 ppm).
Rhenium shows a strong correlation with Bi (r = 0.74), and also weak correlations with V, Mo, and Se
(Table 7). Selenium is present in a large range of <2 ppm (six samples) to 109 ppm (Figure 16E).
Most samples have contents ranging from 1 (detection limit) to 8 ppm Se (n = 29) and 40 samples have
contents >15 ppm. Arithmetic mean of selenium content is 28.8 ppm (s.d. = 27.7 ppm). Cobalt shows a
large range of <3 ppm to 5630 ppm (Figure 16F). Arithmetic mean for Co is 243.3 ppm (n = 71 and
s.d. =729.1 ppm). Cobalt strongly correlates with As (r = 0.84) and it occurs mostly in the form of
cobaltite, and a weaker correlation with Ni (r = 0.64). The next trace element found in Cu-Ag ores in
elevated concentrations is V. The arithmetic mean for V is 740.2 ppm (s.d. = 716.9 ppm). The vanadium
concentrations change largely from 15 to 2393 ppm (Figure 16G). About 38% of all samples show
concentrations >0.1% V. the population distribution is unimodal and asymmetrical. Vanadium shows
a very strong correlation with Se (r = 0.90) and a strong correlation with Ta (r = 0.81), Hf (r = 0.71),
and Sc (r = 0.70), a weak correlation with Th (r = 0.64), Cu (r = 0.63), Mo (r = 0.60), Sn (r = 0.57), Ni
(r = 0.55), and very weak correlation with Re (r = 0.47) (Table 7).

In addition, in Cu-Ag sulfide ores the increased concentration of nickel (arithmetic
mean = 194.1 ppm, Figure 16H) is interesting as its recovery occurs in the metallurgical process
of Cu ores in the form of Ni sulfate. Mercury occurs in slightly elevated concentrations, especially in
black shale, and show a large range of content (0.1 to 183 ppm, Figure 16I). The arithmetic mean = 9 ppm
(n = 62 and s.d. = 27.9 ppm). Critical elements such as Bi (Figure 16D), Hf, In, Sb, Sc, and W are
present generally in trace concentrations (Table 6). Rare earths content is low, and slight enrichments
are present in the secondary oxidized rocks [77,78]. The highest arithmetic mean is calculated for Ce
42.7 ppm (n =71 and s.d. = 17.7 ppm), range from 10.4 to 95.7 ppm, (Table 6). The sum of LREE (La, Ce)
is low and varies from 49.3 to 285.7 ppm (arithmetic mean = 113.4 ppm and n = 71). In turn, the sum
of MREE (Pr, Nd, Sm, Eu, Gd, and Tb) is between 26.1 and 140 ppm (arithmetic mean = 64.1 ppm,
s.d. = 18.3 ppm, and n = 71) and HREE (Dy, Er, Yb, and Lu) is between 108.5 and 189 ppm (arithmetic
mean = 36.3 ppm). The LREE/MREE value is between 0.6 and 2.6 and LREE/HREE between 1.4 and
8.2 (arithmetic mean = 1.9 ppm and 5.3 ppm, respectively). Figure 17A,B show concentrations of
REE normalized to chondrite according to [70] and to Post Archean Australian shale (PASS) after [79].
The REE chondrite normalized graph shows a negative Eu anomaly in most samples on the PASS plot.
The PASS plot exhibits the characteristic increase in MREE content relative to LREE and HREE. Yttrium
content is in a narrow range between 4 and 50.3 ppm and its arithmetic mean is 18 ppm (s.d. = 9.5 ppm).
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Figure 17. (A) REE diagrams normalized to chondrite, after [70] and (B) to PASS, after [79] for the
Kupferschiefer Cu-Ag deposits on the Fore-Sudetic Monocline in Poland.
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4.2.2. Results of Mineralogical Investigation

Ore mineralization in the Lubin-Sieroszowice Copper District is very diverse, both in terms
of composition and forms of occurrence of ore minerals [52,54-59]. Mineralization is stratiform
gently cross cutting the bedding and predominated by fine disseminations. The dominant are Cu
sulfides, i.e., chalcocite, digenite, covellite, bornite, and chalcopyrite, which are accompanied by
pyrite, galena, and sphalerite (Figure 18A-F). Ore minerals form hypidiomorphic and idiomorphic
textures (Figure 18C). Very common are chalcocite, digenite (Figure 18G,H), bornite, and galena
pseudomorphs after framboidal pyrite and pyrite framboids cemented by covellite, bornite
(Tables 8 and A1, Figure 18A), sphalerite, and galena. In addition, hydrothermal metasomatic textures,
open-space fillings, impregnations, replacements of carbonate cements in sandstones (Figure 18C),
nest, and lenses, as well as replacements of detrital grains (Figure 18D) were recorded. Ore veinlets and
stylolite with sulfides are rare. The main minerals are locally accompanied in small amounts by accessory
minerals, both recognized under the microscope and the electron microprobe (Tables 8 and A1).

Figure 18. Cont.
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Figure 18. Photomicrographs of ore minerals from selected profiles of the Zechstein Cu-bearing
series on the Fore-Sudetic Monocline in Poland (reflected light): (A) Bornite (Bn) replacing pyrite (Py)
and carbonate minerals, Zechstein Limestone, S-303 borehole; (B) mineral aggregate composed of
chalcopyrite (Ccp), bornite (Bn), sphalerite (Sp), galena (Gn), and digenite (Dg), Zechstein Limestone,
5-209 borehole; (C) multi-mineral aggregate composed of chalcopyrite (Ccp), bornite (Bn), covellite
(Cv), and sphalerite (Sp).,Weissliegend, S-262 borehole; (D) Rich copper mineralization represented
by bornite (Bn), covellite (Cv), and digenite (Dg) co-existing with pyrite (Py), Kupferschiefer, S-117
borehole; (E) detrital grains cemented by digenite (Dg) with bornite (Bn) inclusions, Weissliegend, S-196
borehole; (F) carbonate minerals partially replaced by chalcocite (Cc) with tiny inclusions of bornite
(Bn) and silver alloys (Ag-Hg), Kupferschiefer, S-99 borehole; (G) digenite (Dg) replacing fragments of
foram and chalcocite (Cc) inclusions accompanied by hematite pigment (Hem), Zechstein Limestone,
5-389 borehole; and (H) intergrowths of electrum (El) with digenite (Dg) and covellite (Cv) associated
by hematite (Hem), Zechstein Limestone, S-391 borehole.

Table 8. Ore minerals identified in selected samples by using an electron microprobe (EPMA).

Borehole  Principal Ore Mineral Associated Minerals Accesoric Minerals
S-65 digenite roxbyite, chalcocite, djurleite, anilite, bornite, tennantite Ag alloys
. . digenite, bornite, djurleite, geerite, roxbyite, yarrowite,
587 spionkopite covellite, chalcopyrite, galena, sphalerite
S-99 digenite roxbyite, spionkopite, djurleite, anilite, bornite -

Selected microprobe analyses confirmed the identification of djurleite, spionkopite, anilite, geerite,
roxbyite, and yarrowite. They contain high concentrations of Ag (up to 10.1 wt % in geerite), Fe (up
to 4.95 wt %), Zn (up to 1600 ppm), Pb (up to 900 ppm), and Mo (up to 1030 ppm), (Table 9 and
Figure 19A-F). Silver alloys commonly concentrated in mineral aggregates of Cu sulfides (Table 10)
and contain from 39.7 to 76.7 wt % Ag (mean = 64.2 wt %, n = 24, and s.d. = 11.7 wt %) and from 19.5 to
344wt % Hg (mean = 22.7 wt % and s.d. = 10.6 wt %). Noticeable are concentrations of Ag in chalcocite
(up to 6.28 wt %) and bornite (up to 3.29 wt %, mean = 4024 ppm, n = 24, and s.d. = 8470 ppm), and lower
in djurleite (up to 9080 ppm) and yarrovite (up to 6614 ppm) as well as of Zn in anilite, roxbyite,
and digenite (up to 1500 to 1600 ppm). It is very important from the point of view of technological
processes to find admixtures of trace elements substituted in ore minerals, for example, Fe and Pb in
sphalerite, Ag in bornite and chalcocite, Ni (up to 3147 ppm), and Co (up to 3.8 wt %) in tennantite,
Cd in sphalerite (up to 6100 ppm), allowing to indicate the mineral carriers of particular elements.



Minerals 2020, 10, 75

Table 9. Chemical composition of Cu-S-type sulfides from the Cu-Ag Kupferschiefer deposits on the Fore-Sudetic Monocline identified by EPMA.

310f47

Cu S Ag Fe Bi Cd Cl Co Mo Ni Pb Sb Se Te Zn Al Ca Mg Si Total
Cu-S Type Sulfide Value
wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm Wt%
Chalcocite mean 7558 19.76 45,900 680 4040 99.63
CunS s.d. 255 1.67 16,700 445 4690 0.72
(n=6) min 73.87 1842 25400 b.dl b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 50 bdl bdl 9940
max 79.33 19.87 62,800 450 700 320 1070 290 13,350 100.81
mean 7823 20.86 3331 880 99.65
Djurleite Cusz; Sy s.d. 029 013 3159 350 0.08
(n=7) min 7791 20.68 b.dl 440 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 9959
max 7879 21.03 9080 1460 720 1030 1930 720 440 1320 99.70
Digenite mean 7748 2143 443 847 234 580 99.53
CuoSs s.d. 081 038 721 425 123 870 0.78
(n = 24) min 7376 1998 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 120 bdl bdl 987
max 78.80 21.84 3545 2350 740 845 900 901 640 1580 5800 5970 1670 8970 100.22
mean 77.16  21.89 792 650 99.52
Roxbyite CuzgSyg s.d. 033  0.09 720 1.030 0.10
(n=24) min 7639 2173 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 9941
max 7778 22.06 890 3140 760 1590 620 2390 2.270 640 760 610 1510 1440 4990 2150  99.59
Anilite mean 7691 22.38 545 745
CuyS, s.d. 011 028 211 380
(n=23) min 7679 2207 bdl 343 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
max 76.94 22.61 728 500 1600 1190 1010
Geerite mean 73.80 2422 64,900 3400 99.46
CugSs s.d. 324 0816 36,700 1700 0.48
(n = 5)’ min 65.10 2290 3400 1500 b.dl. b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 9913
max 73.80 24.86 101.000 5900 1400 100.4
mean 72.03  26.96 756 510 690 1143 980  99.73
Spionkopite CuzgSyg s.d. 0.60 098 181 649 750 381 1080  0.18
(n=28) min 7138 2635 b.dl 550 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 710 bdl 220 99.60
max 7257  28.09 890 1260 720 1480 1240 1430 2220 99.98
Yarrowite mean 6743 30.01 3515 135 1047 740 99.76
CuoSs s.d. 234 103 2154 239 1775 401 0.34
(n=4) min 6394 2858 1800 14000 b.dl b.dl bdl bdl bdl bdl bdl bdl bdl bdl 220 bdl bdl bdl bdl 9934
max 68.8 30.81 6614 49300 3710 8940 790 1190 580 100.01

Abbreviation: T1, Kupferschiefer; Ws, Weissliegend; b.d.l., below detection limit. Note: Au, As, and Hg contents b.d.l. n—number of determinations, mean—arithmetic mean,
s.d.—standard deviation, min—minimum value, max—maximum value; Studied samples with: chalcocite (Ws/S-65/52), djurleite (T1/5-87/130, T1/S-99/86), digenite (T1/S-87/130, Ws/S-65/52,

Ws/5-99/86), roxbyite (T1/S-87/130, Ws/S-65/52, T1/5-99/86, anilite (Cal/U-106/1), geerite (T1/S-87/130), spionkopite (T1/S-87/130) and yarrowite (T1/S-87/130).
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Table 10. Chemical composition of Cu-Fe-S-type sulfides and Ag alloys from the Cu-Ag Kupferschiefer deposits on the Fore-Sudetic Monocline identified by EPMA.

Cu-Fe-S-type Cu Fe S Ag Hg As Au Cd Co Mo Ni Sb Se Te Zn Al Ca Si Cl  Total

X Value . o o o
Sulfide wt% wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm Wt%
Chalcopvrite mean 3571 28.70 33.61 1105 1.050 98.47
CuF:’Sy s.d. 171 071 072 510 1.096 0.61
(n= 122) min 3450 2820 33.10 b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 75 bdl bdl 970 b.dl 9826
max 3692 2924 3412 830 670 890 550 1170 970 1440 1.780 99.21
Bornite mean 63.17 9.74 2549 4024 740 99.25
Cu-FeS s.d. 3.11 3.07 057 8479 2699 1.01
(n 5: 24;1 min 59.238 023 2365 b.dl bdl b.dl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl 9478
max 7352 1140 26.25 32980 910 720 1040 780 470 570 1460 9130 3200 13400 330 97.71
Cu Fe S Ag Hg As Au Cd Co Mo Ni Sb Se Te Zn Al Ca Si Cl  Total
wt% ppm ppm wt% wt% ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm wt%
mean 1.58 5460 6422 2274 961 756 1972 683 813  96.41
Ag alloys s.d. 1.37 4160 11.71 10.65 349 432 2279 753 147 6.37
(n=24) min 066 bdl 69 3968 1956 b.dl bdl bdl bdl bdl bdl bdl bdl 700 bdl 530 bdl 560 89.05
max 3.15 950 13570 76.71 3446 590 560 790 1120 1600 1450 7240 1880 1060 101.23

Abbreviation: n, number of determinations; mean, arithmetic mean; s.d., standard deviation; min, minimum value; max, maximum value; b.d.1., below detection limit. Studied borehole
samples with chalcopyrite (T1/ S-87/130), bornite (T1/S-87/130, T1/5-65/52, T1/S-99/86) and Ag alloys (Ws/S-65/52). T1, Kupferschiefer; Ws, Weissliegend.



Minerals 2020, 10, 75 33 of 47

» ﬁ 'z
-Gee. .3
= i®
3 A

Figure 19. BSE images of ore minerals from the Cu-Ag Kupferschiefer ores on the Fore-Sudetic
Monocline: (A) Tiny inclusions of bornite (Bn) (1-3, red points) in digenite (Dg) (4) and roxbyite (Rox)
(5-6) grain. Zechstein Limestone, S-99 borehole; (B) roxbyite (Rox) (1,3,4), anilite (Ani) (2,6), and digenite
(Dg) (5,7,8) scattered throughout carbonates, Zechstein Limestone, S5-99 borehole; (C) rich ore
mineralization represented by yarrowite (Yar) (1-3), bornite (Bn) (4-6), digenite (Dig) (7), and chalcopyrite
(Ccp) (8), Kupferschiefer, S-87 borehole; (D) rich ore mineralization represented by djurleite (Dju)
(1,3), roxbyite (Rox) (2), geerite (Gee) (4), spionkopite (Spi) (5), bornite (Bn) (5), and sphalerite (Sp)
(6) accompanied by chalcopyrite (Ccp), (7), Kupferschiefer, S-87 borehole; (E) inclusion of tennantite
(Tnt) (1) in roxbyite (Rox) (2,4), digenite (Dg) (3), and anilite (Ani) (5) aggregate, Weissliegend, 5-65
borehole; and (F) intergrowths of silver alloys (Ag-Hg) (1-3) with chalcocite (Cct) (4,5) in association
with digenite (Dg) (6,7), Weissliegend, S-65 borehole.

A different type of mineralization occurs in rocks affected by secondary oxidation (Rote Faule),
occurring below reduced Cu-ore intervals. Apart from hematite and goethite, these rocks contain relict
sulfide mineralization [41,52,53,80,81], represented by scarce sulfides of Cu-S type, mainly covellite,
digenite, and chalcocite, replaced partially by iron oxides (Figure 19D). Locally, increased Au and Pt
concentrations were revealed in oxidized intervals, but rarely in the form of individual minerals [55,80-
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83]. Only occasionally, inclusions and intergrowths of electrum and native gold with covellite and
digenite are found (Figure 18H).

5. Discussion

5.1. Importance of Trace Element Distributions in Polish Sediment-Hosted Deposits as Resource for Critical
Elements of the European Union

In the 137 samples from the documented Zn-Pb and Cu-Ag deposits, over 40 trace elements
distribution were recognized (Tables 2, 6 and 11). There were applied variable geochemical methods
(ICP-MS, WD-XRF, GF AAS, and AMA 254) supported by electron microprobe investigation of trace
elements composition in ore minerals. Some of these trace elements are enriched and paragenetically
associated with primary metallic ores (so-called principal commodities). These trace elements are
considered as the associated elements. Some of them are recovered during sulfide Cu-Ag ore
processing in Poland (Table 12), however, most of them are not recovered from either Zn-Pb or
Cu-Ag deposits [84,85]. Nevertheless, several associated elements occur in a high concentration and,
furthermore, they are part of a group of elements considered critical by the European Union [7].
Twenty-seven raw materials are included in the critical raw materials which include: Sb, barite,
Be, Bi, borate, Co, coking coal, fluorite, Ga, Ge, Hf, He, In, Mg, natural graphite, natural rubber,
Nb, phosphorites, P, Sc, metallic silicon, Ta, W, V, metals from the platinum group, and heavy and
light rare earth elements. Critical elements are defined as elements that are of vital importance to
modern technology and society and have the potential for supply restriction. These commodities
are important components in the manufacturing of modern and green technology, have a wide
variety of military applications, and are becoming increasingly important for high-tech applications.
Consequently, a number of countries, including USA, UK, Japan, EU, and Australia have commissioned
reports on critical commodities (e.g., [7,9-12]). Most of these commodities have small restricted
markets, and supply is restricted, i.e., concentrated in either a small group of countries or operating
companies [12,86-89]. The critical elements are generally produced in relatively small amounts
or almost entirely as by-products of the mining of principal commodities [90-92]. Although the
by-product elements have significant technological value, they are of lesser economic value than the
main products of a given mining operation. Therefore, they are less likely to form part of companies’
core business, and hence to be recovered. The potentially low concentrations of critical metals within a
given mineral deposit are not be even determined based on the assumption that these commodities are
of insignificant value. This means that a significant number of critical metals are unreported or are
ignored at the mineral resource reports. Mining companies focus on the most dominant economically
valuable commodities in a mine or exploration programs, and therefore critical commodities that have
small markets or that are difficult to extract are often ignored. According to numerous studies, the most
critical commodities for the EU and Polish economy are rare earths (REE), Nb, and Ta, for which there
are no primary and secondary sources in the EU and no possibility of their production [8,9]. Generally,
critical raw materials are in short supply [10-12] as there are only primary (from deposits) and
secondary (recycling) sources for them within the EU, usually with insufficient resources; nevertheless,
a demand for them is easily covered to a large extent by imports from countries outside the EU [8].
However, some of these elements are present in large stocks in metal ore deposits in Europe, but they
are not recovered in technological processes. Some sediment-hosted deposits contain critical elements
that are, or potentially could be, extracted [12,13,85,86,90].
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Table 11. Associated elements and enrichment factors relative to their abundances in the Earth’s crust after [93] in the Zn-Pb (MVT) and Cu-Ag (Kupferschiefer)

sediment hosted deposits in Poland.

Clark in the Enrichment Factor
Deposit Type Associated Elements Arithmetic Mean (ppm) Median (ppm) N Earth’s Crust Arithmetic Mean/Clark in
[93] (ppm) Earth’s Crust
Ga 44.0 31.0 63 18 x2.4
Hf 24.9 1.5 63 53 x4.7
Critical elements Nb 7.3 6.0 63 20 x0.4
70-Pb Ba 11,271.2 43.0 64 340 x33.2
Sc 2.3 2.3 66 16 x0.1
L Ag 13.4 9.9 66 0.07 x191.4
Non-critical cd 440.2 298.0 66 0.11 x4001
elements Tl 7.6 2.7 66 0.6 x12.7
.. Co 243.3 61.7 71 20 x12.2
Critical elements v 740.2 497.0 71 160 x4.6
Cu-Ag Re 5.8 0.89 71 0.0004 x14,567
Non-critical Se. 28.8 21.0 71 0.05 x575.2
clements Ni 194.1 117.0 71 80 x2.4
*Ag 67.9 43.9 71 0.07 %970
Bi 5.0 0.5 71 0.048 x104.1

* Main commodity.
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Table 12. Trace elements with the highest enrichment rates and estimated resources in documented Zn-Pb and Cu-Ag sediment hosted deposits in Poland considered

as having potential economic profitability of extraction from the studied ores.

A it Zn-Pb MVT) Cu-Ag (Kupferschiefer)
ssociate
Element Enrichment Resources Estimated Resources Identified Enrichment Resources [4] Resources Identified [1] By-Product of the SSC
Factor [4] (ton) [1] (ton) Factor (ton) (ton) Deposits in 2018 [1] (ton)
Trace (critical) Elements
Bi high >9000
Ga low >1000 130
Ge - - 30
Hf low -
Co high >100,000 137,440
Nb low -
Sc low >1000 low >10,000
Vv low >100,000 171,410
Ba high >500,000
Trace (non-critical) elements
Cr very low >1000
Cd high >20,000 21,770
Mo high >100,000 73,040
*Ni (as
Ni-sulfate) low >100,000 82,270 1730
*Re high high >10,000 9.09
*Se high >10,000 66.36
A Ag high 700-1000 930 high >100,000 97,938 1189
Tl low 400 150 >1000
*Au 0.523
* Pt-Pd

* Element recovered during sulfides ore processing and ** main commodity.



Minerals 2020, 10, 75 37 of 47

The most common critical elements associated with the MVT deposits are Ga, Ge, In, and Ba and
those from the sediment-hosted deposits are Co, Ga, Ge, In, Pt, Pd, and Re [13]. The Polish Zn-Pb ores
also contain many critical elements, but they are not recovered during the processing of these ores.
Only some of critical elements (Pd and Pt) are recovered in the processing of Cu-Ag ores in Poland
(Table 12), and knowledge about their distribution is still insufficient [4,14,15].

Among the trace elements currently considered critical for the EU economy [7] in the sulfide ores
from the Zn-Pb and Cu-Ag deposits in Poland, the following elements were examined: Sb, Bi, Co, Ga,
Hf, In, Nb, Sc, Ta, W, V, Pd, Pt, and REE + Y. Our studies have shown that the critical elements for
the EU economy occur in very diverse concentrations ranging from trace amounts to significantly
increased contents. The Cu-Ag ores contain several critical elements, such as V, Co, Bi, Pt, and Sb
that show enrichment of their average arithmetic mean content in relation to their abundances in the
Earth’s crust (Figure 20 and Table 11). Other critical elements, such as Ga, Hf, In, Sc, W, Ta, and REE are
present in very low amounts. In order to distinguish associated elements with the potential economic
profitability of extraction from the studied ores, it is assumed that this group should include those
elements that meet the following criteria: high average content, high value of the enrichment factor
(in relation to the Earth’s crust contents, Table 12), and estimated resources over 100 tons per deposit.
Table 12 lists enrichment factors and resource estimates, summarizing the classification of critical and
non-critical elements with potential economic viability of recovery.
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Figure 20. Comparison of the arithmetic mean content of trace elements in bulk-rock analyses of
samples from the Cu-Ag and Zn-Pb sediment hosted deposits in Poland relative to their average
contents in the Earth’s crust [93].

In the Zn-Pb deposits, the distribution of trace elements (e.g., Cd, Ag, Ga, In, and Ge) is typical
for this type of deposits [14,15,28,29,36,75,76]. The considered Zn-Pb sulfide ores were represented
mainly by sphalerite + galena + pyrite/marcasite and contain critical elements such as Ge, In, Ga,
Sc, Hf, Nb, and Ba. In the studied samples, their average contents and enrichment factors are low.
In the plot comparing the arithmetic mean of elements content to their content in the Earth’s crust [93],
it is evident that several critical elements, such as Ga, In, Hf, Nb, Sc, V, Co, W, Pt, Pd, and REE
show depletion of their concentrations in the Earth’s crust (Figure 20). For this reason, their recovery
is technically and economically unviable. Only gallium, despite the low enrichment factor (x2.4,
Table 12, arithmetic average = 44 ppm, maximum < 177 ppm), has high estimated resources, so it
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could be recovered, as in other MVT deposits [11-13]. For the Zawiercie 3 deposit, it is estimated at
130 tons of Ga [1], and for the entire area > 1000 tons (Table 12). Currently, Ga is not recovered [87],
but formerly it was obtained at the Szopienice smelter after dusting with sphalerite concentrates [15].
Its distribution is associated with Zn. Indium concentrations are at a very low level <0.01 ppm (close
to detection limit), similar to its concentrations in sphalerite (<300 ppm). The arithmetic average
for Hf is high in whole rock samples (Figure 21) and amounts to 25 ppm (maximum content up to
314 ppm), but the enrichment factor is small. Germanium resources in the Zawiercie 3 deposit were
estimated at about 30 tons [1] and if its higher concentrations were found, it could be obtained during
metallurgical processing of Zn sulfide concentrates, as in several other MVT deposits [13]. Ba is a
very interesting element accompanying Zn-Pb ores showing high average concentrations (1.13% and
maximum 11.7%) in the samples studied. It is present in the form of barite, which postdates the ore
stage of mineralization, and in numerous samples overprinted galena mineralization. Barium is not
recovered in technological processes, although barite can be easily enriched from ores by gravity
methods. Cadmium is an important trace element not recovered in the processing of Zn-Pb ores [14].
Arithmetic mean of Cd in the samples = 440.2 ppm (maximum = 2100 ppm), and for Ag it is 13.4 ppm
(maximum = 102.7 ppm). The estimated Cd and Ag resources in nine deposits in this region are 21,770
tons and 930 tons, respectively [1]. Cadmium shows a very strong correlation with Zn distribution
(r =0.90) and weaker with Ag (r = 0.64). Electron probe microanalysis research showed that the main
carrier of Ag in the Zawiercie Zn-Pb deposit is sphalerite of different types (maximum = 3310 ppm),
and in the negligible range galena (maximum = 730 ppm). In turn, galena proved to be a carrier of Sb
(arithmetic mean = 1132 ppm and maximum <1.87 wt %).
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Figure 21. Comparison of arithmetic mean values of selected trace elements in the bulk-rock analyses
of Zn-Pb (MVT) and Cu-Ag (Kupferschiefer) sediment hosted deposits in Poland.

The presence of some toxic elements, Cr and T, was also found in Zn-Pb sulfide ores, although
their estimated resources are significant, they are characterized by low enrichment factor (Table 12).
Arsenic is also a toxic element, which, unlike T1, has enrichment (about x13) and is strongly associated
with the presence of pyrite/marcasite in Zn-Pb ores. Admixtures of As in pyrites are on average around
2237 ppm (maximum = 2.7 wt %).

The Cu-Ag ores are highly enriched in associated elements, such as Au, Pb, Ni, Re, and Se
(recovered) and Co, V, Mo, Hg, and Bi (not recovered) (Tables 6 and 12), [53,55,62-67,81,87,89,94-100].
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In smaller quantities there are PGE and REE. The group of elements critical for the EU include the
following: Co, V, Bi, Sb, Sc, PGE, and REE.

Among the critical elements, Co is particularly noteworthy [95-97]. The samples tested showed a
high arithmetic average content of Co = 243.3 ppm (maximum 5630 ppm) and an increased enrichment
factor (>x12, Table 11). Its distribution is strongly associated with the presence of Co and Ni minerals
in sulfide ore. Among them, sulfosalts dominate (cobaltite CoAsS and gersdorffite NiAsS), arsenides
(skutterudite CoAsj; and safflorite [(Co,Fe)As;]) are also common and sulfides (from siegenite group
(Co,Ni)3S4 and rammelsbergite NiS,) are rare. The second form of occurrence of Co and Ni are
isomorphic substitutions of other metals in ore minerals, especially in pyrite [65]. Our EPMA research
confirmed high admixtures of Co in the transient pyrite phases (up to 4950 ppm, along with Cu
(<£21.0 wt %), As (<4190 ppm), Ni (<1100 ppm), and Mo (<9790 ppm) admixtures. The estimated
Co identified resources in nine Cu-Ag deposits considered here are large as they amount to 137,440
tons [1] at average content of 243.3 ppm (Table 12). However, despite the favorable parameters, Co is
not recovered, because it goes to silicate slag in the process of converting, and separation of Co requires
expensive technology. Nevertheless, it is still possible to extract Co hydroxide from wastes obtaining
at various stages of metallurgical processing of Cu-Ag ores [66,84,98]. Vanadium is another important
critical element with significant reported resources, approximately 171,410 tons (in seven deposits) [1],
which is also not recovered in the processing of the Cu-Ag sulfide ores. According to our research, its
arithmetic mean content in the studied bulk-rock ore samples is 740.2 ppm (maximum 2393 ppm V).
However, its enrichment factor is not very high (x4.6). Although it shows a strong correlation (r = 0.90)
and weaker with extracted Se and Cu (r = 0.63), V recovery is considered unprofitable. It should
be noted that V has a strong correlation with other strategic elements, i.e., Ta (r = 0.71), Hf and Sc
(r=~0.70).

Other critical elements, Bi, Sb, and Sc with relatively high estimated resources are also present
in Cu-Ag deposits (Table 12) but due to the low values of the enrichment factor, their extraction
possibility is limited. It should be noted that in the economics of the entire sulfide ore processing
(chalcocite + bornite + chalcopyrite with a differentiated proportion of Zn-Pb-Fe sulfides), low contents
of some critical elements should not be decisive for their recovery, because many of them are enriched
in the phase of mechanical processing and flotation, as well as during metallurgical smelting of Cu
concentrates and metal refining processes.

Platinum group metals are recovered from the anode slimes produced during the electrolytic
refining of Cu-Ag ores, meanwhile they have higher concentrations in the oxidized Rote Faule rocks
that are not mined. Similarly, Au and REE (especially MREE, cf. Figure 17B) are present in larger
amounts in oxidized, rather than reducing, rocks [78,80-83,100]. Because oxidized rocks are barren in
Cu and Ag, production of Au, PGE, and REE (especially MREE) from oxidized rocks would require a
selective operation and mining at a considerable distance from current mine workings. Nevertheless,
the possibility of recovering both PGE, Au and REE, from oxidized rocks should be considered by
current and future mining investors. As a result, current annual production (about 0.5 tons Au,
e.g., in 2018, 523 kg and several dozen kg of Pt-Pd slime [1]), could increase.

The Cu-Ag deposits also contain non-critical elements (Re, Se, Mo, and Ni), of which Re, Se,
and Ni are recovered. Rhenium occurs at a moderate content in the deposit (less than 1 ppm [94]), but
with a significant concentration in relation to the Earths’ crust exhibiting a very strong enrichment in
relation to the Earth’s crust (x14,500, Table 11). It concentrates mainly in shale ore as an admixture
in Mo minerals and in organic matter [65,67]. Rhenium shows a weak correlation with Cu and V
(r = 0.55). The average concentration of Re in the samples tested was 5.8 ppm (maximum 68.7 ppm),
however, mastering the technology of obtaining ammonium perrhenate from washing sulfuric acid
allows its production, which, in 2018, amounted to 9.09 tons [1]. Selenium, despite low concentrations
in the Cu-Ag ore (arithmetic mean = 28.8 ppm and maximum 109 ppm), is also recovered from anode
slimes, which is supported by a high enrichment factor (>x500) (Table 11). It occurs as a significant
substitution for S in chalcocite (up to 1620 ppm), other Cu sulfides, and in galena [53,64,65]. A number
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of rare Cu-S minerals (e.g., djurleite, roxbyite, geerite, and yarrowite) contain admixtures of Se (together
with Ag, Zn, and Bi), less often as Se minerals (tiemannite and clausthalite). In addition, study of the
oxidized samples showed significant admixture of Se in tennantite (<8.27 wt %). Estimated resources
of Se are quite significant [4], and its production in 2018 amounted to 66.36 tons Se [1]. Nickel and
Mo occur in significant resources in the Cu-Ag deposits. Nickel resources are estimated at 87.27 kt (in
seven deposits) and Mo resources at approximately 73.04 kt (in seven deposits), [1]. In the samples
studied, the arithmetic means of Ni and Mo contents are relatively high (194 ppm and 120.3 ppm,
respectively). Nickel and Mo show a mutually strong correlation (r = 0.7) and a strong correlation
with Co distribution and weaker with Cu. Nickel is recovered as Ni sulfate, however, the recovery of
Mo is still unprofitable, despite its relatively high content in the Cu-Ag deposit, especially in shale
ore [67,84]. Of the other associated elements, a high enrichment factor (x500) reveled Sb and weaker
(x200) Hg, As, and Au, and much weaker Bi (x100) and Mo (x70) (Figure 20).

5.2. Genetic Implications for Trace Element Enrichment

Zn-Pb (MVT) deposits in the Silesia-Cracow district formed as a result of the migration of warm
(70 to 160 °C) highly saline (20 to 23 wt % CaCl, equivalent) and metal-bearing Na-Ca-Cl fluids into the
Triassic host carbonates and precipitation of hydrothermal dolomite and sulfides [31]. The mineralizing
fluids started migrating upward along faults in response to the Early Cretaceous crustal extension
preceding the opening of the northern Atlantic Ocean. It is believed that the main source of metals was
coal-bearing Carboniferous molasse sequence in the Upper Silesia coal basin that underline part of
the Zn-Pb district. This view is supported by results of the isotopic study of Pb in galena and sulfur
in sulfides [36]. The §3S values of sulfides are in a very wide range from +2%o to +12%o (for one
and two stages of ore mineral succession, Figure 9) and sulfides from stage three are characteristically
depleted in 534S, with 534S values mostly between —2%o and —15%. [21,36], indicating reduced biogenic
sulfur. The ore minerals precipitated from highly saline fluids enriched in Na* cations that were
episodically introduced into the Triassic host rocks [31]. The content of trace elements in sulfides
shows large variation between different paragenetic stages and as compared with world MVT deposits,
the Silesian-Cracow ores contain sphalerite with the largest range of Ag, Fe, and Cd. Thallium and As
are remarkably high in some galena and sphalerite, reaching thousands ppm or even weight percent
level [28,29,36]. These wide ranges in trace elements content can be interpreted as mixing fluids,
for example, function of the complex pH chemistry of groundwater and ascending low temperature
hydrothermal fluids during their migration through different geochemically distinct Mesozoic and
Paleozoic formations [5,21,28,29,34,35]. This study confirmed that sphalerite contains substitutions
such as Zn?* « Fe?* and Zn?* o Cd?, as well as coupled substitutions of other trace elements,
as suggested by Cook et al. [75].

In the case of the Cu-Ag Kupferschiefer deposits, two main metal sources have been considered,
i.e., rocks of the pre-Permian basement, and Rotliegend red beds and volcanic rocks [41,52-54,101,102].
Metals were leached by oxidizing chloride-rich solutions from labile mineral constituents of the
red beds. The Kupferschiefer mineralization resulted from upward and laterally flowing fluids
which oxidized originally pyritiferous organic matter-rich sediments to form hematitic Rote Faule
areas, which emplaced base and associated elements into reduced sediments. Long-lived and
large-scale lateral fluid flow caused the cross-cutting relationships, expansion of the hematitic
alteration front, redistribution of metals, and the location of Cu ore bodies directly above and
around oxidized areas. As a result of fluid circulation, metals are distributed throughout the
Lubin-Sieroszowice deposit depending on the distance from the feeder areas and the local geochemical
environments. The metals are zoned both vertically and horizontally in the sequence Fe3*(Au, Pt,
Pd)-Cu(Ag)-Pb-Zn-Fe?* in distinct zones around oxidized areas and typical paragenetic sequence
includes hematite (goethite)-covellite-chalcocite-bornite-chalcopyrite—galena—sphalerite—pyrite in
which hematite postdates sulfides. Cu-S-type sulfides are younger than Cu-Fe-S-type sulfides and
framboidal pyrite is the earliest [52,53,55,56,58]. This deposit is polymetallic, because Ag coexists with
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Cu, and significant amounts of Pb, Zn, Co, Mo, Ni, V, Se, and Re can also be associated locally with Cu
mineralization [62-64]. Silver is more concentrated in ore in the eastern part of the Lubin-Sieroszowice
deposit as compared with its western part [60]. Cobalt predominates over Ni in the western part
of the Lubin-Sieroszowice deposit, while the relationship between them in the eastern part is the
opposite [96-98]. Cobalt occurs as an associated metal with a relatively high average content of 50
to 80 ppm, however, it is difficult to apply an efficient technology for its recovery [15,66,84,85,98].
Vanadium is not recovered as it concentrates in organic matter (up to 5 wt%) and its distribution
in the ore series is not dependent on the intensity and type of mineralization [99]. In turn, Re
concentrations are higher in the southern parts of the deposit than those in the northern parts [94].
Gold, platinum-group metals, and REE are restricted mostly to the oxidized rocks [78,80-83,100].
Regional arrangement of main and trace elements implies that they were extensively redistributed
by upward and laterally spreading fluids. This is clearly evidenced by the telescoping nature of the
mineralizing system and distinct zones around oxidized areas [53]. Gold, PGE, and MREE accumulated
predominantly in the oxidized rocks but base and trace elements were removed from those rocks due
to oxidative alteration and concentrated successively at the redox interface while the fluids migrated
further out from the feeder areas.

6. Conclusions

Our geochemical and mineralogical investigation of ore-bearing samples from the sediment
hosted Zn-Pb (MVT) and Cu-Ag Kupferschiefer (SSC) deposits confirms that it is necessary for
mining investors to consider the possibility of recovering several elements not extracted until now as
by-products from Zn-Pb and Cu-Ag sediment-hosted deposits. Among trace elements, Ga, Cd, Ag,
and Ba (to a lesser extent Hf, Sb, and Sc) in Zn-Pb deposits and Co, V, and Mo (to a lesser extent Bi and
Sb) in Cu-Ag deposits deserve special attention, especially the critical elements of strategic importance.
Their recovery does not currently seem profitable because of uneconomic concentrations and the lack
of recovery technologies in processing and metallurgy. However, in the future, new technologies for
the extraction of trace elements from ores and increasing demand should enable the production of
these elements, despite their relatively low content in these deposits.
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Table A1. Ore Minerals Recognized Microscopically in Studied Boreholes from the Cu-Ag Kupferschiefer Deposits on the Fore-Sudetic Monocline in Poland.

Zechstein Limestone (Cal)

Kupferschiefer (T1)

Weissliegend (Ws)

Borehole Princ'i pal Ore Associated Minerals Princ.i pal Ore Associated Minerals Princ'ipal Ore Associated Minerals
Mineral Mineral Mineral
S-389 digenite covellite, chalcocite, pyrite, hematite covellite digenite, hematite - -
S-391 digenite covellite, chalcocite, }éeorﬁftite’ electrum, native chalcocite digenite, covellite, bornite, hematite chalcocite hematite, goethite
S-428 digenite covellite, bornite, electrum, native gold, hematite chalcocite hematite chalcocite hematite
S-115 sphalerite galena, pyrite, chalcopyrite galena chalcopyrite, sphalerite, pyrite chalcopyrite sphalerite, galena, pyrite, bornite
S-117 chalcopyrite bornite, sphalerite, covellite, galena bornite chalcopyrite, covellite, galena bornite covellite, sphalerite, galena, pyrite, chalcopyrite
S-303 pyrite galena, sphalerite, chalcopyrite - - bornite chalcopyrite, covellite, digenite, galena, pyrite
S-262 digenite chalcocite, bornite, pyrite chalcocite chalcoii}%g?;,teé;(e):;tsel/);g::ilt?’pyri te chalcocite digenite, covellite, Ik;(érralliltce’glghalcopyrite, pyrite,
S-269 bornite chalcopyrite, covellite, digenite, galena, chalcocite - - chalcopyrite hematite, goethite
S-95 chalcocite digenite, chalcopyrite digenite chalcocite, Ag alloys chalcocite digenite, hematite
S-99 digenite chalcocite, covellite, bornite chalcocite digenite, bornite, covellite - -
S-192 covellite bornite, chalcopyrite, digenite - - covellite bornite, digenite, chalcocite, native Au, hematite
S-64 digenite chalcocite, coveél(i)tl:’l;(;ﬁ:;,t slectrum, native digenite covellite, Chﬁzﬁgﬁge' electrum, chalcocite covellite, hematite
S-65 digenite covellite chalcocite bornite, digenite digenite chalcocite, covellite,:;)Zrhige};stennanﬁte, electrum,
S-232 chalcopyrite galena, sphalerite, bornite, pyrite - - galena chalcopyrite, sphalerite, bornite
S-171 chalcocite digenite, covellite, bornite - - chalcocite digenite, covellite, Ag alloys
S-196 digenite chalcocite, covellite, bornite, chalcopyrite, galena - - digenite bornite, covellite, Ag alloys
S-209 chalcopyrite bornite, covellite, galena, sphalerite, pyrite - - bornite chalcopyrite, galena, covellite, sphalerite
S-39 chalcopyrite sphalerite, bornite chalcocite digenite, bornite, hematite goethite, chalcopyrite
S-137 chalcocite digenite, bornite chalcocite digig:s;i:{g ,li}tz’ne‘ ii:tt;um, chalcocite covellite, hematite
S-186 digenite bornite, covellite, chalcocite, chalcopyrite digenite bornite, covellite, chalcocite, chalcocite digenite, covellite, galena, chalcopyrite, sphalerite

chalcopyrite
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