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We describe the mineralogy and geochemistry of three deep (>1500 m BGL) Kupferschiefer-type deposits of the
Fore-Sudetic Monocline: Nowa Sél, Mozéw and Sulmierzyce North, which have been recently documented by the Canadian
Miedzi Copper Corporation. Together with other known prospective areas, they form an extensive E-W-trending belt, re-
ferred to as the Northern Copper Belt. Samples from the 22 boreholes were examined, focusing on the Kupferschiefer-ore
sensu stricto, since in each deposit the richest Cu-Ag mineralization occurs in shales. The ore minerals identified include
chalcocite, digenite, djurleite, covellite, bornite, chalcopyrite, minerals from the tennantite-tetrahedrite group, native silver,
silver amalgams, stromeyerite, minerals from the cobaltite-gersdorffite series, galena, sphalerite, pyrite and native bismuth.
In the Nowa So¢l and Mozéw deposits, Cu-S-type minerals dominate the Cu-mineralization, while in the Sulmierzyce North
deposit, apart from the Cu-S-type minerals, the ore mineral assemblage comprises also chalcopyrite and the tennan-
tite-tetrahedrite group minerals. In the Nowa Sél deposit, Ag-bearing and Ag-barren chalcocite have been distinguished.
Chalcocite from two other deposits is Ag-barren. Two types of Ag-amalgam have been identified: Hg-rich and Hg-poor. Other
Ag minerals (stromeyerite and native Ag) also contain Hg admixtures. The chemical composition of bornite (which is the sec-
ond most common ore mineral in each deposit) shows no significant variation. Only in the Nowa So¢l deposit were minor
amounts of Ag-bearing bornite identified. Co-Ni minerals from the Nowa Sél deposit are represented by middle members of
the cobaltite-gersdorffite series. The newly documented deposits of the Northern Copper Belt belong to the same
Kupferschiefer-type as well-known deposits of the Lubin-Sieroszowice area. However, some differences in distribution of ore
mineralization and its chemical composition have been noted between these two areas. The results obtained support the
generally accepted view, that the development of the Cu-Ag deposits of the Fore-Sudetic Monocline was a long-lasting,
multiphase process.
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INTRODUCTION The deposits of the NCB have been documented by the Ca-
nadian Miedzi Copper Corporation (MCC) in co-operation with
the Polish Geological Institute — National Research Institute

The Northern Copper Belt (NCB) consists of three deep  and the Faculty of Geology of the University of Warsaw. Details

Cu-Ag deposits, documented recently in SW Poland: Nowa Sd,
Mozoéw and Sulmierzyce North (Fig. 1). Apart from that, the
NCB includes several areas prospective for Cu-Ag resources,
as well as numerous smaller occurrences of high-grade Cu-Ag
mineralization requiring further characterization (Oszczepalski
et al., 2019; Zielinski et al., 2022).

We focus on thorough analyses of the mineralization in the
shale ore of the Nowa Sdl, Mozéw and Sulmierzyce North de-
posits, detailing the mineralogical and geochemical characteris-
tics of each deposit, determining the main differences between
them, and comparing them with the better-known Cu-Ag depos-
its of the Lubin-Sieroszowice area (SW Poland).
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of the exploration program conducted by the MCC are de-
scribed in Speczik et al. (2021). For each deposit, geological
documentation was prepared and resources of Cu and Ag were
calculated, together with the resources of several accompany-
ing elements, such as Pb, Zn, Co, Ni, Mo and V. These
documentations were approved by the Polish geological admin-
istration, confirming the feasibility of future development of the
documented resources. Furthermore, technical reports and
pre-feasibility studies were prepared, showing that mining oper-
ations in each of these deposits are economically justified.
More information on the resources can be found in Speczik et
al. (2022).

The deposits documented belong within sediment-hosted
stratiform copper deposits (SSC), also referred to as Kupfer-
schiefer-type. In Europe, deposits of this type are associated with
the German and Polish parts of the Zechstein Basin. In Poland,
Kupferschiefer-type deposits are related to the North-Sudetic
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Fig. 1. Location of the Northern Copper Belt (including deposits documented by the MCC and other prospective areas) and the
current mining areas of the New Copper District, on a map of metal distribution within the Zechstein Basin in the SW Poland
(modified after Oszczepalski et al., 2019)
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Trough (the so-called Old Copper District) and the Fore-Sudetic
Monocline (FSM). Deposits occurring in the southernmost part of
the FSM, in the Lubin-Sieroszowice area (New Copper District;
Fig. 1), are currently mined at depths between 700 and 1250 m
BGL. Recently documented deposits occur in distal NW-NE
parts of the FSM, at depths ranging between 1600 and 2500 m
BGL. Together with other known occurrences of Cu-Ag mineral-
ization, they form an extensive prospective area.

In recent years, detailed studies of ore mineralization in the
deposits in question have been carried out. Oszczepalski et al.
(2019) described the distribution of prospective areas with hy-
pothetical and speculative Cu-Ag resources in SW Poland, as

well as preliminary descriptions of the Nowa Sél, Mozéw and
Sulmierzyce North deposits, including the results of petro-
graphic studies of ores from these deposits. Bienko and
Pietrzela (2022) characterized the Nowa Sol deposit (which is
the most accurately documented of the NCB deposits) and dis-
cussed the metal zonation in this deposit. Subsequently,
Pietrzela and Bienko (2023) described distribution patterns of
the main and accompanying metals in the Nowa Sdl, Mozow
and Sulmierzyce North deposits and outlined the differences
between them. The metal distribution in the NCB deposits have
also been compared with other European Kupferschiefer-type
deposits. Both studies included also petrographic data, to-
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Fig. 2. Geology of the Kupferschiefer-type deposits of the FSM

A — stratigraphic position of the Zechstein Cu-bearing series and distribution of geochemical zones (modified after Oszczepalski et al.,
2019); B — schematic cross-section of the Cu-Ag deposit with the position of epigenetic oxidized facies (Rote Faule)

gether with photomicrographs. This article details microscopic
observations and chemical microanalyses of the ore mineral-
ization in the shale ore of the three NCB deposits. In the
Kupferschiefer-type deposits of the FSM, ore mineralization
may occur in three lithological units (carbonates, shales and
sandstones). The Kupferschiefer-ore sensu stricto most com-
monly hosts mineralization of the highest grade, and is also the
most representative as regards the mineralogy and geochemis-
try of the Cu-Ag mineralization. Carbonate ore from the Nowa
Sol, Mozéw and Sulmierzyce North deposits contains only mi-
nor proportion of the Cu-Ag mineralization (co-occurring with
Pb-Zn mineralization), while sandstone ore does not occur in
the Mozéw and Sulmierzyce North deposits. Newly obtained
data include many photomicrographs of the shale ore from
each deposit, detailed descriptions of the sulphide mineraliza-
tion and chemical compositions of the ore minerals identified,
together with their empirical formulae. Comparison of the re-
sults from the three deposits investigated with the deposits of
the Lubin-Sieroszowice area are also made.

GEOLOGICAL SETTING
The pre-Permian basement in the area of the FSM consists

of Early Paleozoic metamorphic rocks and Carboniferous
clastic rocks and granites, which were folded and consolidated

during the Late Carboniferous Variscan orogeny (Kiersnowski
and Petecki, 2017). The post-Variscan cover, comprising
Permo-Mesozoic and Cenozoic strata, dips gently to the NE
and unconformably overlies Paleozoic basement (Ktapcinski,
1971; Fig. 2A).

The Kupferschiefer-type deposits of the FSM are associated
with the contact zone between Permian continental red beds
(Rotliegend) and upper Permian Zechstein marine rocks (Fig. 2A).
Occurrences of ore mineralization are confined to the uppermost
part of Rotliegend terrestrial sandstones and Zechstein marine
sandstones, collectively referred to as Weissliegend and the
shale-carbonate succession of the PZ1 cycle, comprising the
Kupferschiefer and the Zechstein Limestone.

Lithostratigraphic descriptions of the Cu-bearing series can
be found in many papers (e.g., Rydzewski, 1964; Kfapcinski,
1971; Wyzykowski, 1971; Peryt, 1978, 1989; Nemec and Po-
rebski, 1981; Tomaszewski, 1981; Oszczepalski and Rydzew-
ski, 1987; Oszczepalski, 1989; Peryt and Oszczepalski, 2007;
Poszytek and Suchan, 2016; Oszczepalski et al., 2019). The
Weissliegend is composed of fine-grained, quartz sandstones.
Their lower part represents aeolian-fluvial or dune sandstones,
while the upper part consists of shallow marine sandstones.
The Kupferschiefer is a typical black shale, deposited under re-
ducing conditions of a stratified epicontinental sea. It can be
represented also by laminated black mudstones, marls and car-
bonates, depending on the proportions between the main com-
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ponents, which are clay minerals (mainly illite with minor mont-
morillonite and kaolinite), carbonates (dolomite commonly pre-
vails over calcite) and organic matter. The lithological profile of
the Zechstein Limestone shows a regressive pattern. Its lower
part is represented mainly by mudstones, while in the upper
part wackestones, packstones and boundstones occur.

Occurrences of Cu-Ag mineralization in the Permian depos-
its, locally forming rich stratiform orebodies, are intimately re-
lated to the secondary, oxidative, Fe**-bearing, red-coloured fa-
cies, referred to as Rote Faule (Rydzewski, 1964, 1978; Osz-
czepalski, 1989, 1994, 1999; Pittmann et al., 1989; Speczik,
1995; Pieczonka, 2000; Bechtel et al., 2002; Oszczepalski et
al., 2002). Widespread areas of extensive oxidation occur pre-
dominantly in the vicinity of palaeo-elevations (such as
Fore-Sudetic Block and Wolsztyn elevation; Fig. 1). High-grade
Cu-Ag mineralization is restricted to the areas proximal to the
Rote Faule. Orebodies occur at the closest vicinity of the redox
boundary, on its reduced side.

The mineralization system is transgressive and usually
steeply crosscuts stratification (Rydzewski, 1964; Oszcze-
palski, 1989, 1999; Speczik, 1995; Borg et al., 2012; Oszcze-
palski et al., 2019). The location of ore mineralization with re-
spect to the distribution of oxidized and reduced facies within
the lower Zechstein strata is shown in Figure 2B. Moving out-
wards from the central parts of the Rote Fule areas, the redox
boundary progressively cuts lower lithological units. Conse-
quently, the sulphide mineralization also moves downwards in
the lithological profile, from the Zechstein Limestone, through
the Kupferschiefer, down to the Weissliegend

Apart from Fe-oxides (hematite), the oxidized rocks contain
relicts of sulphide grains and pseudomorphs after pyrite
framboids occurring originally in the lower Zechstein strata
(Rydzewski, 1969; Oszczepalski, 1999). They commonly ex-
hibit Au, Pt and Pd enrichment (Piestrzynski et al., 1996, 2002;
Speczik et al., 1997; Piestrzynski and Pieczonka, 1997; Osz-
czepalski and Rydzewski, 1998; Pieczonka et al., 2008). A tran-
sition zone is distinguished at the contact between the oxidized
and reduced facies (Oszczepalski, 1994, 1999).

The Kupferschiefer-type deposits of the FSM are character-
ized by a large-scale metal zonation pattern, both in the lateral
and vertical distribution of metals (Rydzewski, 1976, 1978;
Kucha, 1990; Speczik, 1995; Oszczepalski, 1999; Pieczonka et
al., 2007; Pieczonka, 2011). It grades from an Fe®" hematitic
Rote Féule zone, through a noble metal (Au, Pt, Pd) enrichment
in the transition zone, a redox-proximal Cu zone with Ag enrich-
ments, a widely overlapping Pb-Zn zone (with Pb being more
proximal and Zn more distal), into a Fe?" zone containing
syndiagenetic pyrite.

Despite the ongoing debate on the genesis of the Kupfer-
schiefer mineralization, it is generally agreed that its formation
was a result of large-scale fluid migration (Rydzewski, 1976;
Speczik et al., 1986; Jowett et al., 1987; Oszczepalski, 1989,
1999; Cathles et al., 1993; Wodzicki and Piestrzynski, 1994;
Speczik, 1995; Bechtel et al., 2002; Borg et al., 2012). The main
mineralizing event has been considered either early-to-late
diagenetic (Rydzewski, 1976; Oszczepalski, 1989, 1999;
Oszczepalski and Rydzewski, 1991; Wodzicki and Piestrzynski,
1994, Speczik et al., 1986) or late diagenetic-epigenetic (Jowett,
1986; Kucha and Pawlikowski, 1986; Blundell et al., 2003; Borg
et al., 2012). The latter model was based mostly on various dat-
ing methods, indicating a Triassic age of mineralization (Jowett
et al., 1987; Bechtel et al., 1999; Mikulski and Stein, 2017).

It is commonly agreed that there were several sources of
metals in the mineralizing fluids responsible for the formation of
European Kupferschiefer-type deposits, the main one being the
Rotliegend strata, filling a fault-controlled basin that formed at
the beginning of the Permian within the Variscan orogenic belt
(Speczik et al., 1986; Kucha and Pawlikowski, 1986; Jowett,
1986; Jowett et al., 1987; Oszczepalski, 1989; Wodzicki and
Piestrzynski, 1994; Blundell et al., 2003; Borg et al., 2012). The
metals leached from the Rotliegend volcanic rocks were carried
in solution as chloride complexes, through the redbeds, up the
flanks of buried basement highs, to the reduced pyritic Kupfer-
schiefer. Convective fluid circulation may have been generated
by high post-Variscan heat flow and thermal events connected
with intracontinental Permian rifting (Speczik et al., 1986;
Oszczepalski, 1999) and/or by burial of the Permian strata and
extensional rifting during the Triassic (Jowett et al., 1987; Blun-
dell et al., 2003).

Generally, it seems plausible that the origin of the Kupfer-
schiefer mineralization was a multiphase and long-lasting pro-
cess, which continued for tens of millions of years after deposi-
tion of the Kupferschiefer shales (Cathles et al., 1993; Wodzicki
and Piestrzynski, 1994; Speczik, 1995; Alderton et al., 2012).

MATERIALS AND METHODS

Borehole core samples obtained by the MCC were exam-
ined. During the exploration program, petrographic and miner-
alogical samples were collected from each core and thin sec-
tions were prepared (Speczik et al., 2021). In this study, only
boreholes that encountered rich Cu-Ag mineralization in the
shale ore were selected. In the Nowa Sdl deposit, ore mineral-
ization in the Kupferschiefer was documented in 16 boreholes
drilled by the MCC. In the Mozéw deposit, mineralized shales
occur in 2, and in the Sulmierzyce North deposit in 4, boreholes
drilled by the MCC.

Thin sections from the shale ore from the three deposits
were observed in transmitted and reflected light, using a NIKON
ECLIPSE E600 polarizing microscope. Photomicrographs were
taken and petrographic and mineralogical descriptions were
made. On this basis, 10 samples from 8 boreholes of the Nowa
Sdl deposit, 3 samples from 1 borehole of the Mozéw deposit
and 4 samples from 3 boreholes of the Sulmierzyce North de-
posit were selected and examined.

Ore minerals were identified by scanning electron micros-
copy (SEM), using a ZEISS AURIGA 60 (CryoSEM), equipped
with a focused ion beam (FIB) and a Bruker EDS XFlash 6|30
spectrometer. BSE (back-scattered electron) images of se-
lected samples were acquired. EDS (energy dispersive spec-
troscopy) analyses were used to estimate the elemental com-
position of the mineral phases, by obtaining spectral images of
the minerals investigated. Elemental distribution maps of se-
lected elements were also prepared.

Subsequently, samples were examined using a CAMECA
SX-100 electron probe micro-analyser (EPMA). Elemental
composition of minerals were acquired using WDS (wavelength
dispersive spectroscopy) analyses. Results were used to calcu-
late empirical formulas of identified ore minerals. The following
parameters were used during the EPMA analyses: accelerating
voltage of 25 kV, beam current ranging between 10 and 15 nA,
beam size ranging between 1 and 5 ym, acquisition times of
20 s both at the peak position and the background position for
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sulphur and acquisition times of 30 s both at the peak position
and the background position for other elements. The spectral
lines used included SKa, ZnKa (ZnS), FeKa (Fe,O3), CoKa
(Co0), NiKa (NiO), CuKa (CuFeS,), AsKa (ZnAs;), AgLa
(Ag2Te), HgLa (HgTe), BiMa (BizTes), AuLa (native Au), CdLa
(CdS), and SbLa (native Sb).

All analyses were made at the Faculty of Geology, Univer-
sity of Warsaw.

GENERAL CHARACTERISTICS
OF THE DEPOSITS STUDIED

THE NOWA SOL DEPOSIT

The Nowa Sél deposit is located in the NW part of the FSM,
between the Fore-Sudetic Block and the Wolsztyn elevation. It
covers an area of 119 km?, with the depth of the ores ranging
between 1770 and 2150 m BGL. Recently updated resources
(calculated in the appendix to the geological documentation as
of 31.12.2021) are 846 Mt of ore containing 10.96 Mt of Cu and
35.32 kt of Ag. The thickness of the ore deposit varies from 0.3
to 5 m (2.6 m on average), with average grades of 1.98% Cu
and 90 ppm Ag (the threshold values of parameters that define
the boundaries of each of the mineral deposits can be found in
Speczik et al., 2020).

This deposit is located at the edge of the Zielona Goéra oxi-
dized field. Distribution of the oxidized and mineralized zones
follows the general pattern characteristic of the Kupfer-
schiefer-type deposits of the FSM. In the SW part of the deposit,
closest to the oxidized field, the Rote Faule facies reaches the
base of the Kupferschiefer. Here, ore mineralization occurs in
shales and carbonates, while sandstones are barren. Locally,
even the Kupferschiefer is oxidized and ore mineralization cov-
ers only the upper part of the Zechstein Limestone. Towards the
NE and SE, oxidation moves downwards in the lithological pro-
file and the redox boundary is located below the top of the
Weissliegend. Consequently, in the central and SE parts of the
deposit, ore mineralization occurs within all three ore types,
while at the northern and NE margins of the deposit, the ore se-
ries comprises only sandstones and shales. As a result, a pro-
portion of 49% of the total Cu resources and 34% of the Ag re-
sources of the deposit are hosted by sandstone ore. Carbonate
ore contains 45% of Cu and 30% of the Ag resources. Shale ore
hosts “only” 6% of the Cu resources and 36% of the Ag re-
sources, but is characterized by high average grades: 6.42
wt.% Cu and 222 ppm Ag. Average grades of sandstone ore
are 1.17 wt.% Cu and 63 ppm Ag, while average grades of car-
bonate ore are 1.03 wt.% Cu and 70 ppm Ag.

The thickness of the Kupferschiefer varies from 0.05 m to
0.59 m (on average 0.24 m). Its lowermost part is composed of
black, clayey shales with a significant proportion of organic mat-
ter. Locally, it is represented by bituminous shales (southern
part of the deposit). Laminae or lenses of detrital grains (quartz,
rare feldspars, muscovite, lithoclasts and single heavy mineral
grains) were also observed. Towards the upper part of the
shales, the proportion of clayey minerals, organic matter and
quartz grains decreases, and the content of carbonates in-
creases (mainly dolomite, calcite is rare). The uppermost part of
the Kupferschiefer consists of dark grey dolomitic shales.

THE MOZOW DEPOSIT

The Mozdw deposit is located in the NW part of the FSM, 22
km to the NE of the Nowa Sél deposit. Its area is 31 km?, and
the depth of the ores ranges from 2370 to 2540 m BGL. The de-
posit contains 223 Mt of ore, comprising 4.27 Mt of Cu and 5.72
kt of Ag, grading 2.40 % Cu and 46 ppm Ag. The ore deposit
varies between 0.6 and 5.7 m thick (on average 2.56 m).

As with the Nowa Sl deposit, this deposit is located at the
edge of the Zielona Goéra oxidized field. Apart from that, the
small Radoszyn oxidized field is located several km north of the
Mozoéw deposit. The position of the redox boundary in the
lithological profile is very consistent in the area discussed. Most
commonly it is located at the base of the Kupferschiefer. Only
locally, in the southern part of the deposit, are the lowermost
several centimeters of shales oxidized. Thus, the ore series
consists of the Kupferschiefer and Zechstein Limestone in vari-
ous proportions, while the sandstones are barren. In the west,
only the lowermost 0.3 m of the Zechstein Limestone contains
Cu-sulphides. In the central and NE parts of the deposit it is
1-2.4 m, while in the north itis 5.5 m. 75% of the Cu and 58% of
the Ag resources are hosted by carbonate ore, while 25% of the
Cu and 42% of the Ag resources occur in shale ore. However,
the shale ore is characterized by higher average Cu and Ag
grades of 5.23 wt.% and 90 ppm, respectively, while in carbon-
ate ore it is 1.76 wt.% Cu and 28 ppm Ag.

The thickness of the Kupferschiefer ranges from 0.20 m to
0.60 m (on average 0.32 m) and it is developed similarly as in
the Nowa Sél deposit. In its lowermost part, clayey minerals and
organic matter prevail over carbonate minerals. Admixtures of
detrital grains are observed. Towards the upper part of the
shales, the proportion of carbonates increases, while detrital
grains are scarce.

THE SULMIERZYCE NORTH DEPOSIT

The Sulmierzyce North deposit is located in the NE part of
the FSM, to the SE of the Wolsztyn elevation. It covers an area
of 61 km?, with the depth of the ores varying between 1400 and
2000 m BGL. The resources of the deposit are 267 Mt of ore
containing 5.43 Mt of Cu and 6.87 kt of Ag. The thickness of the
ore deposit ranges from 0.8 to 4.3 m (average 1.8 m), and
grades 2.06 % Cu and 26 ppm Ag.

The deposit is located between two major oxidized fields:
Ostrzeszéw and Chwaliszew. Moreover, numerous minor oxi-
dized areas have been recognised in the Sulmierzyce North
area (Oszczepalski and Chmielewski, 2015). The redox bound-
ary is generally located just above the Weissliegend, therefore
the sandstones are barren. Only in one borehole in the SE part
of the deposit was a 6 cm layer of mineralized Weissliegend ob-
served. Locally, the lowest interval of the Kupferschiefer shows
oxidation (up to several cm thick). The upper range of the ore
series is more varied. At the northern and SE margins of the de-
posit, it comprises only Kupferschiefer. In the NE, SW and cen-
tral parts of the deposit, the lowermost part of Zechstein Lime-
stone also contains ore mineralization. In the northern/central
part of the deposit, ore mineralization reaches to around 3 m
above the Zechstein Limestone base. A characteristic feature
of the Sulmierzyce North area comprises drastic changes of the
oxidation range within a short distance. As a result, highly min-
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eralized profiles may be directly adjacent to entirely oxidized
ones. The exact extent of oxidized and reduced facies is difficult
to trace in the Sulmierzyce North area, due to the close vicinity
of several oxidized fields. The percentages by weight of both
carbonate and shale ore in the deposit are almost equal (53%
of carbonate and 47% of shale), but shale ore is characterized
by high average grades: 3.24 wt.% Cu and 38 ppm Ag, while for
carbonate ore itis 0.56 wt.% Cu and 4 ppm Ag. As a result, over
80% of Cu and 93% of Ag is hosted by shale ore.

A distinctive feature of this deposit is the thickness of the
Kupferschiefer, which changes from 0.73 to 1.50 m (on average
1.14 m). Apart from the Sulmierzyce North deposit, such thick
Kupferschiefer within the FSM has been documented only in
the Polkowice deposit (Lubin-Sieroszowice area). Apart from
typical clayey/carbonate shales (and minor bituminous shales),
marly shales and laminated marls are also common in this de-
posit. Locally, in the northern part of the Sulmierzyce North
area, typical black shales do not occur, and only laminated
marls are observed.

RESULTS OF MINERALOGICAL
AND GEOCHEMICAL STUDIES

THE NOWA SOL DEPOSIT

MINERALOGY

Shale ore of the Nowa Sol deposit is mineralized mainly with
chalcocite, commonly accompanied by digenite and/or djurleite.
Chalcocite also co-occurs with bornite in various proportions. An
accessory Cu-mineral is covellite. Among non-Cu minerals there
are native Ag, Ag-amalgams, stromeyerite, Co-Ni sulph-
arsenides, pyrite, galena, sphalerite and native bismuth.

Chalcocite occurs predominantly in the form of dissemi-
nated mineralization of various tenor (Fig. 3A, B). Chalcocite
grains are either irregular or elongated concordantly with the
shale lamination. Chalcocite replaces detrital grains, carbonate
minerals and pyrite framboids. Disseminated mineralization is
usually distributed evenly throughout the host rock. In the shale
ore containing particularly rich sulphide mineralization, abun-
dant accumulations of fine chalcocite grains were observed, in
the shape of continuous layers or lenses.

Coarse-grained chalcocite is also common, mainly as ag-
gregates, nests and lenses (Fig. 3C—E), accompanied by rich
disseminated mineralization. These often consist of semi-mas-
sive chalcocite and remnants of gangue minerals (Fig. 3C).
Less frequent is coarse-grained chalcocite replacing bioclasts.
For example, short and thick chalcocite lenses were docu-
mented, which are most likely replacements of foraminifera
(Fig. 3D). Chalcocite also replaces aggregates primarily com-
posed of multiple pyrite framboids. Moreover, chalcocite occurs
as lenses of various length and thickness (Fig. 3E). The least
common style of mineralization forms regular, continuous
chalcocite veinlets, usually concordant with shale lamination
(Fig. 3F), in places vertical or diagonal. In highly mineralized
samples, abundant accumulations of irregular, coarse-grained
chalcocite aggregates were observed, forming semi-massive,
continuous layers or lenses (Fig. 4A-D), always in association
with rich disseminated mineralization.

In the Nowa Sél deposit, chalcocite commonly co-occurs
with other Cu-S sulphides. In several samples chalcocite-di-
genite intergrowths have been documented (Figs. 3B and 4E).
Digenite forming its own aggregates is less frequent. It also ac-
companies chalcocite in the disseminated mineralization, butin
this case it is difficult to distinguish between the two minerals.

In some of the samples containing semi-massive, chalco-
cite-dominated mineralization, sulphide aggregates are com-
posed of two, or even three, intergrowing mineral phases, differ-

Fig. 3. Photomicrographs of the ore mineralization in the shale ore of the Nowa Sél deposit, reflected light

A — disseminated chalcocite (cc) mineralization; B — chalcocite (cc) and digenite (dg) lenses in association with the disseminated mineraliza-
tion; C — semi-massive chalcocite (cc) nest, cut by multiple chalcocite veinlets; D — chalcocite (cc) replacing bioclasts; E — numerous
chalcocite (cc) lenses, accompanied by disseminated mineralization; F — horizontal chalcocite (cc) veinlet, in association with disseminated

mineralization
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Fig. 4. Photomicrographs of the ore mineralization in the Nowa Sél deposit, reflected light

A — semi-massive layer composed of chalcocite (cc) and most likely djurleite (dju?), with many exsolutions of minerals from the cobaltite
(cbt) — gersdorffite (gdf) series; B — accumulation of chalcocite (cc)-djurleite (dju?) aggregates with numerous cobaltite (cbt) — gersdorffite
(gdf) exsolutions; C — exsolutions of cobaltite (cbt) — gersdorffite (gdf) series minerals, aligned along the boundaries of a chalcocite (cc) —
djurleite (dju?) composite; D — semi-massive aggregate of chalcocite (cc) and most likely djurleite (dju?), with cobaltite (cbt) — gersdorffite
(gdf) exsolutions; E — chalcocite (cc) - digenite (dg) intergrowths; F — diagonal veinlet composed of chalcocite (cc) and Ag-amalgam (AgHg),

accompanied by disseminated mineralization

ing only in the shade of their colour (Fig. 4A-D). In some cases,
it is hard to determine whether they are composed of two
slightly different varieties of chalcocite, or different minerals
from the chalcocite-group, e.g. chalcocite and djurleite. In gen-
eral, the physical and chemical similarities between some
members of the chalcocite group make them difficult to identify
by microscopic methods (cf. Piestrzynski, 2007).

Micro-analyses revealed only minor differences in the che-
mical composition of the observed Cu-S sulphides. The most
common Cu-S mineral is chalcocite; however, the results were
often inconclusive. In some of the samples, the presence of
digenite was confirmed. Some of the chalcocite-group minerals
revealed a chemical composition closer to stoichiometric djur-
leite. Interestingly, the chalcocite-djurleite composites (which
may be accompanied by digenite) contain numerous
exsolutions of Co-Ni sulpharsenides (Fig. 4C, D). They are also
associated with Ag minerals (mainly Ag-amalgams and stro-
meyerite).

Bornite is the second most common sulphide in the shale
ore of the Nowa Sdl deposit. It usually accompanies chalcocite,
both in fine-grained mineralization and in coarse-grained aggre-
gates (Fig. 5A, B). Disseminated bornite occurs as its own indi-
viduals or as fine intergrowths with chalcocite and digenite.
Bornite often replaces um-size pyrite framboids. Aggregates of
framboidal pyrite cemented by bornite were also observed.

Coarse-grained chalcocite-bornite composites may be ir-
regular and contain bornite in their inner parts, surrounded by
chalcocite (Fig. 5B). Bornite also co-occurs with chalcocite in
abundant accumulations of coarse-grained aggregates in the
form of semi-massive layers or veins (Fig. 5C—F).

In several samples, bornite was the dominant ore mineral,
mainly in the form of fine disseminations (Fig. 6A). Locally in the
bornite-dominate zones, shale ore contains numerous aggre-
gates of various sizes, composed of densely packed pyrite
framboids replaced by bornite (Fig. 6B, D). They may include
pm-size remnants of pyrite grains. Semi-massive layers com-
posed of bornite replacements of pyrite framboids were also
documented (Fig. 6C).

In the Kupferschiefer-type deposits of the FSM, several va-
rieties of bornite have been distinguished, slightly differing in
optical properties (e.g., Jarosz, 1966; Haranczyk, 1972; Kucha,
2007). In the samples studied, most bornite can be described
as orange (bn1; Figs. 5A-D and 6A—C), while pink bornite (bn2)
was occasionally observed (Fig. 5A, E, F). However, mi-
cro-analyses did not reveal any significant differences in their
chemical composition. In some of the samples, bornite contain-
ing Ag admixtures was identified in minor amounts, character-
ized by an orange-brown colour (bn3; Fig. 6D). This variety can
also replace pyrite framboids. Ag-rich bornite, co-occurring with
Ag-amalgams, can be described as brown-grey (bn4; Fig. 6E).
It was observed in those samples mineralized predominantly
with bornite.

Covellite occurs in minor amounts in the samples ana-
lysed. It accompanies other sulphides, mainly in the dissemi-
nated mineralization. It was observed in the form of fine-grained
intergrowths with digenite and/or bornite. Covellite may also ce-
ment pyrite framboids, together with bornite. It is an accessory
mineral in the chalcocite-dominated mineralization. Slightly in-
creased amounts of covellite were documented in the marginal
parts of the deposit, where Cu-sulphides (bornite, chalcocite,
digenite) are accompanied by pyrite, galena and sphalerite.
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Fig. 5. Photomicrographs of the ore mineralization in the Nowa Sél deposit, reflected light

A — abundant disseminated mineralization composed of chalcocite (cc), orange bornite (bn1) and pink bornite (bn2); B — aggregates of orange
bornite (bn1) surrounded by chalcocite (cc); C — semi-massive sulphide layer composed of chalcocite (cc) and orange bornite (bn1) in associa-
tion with disseminated bornite; D — bornite (bn1)-dominated mineralization with chalcocite (cc) intergrowths; E — semi-massive sulphide layer
composed of chalcocite (cc) and pink bornite (bn2); F — intergrowths of chalcocite (cc) with pink bornite (bn2) and minor galena (gn)

. 2
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Fig. 6. Photomicrographs of the ore mineralization in the Nowa Sél deposit, reflected light

A — disseminated mineralization composed of orange bornite (bn1); B — orange bornite (bn1) with remnants of pyrite framboids (py); C —
semi-massive layer composed of bornite (bn1) replacements of pyrite framboids (py); D — orange-brown Ag-bearing bornite (bn3) replacing
pyrite framboids, with remnants of pyrite grains (py); E — overgrowths of Ag-amalgam (AgHg) on brown-grey Ag-rich bornite (bn4); F —
chalcocite (cc) aggregate, with sphalerite (sp) intergrowths and native Ag inclusions; stromeyerite (smy) occurs at the contact between
chalcocite and native Ag
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Silver minerals include native Ag, Ag-amalgams and
stromeyerite. Native Ag and Ag-amalgams occur primarily in
the chalcocite-dominated mineralization. They form inclusions
in coarse-grained chalcocite aggregates and chalcocite veinlets
(Fig. 4F), as well as fine individuals dispersed in the host rock.
Moreover, native Ag was observed in the bornite-chalcocite
mineralization, mainly as fine grains and intergrowths with
Cu-sulphides disseminated in the host rock. Ag-amalgams
were recognised also in samples containing chalcocite-djurleite
composites (accompanied by digenite) with exsolutions of
Co-Ni sulpharsenides. Apart from that, overgrowths of
Ag-amalgam on brown-grey bornite were noted in the samples
mineralized predominantly with bornite (Fig. 6E). Stromeyerite
occurs as rims around native Ag and Ag-amalgam inclusions in
chalcocite aggregates and veinlets (Fig. 6D).

Co-Ni sulpharsenides occur commonly throughout the
Nowa Sol deposit, but mainly in the form of very fine grains
(usually several uym in size), dispersed in the shale ore, there-
fore they are difficult to document. However, locally, abundant
accumulations of Co-Ni sulpharsenides were observed in the
samples containing rich chalcocite-djurleite mineralization
(Fig. 4A-D). They form numerous, pm-size exsolutions in
coarse-grained aggregates of chalcocite group minerals. These
exsolutions are often arranged in regular lines or concentrated
along the boundaries of the sulphide composites (Fig. 4C). Dur-
ing chemical analyses, two members of the gersdorf-
fite-cobaltite series were recognised, differing in proportions be-
tween Co and Ni. Apart from that, a mineral composed of Ni and
As, with a low content of S and significant enrichment in Cu, was
noted (nickeline?).

Pyrite in the shale ore occurs mainly as remnants of
framboids, dispersed in the host rock, commonly cemented or
replaced by Cu-sulphides (e.g. bornite, chalcocite, covellite).
The most abundant concentrations of pseudomorphs after py-
rite framboids, in the form of densely packed aggregates, were
observed in the area where ore mineralization is dominated by
bornite. Increased amounts of pyrite grains were noted in the
marginal parts of the deposit, together with disseminated
Cu-sulphides (bornite, chalcocite, digenite, covellite), accompa-
nied by galena and sphalerite.

Galena was documented in the samples from the marginal
parts of the deposit, similarly to pyrite. It forms fine dissemi-
nated grains or intergrowths with other sulphides (sphalerite,
bornite, chalcocite, digenite, covellite). Galena may also ce-
ment pyrite framboids. Moreover, galena was observed as an
accessory mineral in the bornite-chalcocite or bornite-domi-
nated mineralization, as inclusions in coarse-grained aggre-
gates (Fig. 5F) or as fine individuals dispersed in the host rock.

Sphalerite appears rarely in the studied samples. It was ob-
served in the marginal parts of the deposit, together with ga-
lena. Scarce intergrowths of sphalerite in chalcocite aggregates
are associated with chalcocite-bornite mineralization (Fig. 6F).

Native bismuth was recognised as minor inclusions in the
mineralization comprising chalcocite-group minerals (both in
semi-massive aggregates and in disseminated minerals).

MINERAL DISTRIBUTION

Shale ore in the Nowa Sél deposit is mineralized mainly with
Cu-S sulphides, while Cu-Fe-S sulphides predominate only lo-
cally. A distinctive zonation in the distribution of Cu-sulphides, as
well as other ore minerals, can be observed within the shale ore.

In the SW part of the deposit, the shale ore is mineralized
with chalcocite (accompanied by digenite and covellite). In the
central/western part of the deposit, chalcocite-dominated min-
eralization contains inclusions of Ag minerals. Shale ore from

the central/eastern part of the deposit is mineralized with
chalcocite-djurleite assemblage (with accessory digenite and
covellite), hosting numerous exsolutions of Co-Ni sulph-
arsenides and co-occurring with Ag minerals. Inclusions of na-
tive Bi were documented in the Cu-S mineralization from the
central part of the deposit. Towards the NE and SE, bornite be-
comes an accompanying sulphide. The proportion of bornite in
the analysed samples varies. In some parts of the shale ore,
bornite co-occurs with chalcocite in the disseminated mineral-
ization. Rich mineralization consisting of both chalcocite and
bornite in similar amounts was also observed. Accessory min-
erals are digenite and Ag minerals, with minor galena and
covellite. In the central/northern part of the deposit, bornite can
be the dominant mineral. At the NE and SE edges of the de-
posit, apart from chalcocite, bornite, digenite, covellite and Ag
minerals, increased amounts of galena, sphalerite and pyrite
were documented. Enrichment in galena is particularly charac-
teristic of the NE-most part of the deposit.

Therefore, there is a zonation pattern, that in the vicinity of
oxidized rocks, shale ore is mineralized almost entirely with
Cu-S sulphides. Towards the NE and SE, as the distance from
the oxidized field grows, the amount of Cu-Fe-S sulphides grad-
ually increases. In the lowermost part of the shale ore Cu-S
sulphides prevail, while moving upwards (towards the
Zechstein Limestone), the proportion of Cu-Fe-S sulphides
rises. Even farther from the oxidized field, at the NE and SE
edges of the deposits, pyrite, galena and sphalerite are ob-
served in the shale ore. Ag minerals occur in the entire deposit
(both with Cu-S and Cu-Fe-S sulphides), but particularly rich
concentrations were noted in the central/northern parts of the
deposit.

In general, the lower, organic matter-rich part of the
Kupferschiefer contains more veinlets and large aggregates
than the uppermost part, in which disseminated mineralization
prevails.

GEOCHEMISTRY

Chalcocite was observed in all samples studied (n =212; n
— number of analyses). Two main varieties of chalcocite were
distinguished, differing in Ag content: Ag-barren and Ag-bear-
ing. In some of the samples examined, both types of chalcocite
were detected (they occur in different proportions but usually
the Ag-barren variety prevails).

Ag-barren chalcocite was confirmed in all samples investi-
gated. It was examined both in chalcocite-dominated mineral-
ization (including chalcocite-group minerals containing abun-
dant exsolutions of Co-Ni sulpharsenides) and in mineralization
consisting of chalcocite and bornite. In the first case, Ag con-
centrations in chalcocite are negligible (on average 0.02 wt.%
Ag), while in the second case, chalcocite reveals some minor
Ag admixtures (on average 0.13 wt.% Ag). In general, the aver-
age Ag contentin Ag-barren chalcocite is 0.05 wt.% (Table 1).

Ag-bearing chalcocite often accompanies the Ag-barren va-
riety, both in samples mineralized predominantly with chalcocite
and in samples mineralized with chalcocite and bornite. In some
of the samples analysed it was the dominant variety. Veinlets,
lenses or semi-massive aggregates and nests of Ag-bearing
chalcocite usually contain microscopically visible inclusions of Ag
minerals. The average Ag content in Ag-bearing chalcocite is
3.97 wt.% (Table 1). Aggregates and veinlets of particularly
Ag-rich chalcocite, with Ag admixtures reaching up to 12.81 wt.%
of Ag (the average value is 7.78 wt.% Ag) were observed in the
samples mineralized mainly with semi-massive aggregates of
Ag-barren chalcocite-group minerals with numerous exsolutions
of Co-Ni sulpharsenides (Fig. 7).



10

Alicja Pietrzela and Tomasz Bienko / Geological Quarterly, 68: 21

Table 1

Chemical composition of chalcocite from the shale ore of the Nowa Sél deposit

wt% | s | cu | Fe | Ag [Hg [ co [ Ni [sb | As [ zn [ Bi [cd] Au
Ag-barren chalcocite (from chalcocite-dominated mineralization)
Min 18.76 | 75.59 | 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 21.95 | 79.76 | 0.14 0.30 | 0.09 | 0.25 | 0.04 | 0.03 | 0.18 | 0.13 | 0.06 | 0.04 | 0.06
Mean | 20.22 | 78.45 | 0.03 0.02 | 0.00 | 0.03 | 0.00 | 0.00 | 0.01 | 0.04 | 0.01 | 0.00 | 0.00
S.D. 0.61 0.82 | 0.03 0.04 | 0.01 | 0.06 | 0.01 | 0.01 | 0.03 | 0.02 | 0.01 | 0.01 | 0.01
Ag-barren chalcocite (from chalcocite-bornite mineralization)
Min 19.94 | 74.59 | 0.00 0.04 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 22.65 | 78.94 | 0.73 0.22 | 0.07 | 0.00 | 0.05 | 0.03 | 0.06 | 0.12 | 0.07 | 0.03 | 0.10
Mean | 21.21 | 77.04 | 0.26 0.13 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.03 | 0.00 | 0.00 | 0.01
S.D. 0.80 1.03 | 0.22 0.06 | 0.02 | 0.00 | 0.01 | 0.01 | 0.02 | 0.03 | 0.02 | 0.01 | 0.03
Ag-barren chalcocite (all samples)
Min 18.76 | 74.59 | 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 22.65 | 79.76 | 0.73 0.30 | 0.09 | 0.25 | 0.05 | 0.03 | 0.18 | 0.13 | 0.07 | 0.04 | 0.10
Mean | 20.48 | 78.07 | 0.09 0.05 | 0.00 | 0.02 | 0.00 | 0.00 | 0.01 | 0.03 | 0.01 | 0.00 | 0.00
S.D. 0.79 1.08 | 0.15 0.06 | 0.01 | 0.05 | 0.01 | 0.01 | 0.02 | 0.02 | 0.01 | 0.01 | 0.02
Ag-bearing chalcocite
Min 18.25 | 66.54 | 0.00 1.03 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00 | 0.00
Max 20.24 | 78.38 | 0.21 | 12.81 | 1.06 | 0.39 | 0.14 | 0.02 | 0.20 | 0.06 | 0.05 | 0.07 | 0.00
Mean | 19.44 | 75.50 | 0.02 3.97 | 0.04 | 0.01 | 0.00 | 0.00 | 0.01 | 0.03 | 0.00 | 0.01 | 0.00
S.D. 0.37 | 266 | 0.04 | 266 | 013 | 0.05 | 0.02 | 0.00 | 0.03 | 0.02 | 0.01 | 0.02 | 0.00

Concentrations of other metals in chalcocite are most often
close to or below detection limits. An average of 0.26 wt.% Fe
was observed in chalcocite co-occurring with bornite.
Chalcocite containing abundant exsolutions of Co-Ni sulph-
arsenides revealed slightly increased content of Co (on aver-
age 0.14 wt.%).

The empirical formula of the Ag-bearing chalcocite, recalcu-
lated to 3 atoms per formula unit (apfu) is Cus79200
AQo.02-020S097-103 (average formula is CuqgesAgo0sSoge). The
empirical formula of the Ag-barren chalcocite recalculated to 3
apfu is Cuy 87.2.0450.96.1.13 (0N average Cuq¢7S1,03). The empirical
formula of the Ag-bearing chalcocite, recalculated to 1 atom of
sulphur is  Cuy7s203AQ0002021S (average formula is
Cu1.96Ad0.06S). The empirical formula of the Ag-barren chalco-
cite recalculated to 1 atom of sulphur is Cu+ g6.2.14S (0N average
Cuy.g3S).

In the calculations provided, data concerning all minerals
from the chalcocite-group minerals have been included. The
analyses reveal that some of the minerals studied are in fact
closer to the empirical formula of djurleite or digenite. However,
the results obtained were in some cases inconclusive. There-
fore, in Table 1 all results were compiled as “chalcocite”.

Bornite was studied in 4 samples (n = 89), containing three
types of this mineral: bornite co-occurring with chalcocite
(mainly orange variety; the pink variety was documented in mi-
nor amounts), bornite replacing aggregates of framboidal pyrite
(orange or orange-brown), and bornite forming fine-grained
intergrowths with Ag-amalgams (brown-grey).

The chemical composition of the orange bornite from each
sample examined is similar (Table 2). Only some minor varia-
tions in proportions between Cu and Fe were observed. More-
over, there are no significant differences between the chemical
composition of orange and pink bornite. In general, bornite
co-occurring with chalcocite in semi-massive accumulations

contains an average of 61.07 wt.% Cu and 11.11 wt.% Fe.
Bornite forming intergrowths with chalcocite in the bornite-domi-
nated mineralization reveals slightly different concentrations of
both metals, namely on average 62.78 wt.% Cu and 10.79 wt.%
Fe. In the orange bornite replacing pyrite framboids, the aver-
age contents of Cu and Fe are 61.59 wt.% and 11.20 wt.%, re-
spectively.

Ag-bearing bornite contains on average 3.5 wt.% Ag; how-
ever, due to the very small size of its grains, obtaining high-
quality results of EPMA analyses was impossible. The average
Ag content in orange/pink bornite is 0.06 wt.%. Admixtures of
other metals were not detected.

The empirical formula of the orange/pink bornite (recalcu-
lated to 10 apfu) is Cuassgs0sF€0.94-1.1093964.14 (ON average
CugsFe0.99S4.03). The empirical formula of the bornite recalcu-
lated to 4 atoms of sulphur is Cuygs.5.11F€0.95.1.08S4 (On average
Cuy osFe0.98Ss).

Native Ag, Ag-amalgams and stromeyerite were identi-
fied in the samples studied. Native Ag was investigated in 2
samples (n = 20). In the first sample, it forms relatively large in-
clusions in irregular aggregates of Ag-bearing chalcocite. It con-
tains on average 95.86 wt.% Ag and 1.47 wt.% Hg. In the sec-
ond sample, native Ag occurs as fine, disseminated grains (to-
gether with aggregates of bornite and Ag-barren chalcocite) or
as inclusions in Ag-bearing chalcocite with intergrowths of
sphalerite. In this sample, the average amount of Ag and Hg in
the native Ag is 96.54 wt.% and 1.17 wt.%, respectively. The
average chemical composition of the native Ag is 96.13 wt.%
Ag and 1.35 wt.% Hg (Table 3).

Two types of Ag-amalgam were identified, differing in Hg
content (Table 3). They were analysed in 3 samples (n = 54).
Ag-amalgams poor in Hg were observed in the sample contain-
ing mainly chalcocite-djurleite mineralization with accessory
digenite (which is in general Ag-barren), accompanied by Co-Ni
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Fig. 7A — BSE image of a chalcocite (cc) aggregate containing numerous exsolutions of Co-Ni sulpharsenides (Co-rich member of
the cobaltite-gersdorffite series), accompanied by Ag-amalgam (AgHg), with a stromeyerite (smy) rim around a chalcocite grain; B
— elemental mapping showing distribution of Ag; C — elemental mapping showing distribution of Hg; D — elemental mapping show-
ing distribution of Co; E — elemental mapping showing distribution of Ni; F — elemental mapping showing distribution of As; G -
EDS spectrum of Hg-poor Ag-amalgam; H — EDS spectrum of Hg-bearing stromeyerite; | - EDS spectrum of Co-Ni sulpharsenide; J

— EDS spectrum of Ag-barren chalcocite
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Table 2

Chemical composition of bornite (orange/pink) from the shale ore of the Nowa Sél deposit

wt% | s | cu | Fe | Ag [ Hg [ co [ Ni [sb|As [ zn ] Bi [cd] Au
Bornite co-occurring with chalcocite in semi-massive accumulations
Min 25.44 | 60.42 | 10.61 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 26.12 | 61.95 | 12.24 | 0.11 | 0.00 | 0.05 | 0.08 | 0.03 | 0.08 | 0.12 | 0.09 | 0.05 | 0.10
Mean | 25.86 | 61.07 | 11.11 | 0.06 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02 | 0.01 | 0.01 | 0.00 | 0.02
S.D. 0.17 | 0.42 0.35 | 0.03 | 0.00 | 0.01 | 0.02 | 0.01 | 0.03 | 0.03 | 0.02 | 0.01 | 0.03
Bornite forming intergrowths with chalcocite in the bornite-dominated mineralization
Min 24.86 | 61.63 | 10.28 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00 | 0.00
Max 25.65 | 63.35 | 11.57 | 0.13 | 0.00 | 0.00 | 0.00 | 0.02 | 0.12 | 0.05 | 0.07 | 0.03 | 0.05
Mean | 25.22 | 62.78 | 10.79 | 0.06 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03 | 0.02 | 0.01 | 0.01 | 0.00
S.D. 0.14 | 0.34 0.19 | 0.03 | 0.00 | 0.00 | 0.00 | 0.01 | 0.04 | 0.02 | 0.02 | 0.01 | 0.01
Bornite replacing pyrite framboids
Min 25.28 | 60.71 | 11.03 | 0.05 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03 | 0.00 | 0.00
Max 25.61 | 62.32 | 11.58 | 0.09 | 0.00 | 0.00 | 0.00 | 0.01 | 0.08 | 0.04 | 0.03 | 0.03 | 0.00
Mean | 25.45 | 61.59 | 11.20 | 0.06 | 0.00 | 0.00 | 0.00 | 0.00 | 0.04 | 0.02 | 0.01 | 0.00 | 0.00
S.D. 0.11 0.58 0.19 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.04 | 0.02 | 0.02 | 0.01 | 0.00
Bornite (all samples
Min 24.86 | 60.42 | 10.28 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 26.12 | 63.35 | 12.24 | 0.13 | 0.00 | 0.05 | 0.08 | 0.03 | 0.12 | 0.12 | 0.09 | 0.05 | 0.10
Mean | 25.40 | 62.27 | 10.89 | 0.06 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03 | 0.02 | 0.01 | 0.00 | 0.00
S.D. 0.32 | 0.84 0.27 | 0.03 | 0.00 | 0.01 | 0.01 | 0.01 | 0.04 | 0.02 | 0.02 | 0.01 | 0.02

sulpharsenides. They occur as aggregates on their own or as
intergrowths with Ag-bearing chalcocite (e.g. in the form of
veinlets). They can be also associated with chalcocite-group
minerals (Fig. 7). In this type of Ag-amalgam, on average 87.59
wt.% Ag and 10.23 wt.% Hg were detected. Apart from that,
intergrowths of Hg-poor Ag-amalgams with brown-grey bornite
were documented in bornite-dominated mineralization. Their
average chemical composition is 90.04 wt.% Ag and 7.14 wt.%
Hg. Hg-rich Ag-amalgams form inclusions in aggregates of
Ag-bearing chalcocite, in the sample mineralized almost exclu-
sively with chalcocite (both Ag-barren and Ag-bearing). The av-
erage amount of Ag and Hg in Hg-rich Ag-amalgams is 65.25
wt.% and 31.08 wt.%, respectively.

Stromeyerite is associated with native Ag and Ag-amal-
gams, commonly in the form of grains and rims surrounding Ag
minerals inclusions in chalcocite (3 samples, n = 15). In two
samples, it was observed together with native Ag inclusions in
aggregates of Ag-bearing chalcocite. This variety of strome-
yerite contains average values of 49.06 wt.% Ag, 34.92 wt.%
Cu and 14.33 wt.% S. Apart from that, Cu-Ag sulphide with
chemical composition slightly differing from stoichiometric
stromeyerite and revealing some Hg enrichment, was docu-
mented. It is associated with Hg-poor Ag-amalgams, occurring
in the sample mineralized with Cu-S sulphides, accompanied
by Co-Ni sulpharsenides (Fig. 7). It contains on average
41.52 wt.% Cu, 37.24 wt.% Ag, 15.12 wt.% S and 4.28 wt.% Hg,
although its chemical composition is varied: Hg content ranges
between 0.20 and 8.72 wt.%, while Ag content is between 23.50
and 52.81 wt.%.

The empirical formula of the stromeyerite (recalculated to
3 apfu) is Cug.gg-129Ag0.70-1.08S0.83-1.02 (ON average Cus 14AJoos
Sog2). The average empirical formula of the Hg-bearing
stromeyerite is Cu 30Ado.71Hg 0.04S0.04. The empirical formula of
the stromeyerite recalculated to 1 atom of sulphur is Cuy o4.1.45-
Ago79-127S (on average Cui24Ag103S). The average empirical
formula of the Hg-bearing stromeyerite is Cuq 37Ago 78Hg 0.05S.

Co-Ni sulpharsenides have been studied in 2 samples
(n = 35). They form numerous, round, several ym-size exso-
lutions in chalcocite-djurleite composites. They always occur in
Ag-barren chalcocite-group minerals, even in samples where
both varieties of this mineral were observed.

Two of the Co-Ni sulpharsenides identified are members of
the cobaltite-gersdorffite series. They contain similar amounts
of Co and Ni and differ only slightly in the proportions between
both metals (Table 4). In the first type, Ni slightly prevails. The
average chemical composition of this variety is 16.68 wt.% Ni,
13.69 wt.% Co, 41.96 wt.% As, 17.85wt.% S and 8.20 wt.% Cu.
In the second type, Co prevails over Ni (Fig. 7). It contains an
average of 19.45 wt.% Co, 10.72 wt.% Ni, 41.58 wt.% As,
18.98 wt.% S and 8.02 wt.% Cu.

One more Co-Ni mineral was identified. Its average chemi-
cal composition is 27.12 wt.% Ni, 39.94 wt.% As, 5.13 wt.% S
and 19.23 wt.% Cu (Table 4). Moreover, on average 2.51 wt.%
of Bi and 1.61 wt.% of Sb were observed. Low sulphur content
(which may result from the surrounding chalcocite) indicates
this mineral as a Ni-arsenide (nickeline?). The Ni content is
lower than in typical nickeline and significant concentrations of
Cu were detected instead. Co-Ni-rich sulpharsenides/arsen-
ides from the Nowa Sé| deposit are generally difficult objects to
examine using EPMA, due to their small size. Therefore, signifi-
cant amounts of Cu in their analyses may partially result from
the surrounding chalcocite.

The empirical formula of the mineral from the cobaltite-
gersdorffite series in which Ni prevails (recalculated to 3 apfu) is
(Nio.44-0.52C00.35-0.45CU0.12-0.31)AS0.90-1.005089-1.00  (ON  average
(Nio.48C00.40CU0 22)AS0.9550.95)- The empirical formula of the min-
eral from the cobaltite-gersdorffite series in which Co prevails is
(Co0.45-069Ni0.21-040CU0.10-0.35)AS0 88.097S0.96-1.03  (ON  average
(Co0o.55Nig.31CU0.21)AS0.93S0.99)-

Galenawas analysed in 3 samples (n = 19) mineralized with
bornite and chalcocite. It occurs as inclusions in bornite and/or
chalcocite aggregates or as fine grains disseminated in the
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Table 3

Chemical composition of Ag minerals from the shale ore of the Nowa Sél deposit

wt% | s | cu | Fe | Ag | Hg [ co [ Ni [sb [ As | zn | Bi | cd] Au
Native Ag
Min 0.02 | 0.29 | 0.00 | 93.24 | 0.26 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.22 | 0.00
Max 0.36 | 4.41 | 0.08 | 97.69 | 4.44 | 0.05 | 0.00 | 0.03 | 0.07 | 0.28 | 0.06 | 0.88 | 0.00
Mean 0.10 1.29 | 0.01 | 96.13 1.35 | 0.00 | 0.00 | 0.01 | 0.00 | 0.03 | 0.01 | 0.50 | 0.00
S.D. 0.09 1.05 | 0.02 1.31 0.99 | 0.01 | 0.00 | 0.01 | 0.01 | 0.06 | 0.01 | 0.29 | 0.00
Ag-amalgam Hg-poor (co-occurring chalcocite)
Min 0.03 | 0.13 | 0.00 | 8249 | 3.09 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03 | 0.00 | 0.17 | 0.00
Max 0.08 1.18 | 0.00 | 94.46 | 14.96 | 0.03 | 0.12 | 0.00 | 0.00 | 0.04 | 0.07 | 0.26 | 0.00
Mean 0.05 | 0.64 | 0.00 | 87.59 | 10.23 | 0.01 | 0.02 | 0.00 | 0.00 | 0.01 | 0.02 | 0.23 | 0.00
S.D. 0.02 | 0.31|0.00 | 4.07| 4.15| 0.01 | 0.04 | 0.00 | 0.00 | 0.01 | 0.02 | 0.03 | 0.00
Ag-amalgam Hg-poor (intergrowths with bornite)
Min 0.02 | 0.31 | 0.09 | 87.24 | 4.63 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.21 | 0.00
Max 1.41 2.87 | 1.41 | 93.08 | 9.39 | 0.01 | 0.00 | 0.02 | 0.00 | 0.10 | 0.00 | 0.84 | 0.05
Mean 0.32 1.02 | 0.32 | 90.04 | 7.14 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.41 | 0.00
S.D. 0.45 | 0.74 | 0.38 1.59 1.23 | 0.00 | 0.00 | 0.01 | 0.00 | 0.03 | 0.00 | 0.27 | 0.02
Ag-amalgam Hg-rich
Min 0.07 | 0.47 | 0.00 | 60.75 | 28.06 | 0.01 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.09 | 0.00
Max 147 | 8.22 | 0.12 | 67.50 | 32.82 | 0.04 | 0.00 | 0.04 | 0.00 | 0.04 | 0.00 | 0.17 | 0.00
Mean 0.36 | 2.67 | 0.02 | 65.25 | 31.08 | 0.02 | 0.00 | 0.01 | 0.00 | 0.01 | 0.00 | 0.13 | 0.00
S.D. 0.39 | 2.01 | 0.03 165 | 0.98 | 0.01 | 0.00 | 0.01 | 0.00 | 0.02 | 0.00 | 0.02 | 0.00
Stromeyerite (associated with native Ag)
Min 12.46 | 29.49 | 0.04 | 42.85 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.03 | 0.00 | 0.04 | 0.00
Max 16.37 | 39.44 | 0.04 | 54.56 | 2.49 | 0.00 | 0.00 | 0.02 | 0.00 | 0.31 | 0.03 | 0.44 | 0.00
Mean | 14.33 | 34.92 | 0.00 | 49.06 | 0.25 | 0.00 | 0.00 | 0.00 | 0.00 | 0.07 | 0.01 | 0.20 | 0.00
S.D. 1.41 3.06 | 0.01 3.75| 0.75] 0.00 | 0.00 | 0.01 | 0.00 | 0.09 | 0.01 | 0.15 | 0.00
Stromeyerite Hg-bearing (associated with Hg-poor Ag-amalgam)
Min 11.64 | 28.55 | 0.02 | 23.50 | 0.20 | 0.02 | 0.02 | 0.00 | 0.00 | 0.03 | 0.00 | 0.07 | 0.00
Max 17.67 | 56.75 | 0.04 | 52.81 8.72 | 0.12 | 0.03 | 0.00 | 0.00 | 0.04 | 0.05 | 0.14 | 0.00
Mean | 15.12 | 41.52 | 0.02 | 37.24 | 4.28 | 0.05 | 0.02 | 0.00 | 0.00 | 0.03 | 0.01 | 0.12 | 0.00
S.D. 220 | 10.24 | 0.02 | 1145 | 3.75 | 0.05 | 0.02 | 0.01 | 0.00 | 0.02 | 0.02 | 0.03 | 0.00
Table 4
Chemical composition of Co-Ni minerals from the shale ore of the Nowa Sél deposit
wt% | s | cu | Fe [ Ag [ Hg [ co [ Ni [sb] Aas [ zn ] Bi | cd] Au
Mineral from the cobaltite-gersdorffite series with Ni prevailing
Min 16.36 | 4.39 | 0.02 | 0.00 | 0.00 | 12.05 | 15.15 | 0.00 | 39.54 | 0.00 | 0.07 | 0.00 | 0.00
Max 19.24 | 11.68 | 0.06 | 0.00 | 0.00 | 15.39 | 17.95 | 0.16 | 43.29 | 0.02 | 1.13 | 0.02 | 0.00
Mean | 17.85 | 8.20 | 0.01 | 0.00 | 0.00 | 13.69 | 16.68 | 0.02 | 41.96 | 0.01 | 0.26 | 0.00 | 0.00
S.D 0.75 | 2.51 | 0.02 | 0.00 | 0.00 1.09 | 0.99 | 0.05 1.10 | 0.01 | 0.35 | 0.01 | 0.00
Mineral from the cobaltite-gersdorffite series with Co prevailing
Min 18.47 | 3.82 | 0.00 | 0.00 | 0.00 | 15.94 | 7.20 | 0.00 | 39.08 | 0.00 | 0.07 | 0.00 | 0.00
Max 19.59 | 13.58 | 0.19 | 0.04 | 0.00 | 24.03 | 13.94 | 0.02 | 43.00 | 0.04 | 0.22 | 0.00 | 0.06
Mean | 18.98 | 8.02 | 0.10 | 0.01 | 0.00 | 19.45 | 10.72 | 0.00 | 41.58 | 0.01 | 0.13 | 0.00 | 0.01
S.D 0.31 3.02 | 0.05 | 0.01 | 0.00 | 2.30 | 2.28 | 0.01 1.05 | 0.01 | 0.05 | 0.00 | 0.02
Ni-arsenide?
Min 3.10 | 14.82 | 0.02 | 0.02 | 0.00 1.91 | 2454 | 0.19 | 37.49 | 0.07 | 1.10 | 0.00 | 0.00
Max 6.01 | 22.83 | 0.08 | 0.03 | 0.00 | 4.54 | 29.65 | 3.21 | 45.29 | 0.07 | 8.05 | 0.00 | 0.00
Mean 513 | 19.23 | 0.03 | 0.01 | 0.00 | 3.11 | 27.12 | 1.61 | 39.94 | 0.01 | 2.51 | 0.00 | 0.00
S.D. 1.08 3.12 | 0.03 | 0.01 | 0.00 | 0.85 189 |1 099 | 254 | 0.03 | 250 | 0.00 | 0.00
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Table 5

Chemical composition of galena and sphalerite from the shale ore of the Nowa Sél deposit

wt% | s | cu| Fe | Ag [ Hg [ co [ Ni [ sb | As | zn | Po | Bi [ cd][ Au
Galena

Min | 13.24 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 | 83.44 | 0.51 | 0.00 | 0.00

Max | 14.11 [ 2.94 | 0.40 | 0.05 | 0.07 | 0.06 [ 0.06 [ 0.00 | 0.00 | 0.10 | 86.14 | 0.69 | 0.00 | 0.10

Mean | 13.78 [ 1.45 | 0.12 | 0.00 | 0.00 | 0.01 [ 0.01 [ 0.00 | 0.00 | 0.01 | 85.05 | 0.57 | 0.00 | 0.02

sD. | 027088014001 ]002][002]002]000]000]| 003] 054]0.04]0.00] 003
Sphalerite

Min | 30.41 | 0.99 | 0.03 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 0.00 | 59.02 | 0.11 | 0.00 | 0.48 | 0.00

Max | 33.14 [ 163 | 0.17 | 0.16 | 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 | 62.90 | 0.11 | 0.00 | 0.61 | 0.06

Mean | 32.21 [ 1.29 | 0.07 | 0.06 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 61.39 | 0.11 | 0.00 | 0.57 | 0.02

S.D. 1.56 | 0.32 | 0.09 | 0.08 [ 0.00 [ 0.00 | 0.00 | 0.00 | 0.00 | 2.08 [ 0.00 [ 0.00 [ 0.08 [ 0.04

shales. The galena examined contains on average 85.05 wt.%
Pb and 13.78 wt.% S (Table 5). An averages of 1.45 wt.% Cu
and 0.57 wt.% Bi were also detected.

The empirical formula of galena from the samples analysed
(recalculated to 2 apfu) is Pbog7-101S099-1.03 (ON average
Pbo.99S1.01). The empirical formula of the galena (recalculated to
1 atom of sulphur) is Pbg g4.102S (on average Pbyg gsS).

Sphalerite was studied in one sample (n = 3), as inter-
growths with chalcocite and native Ag. It contains on average
61.39 wt.% Zn, 32.21 wt.% S, 1.29 wt.% Cu and 0.57 wt.% Cd
(Table 5).

The average empirical formula of the sphalerite analysed
(recalculated to 2 apfu) is Zng 97S1 03. The average empirical for-
mula of the sphalerite (recalculated to 1 atom of sulphur) is
Zno.93S.

THE MOZOW DEPOSIT

MINERALOGY

The shale ore in this deposit contains rich chalcocite miner-
alization. Bornite mineralization was observed in the upper part
of the shale ore. Small inclusions of Ag minerals are common.
Other accompanying sulphides are digenite and covellite. Only
minor amounts of galena were noted, while sphalerite is virtu-
ally absent. Pb and Zn contents are in general lower in the
Mozoéw deposits than in the Nowa Sdl and Sulmierzyce North
deposits (Pietrzela and Bienko, 2023). Co-Ni sulpharsenides
are present in the shale ore, but they are difficult to document,
as they occur in the form of fine and very fine disseminated
grains.

Chalcocite occurs mainly as rich disseminated mineraliza-
tion (Fig. 8A). Chalcocite grains and aggregates are often elon-
gated concordantly with the shale lamination. In some parts of
the shale ore, abundant, densely packed chalcocite aggregates
and lenses replace carbonates, forming semi-massive,
vein-like accumulations (Fig. 8B). Horizontal veinlets of mas-
sive chalcocite were also documented (Fig. 8C). The chalcocite
mineralization is locally accompanied by fine grains and inclu-
sions of Ag minerals (Fig. 8F), digenite, covellite and minor ga-
lena.

Bornite was recognised in the form of disseminated miner-
alization of low tenor (Fig. 8D). Similarly to chalcocite, bornite
aggregates are often elongated concordantly with shale lami-
nation (Fig. 8E). Dispersed bornite may be accompanied by

digenite and/or covellite (in the form of fine individuals or inter-
growths in bornite; Fig. 8E), as well as by numerous um-size py-
rite framboids, partially replaced by bornite.

Digenite co-occurs with rich chalcocite disseminations. It
was also observed as intergrowths with bornite grains, together
with covellite (Fig. 8E).

Covellite was noted mainly in bornite-dominated mineral-
ization, as fine intergrowths in bornite grains, together with
digenite (Fig. 8E). In the chalcocite-dominated mineralization
covellite may occur as fine individuals dispersed in the host
rock.

Silver minerals were documented as fine and very fine
grains disseminated in the host rock (Fig. 8F) or as fine inclu-
sions in chalcocite. In the chemical analyses, stromeyerite was
identified.

Galena was observed in minor amounts, as fine dissemina-
tions and inclusions in fine-grained chalcocite. Inclusions of ga-
lena in veinlets of massive chalcocite were also noted.

MINERAL DISTRIBUTION

In the shale ore of the Mozéw deposit, Cu-S sulphides pre-
dominate over Cu-Fe-S phases. Chalcocite was documented in
most of the samples investigated. The proportion of bornite in-
creases in the uppermost part of the shale ore. Both the
chalcocite and bornite mineralization may be accompanied by
digenite and covellite. The Ag minerals and galena co-occur
with chalcocite-dominated mineralization. Lateral zonation of
minerals was not observed in this deposit; however, further
boreholes would help determine whether any zonation pattern
occurs in the adjacent area.

GEOCHEMISTRY

Chalcocite was studied in 2 samples (n = 17), mainly in the
form of disseminated mineralization, and less often in veinlets.
The average amount of Ag in the disseminated chalcocite is
0.17 wt.% (Table 6), while an average of 0.36 wt.% Ag was de-
tected in the chalcocite veinlets. Therefore, the chalcocite in the
Mozéw deposit can be generally classified as Ag-barren.

The empirical formula of the chalcocite (recalculated to
3 apfu) is Cu1.91.2.02S0.0s-1.08 (0N average Cuy 95S1.04). The empiri-
cal formula of the chalcocite (recalculated to 1 atom of sulphur)
is Cu.7s-206S (on average Cu, g7S).
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Fig. 8. Photomicrographs of ore mineralization in the Mozéw deposit, reflected light

A — disseminated chalcocite (cc) mineralization; B — abundant chalcocite (cc) grains and lenses replacing carbonates; C — horizontal veinlet
of massive chalcocite (cc); D — disseminated mineralization of low tenor, composed of pink bornite (bn2) with digenite (dg) and covellite (cv)
intergrowths; E — elongated aggregates of pink bornite (bn2) with intergrowths of digenite (dg) and covellite (cv); F — Ag mineral (Ag) sur-

rounded by disseminated chalcocite (cc)

Bornite was examined in one sample (n = 47), as fine-
grained, disseminated mineralization. It contains an average of
60.37 wt.% Cu and 11.42 wt.% Fe (Table 7). The average
amount of Ag in the bornite is 0.29 wt.%. In most of the analy-
ses, concentrations of Ag were from 0.03 to 0.81 wt.%; how-
ever, several analyses revealed Ag contents in the bornite ex-
ceeding 3.0 wt.%.

The empirical formula of the bornite (recalculated to 10 apfu)
is CUy.534.87F€0.85-11054.114.49 (ON average Cuy goFe103S4.17). The
empirical formula of the bornite recalculated to 4 atoms of sul-
phur is Cus.154.73F€0.76-1.0354 (On average CuseoF€0.99S4).

Ag minerals were analysed in one sample (n = 5), as fine
grains, accompanying chalcocite-dominated disseminated min-
eralization (Fig. 9). Two Cu-Ag sulphides were identified. One is
most likely stromeyerite (although its chemical composition
slightly differs from stoichiometric stromeyerite), containing on
average 44.53 wt.% Ag, 38.91 wt.% Cu and 16.25 wt.% S. The
other is most likely Hg-bearing stromeyerite. It contains 36.05
wt.% Cu, 34.56 wt.% Ag, 16.29 wt.% S and 11.24 wt.% Hg.

The empirical formula of the stromeyerite (without Hg), re-
calculated to 3 apfu is CU1,06.1,29A90.72_0_93SO.98_1‘00 (on average
Cu120Ados1S099). The average empirical formula of the

Table 6

Chemical composition of chalcocite from the shale ore of the Mozéw deposit

wt% | s | cu [ Fe | Ag [ Hg [ Co| Ni [ sb | As [ zn]| Bi [cd ]| Au
Chalcocite (disseminated mineralization)
Min 19.59 | 76.59 | 0.06 | 0.13 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.09 | 0.00 | 0.00 | 0.00
Max 20.73 | 79.99 | 0.13 | 0.22 | 0.00 | 0.00 | 0.00 | 0.03 | 0.00 | 0.09 | 0.00 | 0.00 | 0.08
Mean | 20.15 | 78.39 | 0.08 | 0.17 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.02 | 0.00 | 0.00 | 0.02
S.D. 0.51 1.23 | 0.03 | 0.04 | 0.00 | 0.00 | 0.00 | 0.01 | 0.00 | 0.04 | 0.00 | 0.00 | 0.04
Table 7

Chemical composition of bornite from the shale ore of the Mozéw deposit

wt% | s | cu [ Fe | Ag [ Hg | cCo [ Ni [sb|As [ zn] Bi [cd] Au
Bornite

Min [ 25.94 [ 5595 [ 9.58 [ 0.03 [ 0.00 | 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 [ 0.00 [ 0.00 | 0.00

Max | 28.99 | 61.50 [ 12.09 [ 3.67 [ 0.24 | 0.06 | 0.00 | 0.03 | 0.05 [ 0.11 [ 0.08 [ 0.06 | 0.11

Mean | 26.47 | 60.37 | 11.42 | 0.29 | 0.01 | 0.00 | 0.00 [ 0.00 [ 0.01 | 0.02 | 0.01 | 0.00 | 0.02

s.D. | 046 113 036081004 ]0.01[0.00][000]001]003]002]0.01]0.03
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Fig. 9A — BSE image of disseminated chalcocite (cc), with inclusions of Hg-bearing stromeyerite (smy); B — elemental mapping
showing distribution of S; C — elemental mapping showing distribution of Cu; D — elemental mapping showing distribution of
Ag; E — EDS spectrum of Hg-bearing stromeyerite

Hg-bearing stromeyerite is Cus.17AdossHg 0.12S1.05. The empiri-
cal formula of the stromeyerite (without Hg), recalculated to 1
atom of sulphur is Cus s.132Agd0.74-093S (On average Cuy -
Agos2S). The average empirical formula of the Hg-bearing
stromeyerite is Cu.12Ago.s3Hg 0.11S.

Galena was examined as fine grains, accompanying chal-
cocite-dominated disseminated mineralization (only one analy-
sis available). It contains 83.44 wt.% Pb, 13.48 wt.% S, and
0.60 wt.% Bi.

The empirical formula of the galena (recalculated to 2 apfu)
is Pbg g9S1,01. The empirical formula of the galena (recalculated
to 1 atom of sulphur) is Pbg ggS.

THE SULMIERZYCE NORTH DEPOSIT

MINERALOGY

The shale ore in this deposit is mineralized predominantly
with chalcocite and bornite in various proportions. Unlike in the
Nowa S¢l and Mozéw deposits, mineralization composed al-
most exclusively of Cu-S sulphides is rare in the samples inves-
tigated, whereas chalcopyrite enrichments are characteristic of

this deposit. Among accompanying minerals there are digenite,
covellite, tennantite-tetrahedrite group minerals and pyrite. A
distinctive feature of the Sulmierzyce North deposit is that
sphalerite and galena are common minerals co-occurring with
Cu-sulphides in the shale ore. Ag minerals, as well as Co-Ni
sulpharsenides, are present, but due to the very fine size of their
grains, they are difficult to observe. Ag concentrations in the
shale ore are generally lower than in the Nowa Sél deposit
(Pietrzela and Bienko, 2023) and grains of Ag minerals are
smaller and more dispersed than in the Nowa Sél deposit.
Co-Ni sulpharsenides form pm-size exsolutions in the chalco-
cite aggregates.

Chalcocite occurs mainly in the form of disseminated min-
eralization. Thin lenses concordant with shale lamination and
replacements of pyrite framboids are common (Fig. 10A).
Chalcocite can also replace bioclasts (mostly foraminifera). In
the highly mineralized samples, accumulations of fine
chalcocite grains were observed in the form of continuous lay-
ers or lenses. Semi-massive laminae, composed of chalcocite
aggregates and pseudo-veins, were also documented in the
samples containing particularly rich mineralization (Fig. 10B).
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Fig. 10. Photomicrographs of the ore mineralization in the Sulmierzyce North deposit, reflected light

A —disseminated and streak chalcocite (cc) mineralization; B — semi-massive chalcocite (cc) mineralization; C — sulphide layer composed of
chalcocite (cc) and orange bornite (bn1); D —intergrowths of chalcocite (cc) with orange bornite (bn1) forming disseminated mineralization; E
— bornite-dominated (bn1) mineralization in the form of a semi-massive layer and bornite aggregates; F — abundant semi-massive mineraliza

tion, consisting exclusively of elongated chalcopyrite (ccp) aggregates

Chalcocite can be the dominant ore mineral, particularly in
the lowermost parts of the shale ore. In such cases it is usually
accompanied by digenite and covellite, with minor bornite.
Chalcocite often co-occur with bornite in various proportions,
both in disseminated mineralization (Fig. 10D) and in
semi-massive laminae (Fig. 10C). Accessory minerals in the
chalcocite-bornite mineralization are galena and sphalerite.

Bornite is the second most widespread ore mineral. Simi-
larly to chalcocite, it occurs mainly as fine-grained, dissemi-
nated mineralization. Bornite commonly replaces pyrite
framboids dispersed in the host rock. Coarse-grained aggre-
gates and nests were observed, locally forming semi-massive
layers (Fig. 10E). Irregular, vertical or diagonal bornite veinlets
were also documented. Similarly to the Nowa Sél deposit, or-
ange bornite predominates in the Sulmierzyce North deposit.
Pink bornite is rare, mainly as fine individuals dispersed in the
host rock.

In the bornite-dominated mineralization, chalcocite and
digenite may occur, as well as minor sphalerite, galena and py-
rite. Mineralization composed of both bornite and chalcocite (ei-
ther dispersed or semi-massive) was also observed
(Fig. 10C, D). Moreover, a characteristic paragenesis was re-
cognised, consisting of bornite, chalcopyrite and sphalerite, ac-
companied by tennantite-tetrahedrite group minerals and ga-
lena. These sulphides occur as irregular intergrowths, dis-
persed in the shale ore (Fig. 11A, B) or concentrated in the form
of rich accumulations (Fig. 11C, D). Coarse-grained nests con-
sisting of bornite, chalcopyrite, tennantite-tetrahedrite group
minerals and pyrite were also noted (Fig. 11E, F).

Chalcopyrite enrichments are commonly observed. In some
of the samples studied, chalcopyrite is the dominant ore mineral.
It occurs as fine disseminations, irregular aggregates, flat lenses
and thin veinlets. The chalcopyrite-dominated mineralization

may be accompanied by galena, sphalerite and minor bornite.
Locally, the shale ore contains abundant, semi-massive mineral-
ization, consisting almost exclusively of elongated chalcopyrite
aggregates (with only minor pyrite inclusions; Fig. 10F). Inter-
growths of chalcopyrite with bornite, tennantite-tetrahedrite
group minerals and sphalerite, with accessory galena and pyrite,
were recognised either as disseminated mineralization
(Fig. 11A-D), or as coarse-grained nests (Fig. 11E, F).

Digenite is an accompanying mineral in the
chalcocite-dominated mineralization and, to a lesser extent, in
the parts of the shale ore mineralized predominantly with
bornite. It forms individuals and aggregates, or intergrowths
with other sulphides.

Covellite is an accessory mineral, associated mainly with
the chalcocite-digenite mineralization, containing minor bornite.
It forms small grains or intergrowths with sulphide aggregates.

Tennantite-tetrahedrite group members are accompany-
ing minerals in the Cu-dominated mineralization. They were ob-
served as intergrowths with bornite, chalcopyrite, sphalerite
and minor galena, dispersed in the host rock (Fig. 11A-D), or
as coarse-grained nests together with chalcopyrite, bornite and
pyrite (Fig. 11E, F).

Sphalerite commonly accompanies Cu-sulphides. Unlike
in the Nowa Sol and Mozéw deposits, Zn concentrations in the
shale ore of the Sulmierzyce North deposit exceed Pb concen-
trations (Pietrzela and Bienko, 2023) and sphalerite prevails
over galena. Sphalerite was observed in the bornite-dominated
mineralization (with minor chalcocite and digenite), as well as in
chalcopyrite-dominated areas (with galena and minor bornite).
Sphalerite occurs also in intergrowths with bornite, chalcopy-
rite, tennantite-tetrahedrite group minerals and galena
(Fig. 11B-D). Sphalerite grains are also disseminated in the
host rock.
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Fig. 11. Photomicrographs of the ore mineralization in the Sulmierzyce North deposit, reflected light

A — aggregates composed of chalcopyrite (ccp), orange bornite (bn1), tennantite (tn) and galena (gn); B — aggregates of orange bornite (bn1)
and sphalerite (sp) accompanied by chalcopyrite (ccp) and galena (gn); C — intergrowths of chalcopyrite (ccp) with orange bornite (bn1) and
sphalerite (sp); D — disseminated mineralization consisting of sphalerite (sp) and orange bornite (bn1) aggregates, accompanied by tennan-
tite (tn), chalcopyrite (ccp) and galena (gn); E — sulphide nest composed of chalcopyrite (ccp), orange bornite (bn1), pyrite (py) and sphalerite
(sp); F — intergrowth of chalcopyrite (ccp) with tennantite (tn) in the form of a semi-massive sulphide nest

Galena usually forms small inclusions in aggregates of
other minerals, mainly bornite, sphalerite and chalcopyrite
(Fig. 11A, B, D). Itis also an accompanying mineral in the chal-
copyrite-dominated mineralization. Fine grains of galena can
be dispersed in the host rock. Rarely it replaces bioclasts.

Pyrite commonly occurs as pm-size framboids, dissemi-
nated throughout almost the entire shale ore, particularly in ar-
eas of bornite-dominated mineralization. It also accompanies
the chalcopyrite-dominated mineralization (in the form of small
inclusions) and chalcopyrite-bornite-tennantite-tetrahedrite
mineralization (Fig. 11E).

MINERALS DISTRIBUTION

The mineral assemblage in the Sulmierzyce North deposit
consists of Cu-S and Cu-Fe-S sulphides in various proportions;
however, no evident zonation in their distribution was recog-
nised. At the NW and SE margin of the deposit Cu-S sulphides
predominate (chalcocite and digenite), accompanied by covel-
lite and bornite. In the northern/central and SW parts of the de-
posit, bornite and chalcocite are the main ore minerals (with ac-
cessory sphalerite, galena and digenite). In the central part of
the deposit, bornite is the main Cu-sulphide, accompanied by
sphalerite, galena, chalcopyrite, tennantite-tetrahedrite group
minerals and pyrite. In the northern part of the deposit, apart
from chalcocite and bornite, chalcopyrite enrichments were ob-
served. The most abundant chalcopyrite mineralization was
documented at the NE margin of the deposit, with accessory
sphalerite, galena and bornite.

Development of the ore mineralization in this deposit is less
regular than in the mineralization of the Nowa Sdl deposit, both
vertically and laterally. Laterally, an influence of the distance
from the oxidized field on the proportion between Cu-S and
Cu-Fe-S sulphides was not observed. Vertically, the typical
zonation of minerals is also usually disrupted. In some bore-
holes, Cu-S sulphides (mainly chalcocite) prevail in the lower-
most part of the shale ore, while Cu-Fe-S sulphides (bornite and
chalcopyrite) occur in the uppermost part (particularly in the SW
part of the deposit). However, there are also boreholes in which
rich chalcocite mineralization was not documented at all. More-
over, in some boreholes chalcopyrite was the main ore mineral
within the ore series. Apart from that, sphalerite and galena
commonly co-occur with the rich Cu-mineralization. Distribution
of ore mineralization in the Sulmierzyce North deposits de-
pends mainly on the irregular range of the oxidized fields
(Fig. 1), as well as on a significant thickness of shale ore. The
patchy distribution of oxidized facies in the Sulmierzyce North
area disrupts typical zonation of metals in this deposit (Pietrzela
and Bienko, 2023).

GEOCHEMISTRY

Chalcocite was examined in two samples (n = 38). In the
first sample, it accompanies bornite-dominated mineralization
and occurs as small aggregates with bornite or sphalerite, dis-
seminated in the shale ore. Chalcocite from this sample con-
tains from 0.03 to 0.19 wt.% Ag (on average 0.08 wt.% Ag). In
the second sample, chalcocite is the dominant sulphide, with
accessory bornite (mainly in semi-massive accumulations). It
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Table 8

Chemical composition of chalcocite from the shale ore of the Sulmierzyce North deposit

wt% | s | cu [ Fe [ Ag [ Hg [ co| Ni [sb ][ As | zn | Bi [ cd] Au
Chalcocite (all samples)

Min [ 19.17 | 74.24 [ 0.00 | 0.03 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00

Max | 22.65 | 79.09 [ 0.45 | 0.58 | 0.00 [ 0.04 [ 0.06 | 0.02 | 0.00 [ 0.57 [ 0.07 | 0.03 | 0.08

Mean | 21.22 | 76.95 [ 0.04 | 0.30 | 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00 | 0.07 [ 0.00 | 0.00 | 0.01

sD. | 078] 119008017 [0.00 | 0.01 [ 0.01][0.00]000]0.14]0.01]001]0.02

contains from 0.27 to 0.58 wt.% Ag (on average 0.42 wt.% Ag).
In general, the chalcocite can be classified as Ag-barren (Ta-
ble 8).

Concentrations of other metals are mostly negligible. The
chalcocite co-occurring with bornite contains an average of
0.08 wt.% Fe (otherwise it is 0.02 wt.%). In the chalcocite form-
ing intergrowths with sphalerite, 0.17 wt.% Zn was detected.

The empirical formula of the chalcocite analysed (recalcu-
lated to 3 apfu) is CU1_37_2_0280_98_1_13 (on average CU1_94S1_05).
The empirical formula of the chalcocite recalculated to 1 atom of
sulphur is Cu gs.206S (on average Cuqg4S).

Bornite was studied in 3 samples (n = 67). Two types of
bornite were distinguished, slightly differing in chemical compo-
sition. The first variety was observed either as the main ore min-
eral, accompanied by minor chalcocite, sphalerite and galena
or as intergrowths with chalcopyrite, sphalerite, tennan-
tite-tetrahedrite group minerals and minor galena. It contains on
average 60.45 wt.% Cu and 11.33 wt.% Fe (Table 9). The sec-
ond variety is bornite accompanying semi-massive chalcocite.
Its average Cu and Fe concentrations are 64.47 wt.% and 9.56
wt.% respectively. Both varieties of bornite reveal also different
admixtures of Ag. In the first type only 0.03 w.% Ag was de-
tected, while in the second it was 0.19 wt.% Ag (Table 9). Ad-
mixtures of other metals were not observed.

The empirical formula of the first variety of bornite (recalcu-
lated to 10 apfu) is CU4_60_5_00F60_93_1_11S4_06_4_35 (On average
CusgiFe 03S417) and for the second variety it is
Cu4.93.526F€0.78.0.99S3.944.10 (ON average Cus13FeosrSac0). The
empirical formula of the first variety of bornite, recalculated to 4
atoms of sulphur, is Cus234.90F€091-108S4 (on average Cuser
Feo.98S4) and for the second variety it is Cus g1.534F€0.75-097S4 (0N
average Cus 13Fepg6S4).

Chalcopyrite was examined in 2 samples (n = 40), either
as the main ore mineral in the shale ore or as intergrowths with
bornite, sphalerite and tennantite-tetrahedrite group minerals.
In both cases, its chemical composition is similar. On average
the chalcopyrite contains 33.18 wt.% Cu, 30.49 wt.% Fe and
34.67 wt.% S (Table 10). Admixtures of other elements were
not detected.

The empirical formula of the chalcopyrite (recalculated to 4
apfu) is Cuggs-1.01F€0.98-1.0382.00-202 (0N average CuggrFeq oz-
S,.01)- The empirical formula of the chalcopyrite recalculated to
2 atoms of sulphur is Cug gs.1.00F€0.97-1.0332 (on average Cugor
Fe101S2).

Tennantite-tetrahedrite group minerals were analysed in
one sample (n = 21). Two minerals from this group were distin-
guished, differing in the proportion between Sb and As (Ta-
ble 11). The first occurs as intergrowths with bornite, chalcopy-
rite, sphalerite and minor galena. lts average chemical compo-
sition is close to stoichiometric tennantite: 41.83 wt.% Cu,
2.90 wt.% Fe, 17.56 wt.% As, 0.36 wt.% Sb and 28.55 wt.% S.
An average of 5.72 wt.% Zn was also noted. The second min-
eral was observed in the form of intergrowths only with bornite
(Fig. 12). It contains on average 40.46 wt.% Cu, 1.56 wt.% Fe,
6.50 wt.% Zn, 11.28 wt.% As and 11.04 wt.% Sb. Its chemical
composition indicates that this is a middle member of the ten-
nantite-tetrahedrite series.

The empirical formula of the tennantite (recalculated to 29
apfu) is Cug 7s.10.01F€0.64-096ZN1.18-1.68AS3.42-360813.37-1351 (ON a@v-
erage CuggsFep7sZnq32AS354S1343). The empirical formula of
the second mineral from the tennantite-tetrahedrite group (re-
calculated to 29 apfu) is Cug gs-10.18F€0.35-0.65ZN1.49-1.63AS2.14-2.53-
Sb130.155813.15-1337 (0N average Cug.gsFe.44ZN155A8235501 42
Si329). The empirical formula of the tennantite (recalculated to

Table 9

Chemical composition of bornite from the shale ore of the Sulmierzyce North deposit

wt% | s | cu | Fe [ Ag [ Hg [ co | Ni [sb|As [ zn [ Bi [cd] Au
Bornite (the first type)
Min 25.62 | 57.56 | 10.25 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 27.49 | 62.97 | 12.30 | 0.10 | 0.06 | 0.20 | 0.06 | 0.05 | 0.64 | 1.08 | 0.07 | 0.04 | 0.13
Mean | 26.42 | 60.45 | 11.33 | 0.03 | 0.00 | 0.01 | 0.01 | 0.00 | 0.02 | 0.07 | 0.00 | 0.00 | 0.02
S.D. 0.41 1.00 0.45 | 0.03 | 0.01 | 0.04 | 0.02 | 0.01 | 0.10 | 0.19 | 0.01 | 0.01 | 0.03
Bornite (the second type)
Min 25.07 | 61.09 | 8.61 | 0.11 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 25.84 | 66.54 | 10.95 | 0.29 | 0.00 | 0.03 | 0.00 | 0.03 | 0.05 | 0.10 | 0.00 | 0.03 | 0.08
Mean | 25.38 | 64.47 | 9.56 | 0.19 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.02 | 0.00 | 0.00 | 0.00
S.D. 0.22 1.66 | 0.77 | 0.05 | 0.00 | 0.01 | 0.00 | 0.01 | 0.01 | 0.03 | 0.00 | 0.01 | 0.02
Bornite (all samples
Min 25.07 | 57.56 | 8.61 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Max 27.49 | 66.54 | 12.30 | 0.29 | 0.06 | 0.20 | 0.06 | 0.05 | 0.64 | 1.08 | 0.07 | 0.04 | 0.13
Mean | 26.13 | 61.59 | 10.83 | 0.08 | 0.00 | 0.01 | 0.00 | 0.00 | 0.02 | 0.05 | 0.00 | 0.00 | 0.01
S.D. 0.60 219 | 0.98 | 0.08 | 0.01 | 0.03 | 0.01 | 0.01 | 0.08 | 0.17 | 0.01 | 0.01 | 0.03
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Table 10

Chemical composition of chalcopyrite from the shale ore of the Sulmierzyce North deposit

wt% | s | cu [ Fe [ Ag [ Hg [ co| Ni [ sb | As [ zn] Bi [cd] Au
Chalcopyrite
Min [ 34.30 [ 32.74 [ 29.39 [ 0.00 [ 0.00 | 0.00 | 0.00 [ 0.00 [ 0.00 [ 0.00 [ 0.00 | 0.00 | 0.00
Max | 35.06 | 34.27 | 30.98 | 0.05 | 0.00 | 0.08 | 0.00 | 0.02 [ 0.07 [ 0.10 [ 0.05 | 0.02 | 0.09
Mean | 34.67 | 33.18 | 30.49 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.01 [ 0.01 [ 0.00 | 0.00 | 0.02
sD. | 015] 036 | 0.38]0.01[0.00]001][000]000]002]002]0.01][0.00]0.03
Table 11

Chemical composition of tennantite-tetrahedrite group minerals from the shale ore of the
Sulmierzyce North deposit

wt% | s | cu | Fe [ Ag [ Hg [co [ Ni [ sb [ As [ zn | Bi | cd] Au
Tennantite (intergrowths with bornite/sphalerite/chalcopyrite)
Min 28.40 | 41.20 | 2.38 | 0.00 | 0.00 | 0.00 | 0.00 | 0.04 | 16.93 | 5.11 | 0.00 | 0.02 | 0.00
Max 28.72 | 42.26 | 3.56 | 0.07 | 0.00 | 0.05 | 0.07 | 1.07 | 17.98 | 7.31 | 0.00 | 0.06 | 0.10
Mean | 28.55 | 41.83 | 2.90 | 0.03 | 0.00 | 0.01 | 0.00 | 0.36 | 17.56 | 5.72 | 0.00 | 0.03 | 0.01
S.D. 0.10 0.33 | 0.36 | 0.02 | 0.00 | 0.02 | 0.02 | 0.33 | 0.29 | 0.57 | 0.00 | 0.02 | 0.03
Middle member of the tennantite-tetrahedrite series (intergrowths with bornite)
Min 26.59 | 40.15 | 1.23 | 0.05 | 0.00 | 0.04 | 0.00 | 10.19 | 10.12 | 6.15 | 0.00 | 0.02 | 0.00
Max 27.61 | 40.83 | 2.30 | 0.07 | 0.09 | 0.04 | 0.00 | 12.02 | 12.23 | 6.77 | 0.00 | 0.08 | 0.05
Mean | 27.27 | 40.46 | 1.56 | 0.06 | 0.02 | 0.01 | 0.00 | 11.04 | 11.28 | 6.50 | 0.00 | 0.05 | 0.01
S.D. 0.37 0.25 | 0.38 | 0.01 | 0.04 | 0.02 | 0.00 | 0.65 | 0.72 | 0.22 | 0.00 | 0.02 | 0.02
Table 12

Chemical composition of galena and sphalerite from the shale ore of the Sulmierzyce North deposit

wt% | s | cu | Fe [ Ag [ Hg [ co | Ni [sb|[As | zn | Pb [ Bi [cd] Au
Galena

Min [ 12.37 [ 3.02 [ 0.07 [ 0.00 [ 0.00 [ 0.00 [ bdl | 0.00 | 0.00 | 0.00 | 76.13 | 0.50 [ 0.00 [ 0.00

Max | 14.56 | 8.43 | 0.49 | 0.08 | 0.00 [ 0.00 | bdl | 0.00 | 0.00 | 3.80 | 82.88 | 0.65 [ 0.00 | 0.06

Mean | 13.92 | 5.38 | 0.24 | 0.04 [ 0.00 [ 0.00 [ bdl | 0.00 | 0.00 | 1.01 | 79.44 | 0.57 | 0.00 | 0.02

sD. | 089246016 ]0.03]000[000][ bdl |000]000] 161 | 3.13 | 0.06 [ 0.00 | 0.03
Sphalerite

Min [ 3262 [ 017 [ 012 [ 0.02 [ 0.00 [ 0.00 [ 0.05 | 0.00 | 0.00 | 56.62 | 0.05 | 0.00 [ 0.14 [ 0.00

Max | 33.11 | 6.73 | 0.55 [ 0.14 | 0.00 [ 0.08 [ 0.06 | 0.00 | 0.00 | 64.14 | 0.15 | 0.04 | 0.22 | 0.00

Mean | 32.89 | 3.48 | 0.29 | 0.06 | 0.00 [ 0.03 [ 0.02 | 0.00 | 0.00 | 60.03 | 0.10 | 0.01 | 0.18 | 0.00

sD. | 020262015006 000 [004]003]000]000] 291 | 0.03 |0.02]0.03 [ 0.00

bdl — below detection limit

13 atoms of sulphur) is Cug 46-9.71F€0.62-093ZN1.14.1.63A83.20-351S13
(on average CuggiFeq76ZNn128AS342S13). The empirical formula
of the second mineral from the tennantite-tetrahedrite group
(recalculated to 13 atoms of sulphur) is Cugeo-1007F€0.34-0.65
ZN1 47.150AS2.12-246Sb1 26152513 (0N average Cug7sFeq43Zny s
As 30Sb1 39S 13).

Galena was studied in one sample (n = 5), where it occurs
as inclusions in aggregates composed of bornite, chalcopyrite
and tennantite-tetrahedrite group minerals. Its average chemi-
cal composition is 79.44 wt.% Pb and 13.92 wt.% S (Table 12).
Also, on average 5.38 wt.% Cu, 1.01 wt.% Zn and 0.57 wt.% Bi
were detected.

Empirical formula of galena from the sample analysed (re-
calculated to 2 apfu) is Pbgg1099S101-100 (ON average
Pbo.95S1.05). The empirical formula of the galena recalculated to
1 atom of sulphur is Pbg g3.098S (on average Pbg ¢1S).

Sphalerite was examined in one sample (n = 6), where it
occurs in aggregates with bornite, chalcopyrite and tennan-
tite-tetrahedrite group minerals. It contains typically 60.03 wt.%
Zn, 32.89 wt.% S and 3.48 wt.% Cu (Table 12). Minor concen-
trations of Fe (0.29 wt.%) and Cd (0.18 wt.%) were observed.

The empirical formula of the sphalerite (recalculated to 2
apfu) is Zng.g2.0.97S1.03-1.08 (ON average Zng g4S+.06). The empirical
formula of the sphalerite recalculated to 1 atom of sulphur is
Zno 85095 (0N average Zng goS).
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Fig. 12A — photomicrograph of a mineral from the tennantite-tetrahedrite group (ttr) forming an intergrowth with bornite (bn), with
minor inclusions of galena (gn); B — BSE image of a mineral from the tennantite-tetrahedrite group forming an intergrowth with
bornite; C — elemental mapping showing distribution of Cu; D — elemental mapping showing distribution of Fe; E — elemental map-
ping showing distribution of As; F — elemental mapping showing distribution of Pb; G — EDS spectrum of a mineral from the tennan-

tite-tetrahedrite group

SUMMARY OF THE RESULTS

In the samples of the shale ore studied from the Nowa Sdl,
Mozéw and Sulmierzyce North deposits, disseminated mineral-
ization is the most widespread mineralization style.
Coarse-grained nests and aggregates (which may form
semi-massive veins and lenses) were observed mainly in the
Nowa Sél deposit. In the Sulmierzyce North deposit they are
slightly less frequent, while in the Mozéw deposit, disseminated
mineralization is accompanied by sulphide veinlets.

In the deposits investigated, chalcocite is the dominant ore
mineral and the second most common mineral is bornite. In the
Nowa Sél deposit chalcocite may contain Ag admixtures, while
in the Mozdéw and Sulmierzyce North deposits the chalcocite is
Ag-barren. In the Nowa Sél deposit, parts of the shale ore are
mineralized almost exclusively with chalcocite (disseminated

and/or coarse grained). Intergrowths of chalcocite and bornite
are less common. Bornite-dominated mineralization was docu-
mented only locally and it replaces primary pyrite mineraliza-
tion. In the Mozéw deposit, chalcocite (disseminated or in
veinlets) strongly prevails over bornite (mainly disseminated).
In the Sulmierzyce North deposit both minerals may occur sep-
arately as well as in intergrowths (either chalcocite or bornite
may prevail). In the three deposits, orange bornite predomi-
nates and pink bornite was recognised in minor amounts. Apart
from that, fine grains of Ag-bearing orange-brown and
brown-grey varieties of bornite were distinguished in the Nowa
Sol deposit.

Other Cu-S minerals, such as digenite, djurleite and covel-
lite, are also present in the shale ore from the three studied de-
posits. In the Nowa Sdl deposit, semi-massive intergrowths of
chalcocite with djurleite and/or digenite were noted. Covellite is
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an accompanying mineral in the Nowa Sol deposit. In the
Mozéw and Sulmierzyce North deposits, both digenite and
covellite are accompanying minerals.

Chalcopyrite was observed only in the Sulmierzyce North
deposit, as were minerals from the tennantite-tetrahedrite
group. They occur together, in a paragenesis with bornite,
sphalerite and minor galena. Apart from that, in some of the
samples, shale ore was mineralized almost exclusively with
chalcopyrite, which does not contain any significant admixtures.

Ag minerals are present in all the deposits investigated. In
the Nowa Sél deposit, native Ag, Ag-amalgams and stromeyerite
were documented. Native Ag and Ag-amalgams mainly form in-
clusions in chalcocite (rarely in bornite), or as disseminated indi-
viduals. In the native Ag, admixtures of Hg were consistently de-
tected. The Ag-amalgams vary in Hg content (Hg-rich and
Hg-poor varieties were recognised). Stromeyerite forms rims
around native Ag and Ag-amalgams. In the Mozéw deposit,
stromeyerite occurs as very fine grains disseminated in the host
rock or small inclusions in chalcocite. Both in the Nowa S¢l and
Mozoéw deposits, two types of stromeyerite were distinguished.
The first is close to stoichiometric stromeyerite and the second
contains some Hg enrichments. In the Sulmierzyce North de-
posit, Ag minerals were difficult to examine as their grains are
smaller and more dispersed than in the other two deposits.

Co-Ni sulpharsenides occur in the shale ore from the three
deposits documented, but only in the Nowa Sél deposit was
grain size appropriate for chemical analyses. They are repre-
sented mainly by middle members of the cobaltite-gersdorffite
series, differing in proportions between Co and Ni. In the first
type identified, Ni prevails over Co, while in the second Co pre-
dominates. Cu-bearing Ni-arsenide was also distinguished.
The Co-Ni minerals form abundant accumulations in the sam-
ples containing rich chalcocite-djurleite mineralization accom-
panied by digenite.

In the Nowa Sdl deposit, galena and sphalerite form dis-
seminated individuals or intergrowths with Cu-sulphides (ga-
lena prevails over sphalerite). In the Sulmierzyce North deposit,
both minerals co-occur with Cu mineralization in the shale ore,
either with chalcocite and/or bornite or in a chalcopyrite/tennan-
tite-tetrahedrite/bornite paragenesis (sphalerite prevails over
galena). In the Mozow deposit, only minor inclusions of galena
in chalcocite were noted. In all deposits discussed, galena con-
tains minor admixtures of Bi. In the sphalerite from the Nowa
Sol and the Sulmierzyce North deposits, minor Cd concentra-
tions were detected.

Pyrite is common in the Nowa Sél and Sulmierzyce North
deposits, mainly in the form of framboids dispersed in the host
rock (usually replaced by other sulphides) or together with ga-
lena and sphalerite. In the Nowa Sél deposit, aggregates com-
posed of densely packed framboids replaced by bornite were
observed. In the Sulmierzyce North deposit, pyrite forms inclu-
sions in chalcopyrite.

Native bismuth was recognised only in the Nowa Sdl de-
posit, as fine inclusions in chalcocite-group minerals.

In the Nowa Sdl deposit, the horizontal distribution of ore
minerals is strongly influenced by the distance from the oxi-
dized field. Cu-S phases prevail in the close vicinity of the Rote
Féule facies. Moving outwards (towards the NE and SE),
Cu-Fe-S phases appear in the shale ore. The most abundant
Ag minerals were documented slightly farther from the oxidized
field than the highest grade Cu mineralization. In the most re-
dox-distant parts of the deposit, Pb-Zn mineralization (accom-
panied by pyrite) co-occur with Cu-sulphides, which is in accor-
dance with the general pattern of metals distribution in the FSM.
Enrichments in Pb and Zn are characteristic also of the SE part
of the deposit. In general, the northern margins of the Nowa Sdl

deposit can be described as a polymetallic zone, where rich
Cu-Ag-Zn-Pb mineralization is present in the shale ore. In the
Mozoéw deposit, lateral zonation of metals was not recognised.
In the Sulmierzyce North deposit, zonation of minerals typical of
the FSM deposits is barely observed. Cu-S and Cu-Fe-S miner-
als occur in similar proportions, and a distinctive Pb-Zn zone is
not developed here. Sphalerite and galena were noted mainly in
the samples from the central part of the deposit.

The vertical distribution of the mineralization in the Nowa
Sl deposit is influenced by the oxidized zone. Chalcocite is
concentrated mainly in the lowermost part of the shale ore,
while bornite predominates in its upper part. In the vertical pro-
file of the ore deposit, Ag minerals are usually observed to-
gether with the richest Cu mineralization. In the Mozéw deposit,
the vertical distribution of Cu sulphides is also consistent with
the general pattern. Cu-S minerals prevail directly above the re-
dox boundary, while Cu-Fe-S phases predominate in the upper-
most part of the shale ore. Chalcocite mineralization is particu-
larly rich in the shale ore. Ag minerals are common in the shale
ore, but generally there is no correlation between Cu and Ag in
this deposit and the highest Ag concentrations occur higher in
the lithological profile than do the richest Cu enrichments
(Pietrzela and Bienko, 2023). The Pb-Zn zone was not detected
in the Mozdw deposit. In the shale ore, minor amounts of galena
were documented and sphalerite is virtually absent. In the verti-
cal distribution of mineralization in the Sulmierzyce North de-
posit, Cu-S sulphides usually prevail in the lowermost part of the
shale ore, while Cu-Fe-S sulphides were noted in the upper-
most part, but this typical zonation of minerals can be disrupted.
Galena and sphalerite appear in the shale ore as accompany-
ing minerals, together with Cu mineralization. Ag minerals are
rare and are always present in the same zone as the richest Cu
mineralization. There is a strong correlation between Cu and Ag
in the Sulmierzyce North deposit (Pietrzela and Bienko, 2023).

DISCUSSION

The deposits of the NCB, as well as the deposits of the
Lubin-Sieroszowice area (such as Rudna, Polkowice, Siero-
szowice, Lubin-Matomice, and Radwanice-Gaworzyce depos-
its), are Kupferschiefer-type deposits; therefore, their geological
structure, mineralogy and geochemistry are to some extent
similar. However, at a more detailed level, the distribution of ore
mineralization and its chemical composition vary across all
these deposits.

The Nowa Sél deposit shows some resemblance to the
Polkowice, Sieroszowice and Rudna deposits. In all these ar-
eas, the ore deposit may consist of sandstones, shales as well
as carbonates, while mineralization in the shale ore is strongly
dominated by chalcocite (the distribution of ore minerals in the
deposits of the Lubin-Sieroszowice area has been described in
detail by Pieczonka et al., 2007). Locally, chalcocite concentra-
tions decrease and bornite mineralization occurs instead. How-
ever, in the Nowa Sél deposit no chalcopyrite was observed in
the shale ore, as opposed to the previously mentioned deposits.
Amounts of galena and sphalerite in the shale ore are generally
low in the Nowa Sl deposit, similarly to the Polkowice and
Sieroszowice deposits. Occurrences of Ni-Co sulpharsenides
are characteristic of the Nowa Sél deposit, which were also
noted in the SW part of the Polkowice-Sieroszowice area
(Pieczonka et al., 2007).

The Mozéw deposit can be compared with Radwa-
nice-Gaworzyce deposit, as the ore mineralization in both areas
occurs predominantly in shales and carbonates. In the shale
ore of the Mozéw deposit chalcocite is the main Cu sulphide,
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similarly to other deposits in the Lubin-Sieroszowice area; how-
ever, no chalcopyrite or sphalerite were observed. Bornite min-
eralization is concentrated in the uppermost part of the Kupfer-
schiefer.

In the Sulmierzyce North deposit, the mineralization occurs
mainly in shales and to a lesser extent in carbonates, so there is
limited similarity with the Polkowice deposit. A characteristic
feature of the Sulmierzyce North deposit is chalcopyrite enrich-
ments in the shale ore, which were also documented in most of
the other deposits of the Lubin-Sieroszowice area (Polkowice,
Sieroszowice, Rudna and Lubin-Matomice deposit). The Sul-
mierzyce North deposit reveals some galena and sphalerite
co-occurring with rich Cu-Ag mineralization, therefore it shows
some resemblance to the Rudna and Lubin-Matomice deposits.
However, typical Pb-Zn bearing shales, containing only galena
and sphalerite mineralization (with no Cu-sulphides), known
from Rudna and Lubin-Matomice deposits, were not observed
in any of the NCB deposits. A distinctive feature of the Sul-
mierzyce North deposit is also the presence of a chalcopy-
rite-bornite-sphalerite-tennantite paragenesis. In the northern
part of the Rudna deposit, as well as the eastern part of the
Lubin-Matomice deposit, bornite co-occurs with tennantite and
chalcopyrite in the uppermost part of the sandstone ore and in
the shale ore (Piestrzynski, 2007). Elevated concentrations of
tennantite are also known from the Polkowice deposit (Pieczon-
ka et al., 2007).

As in the Lubin-Sieroszowice deposits, the most common
Cu-sulphides in all the NCB deposits are sulphides from the
Cu-S group, primarily chalcocite. In the Kupferschiefer-type de-
posits of the FSM, chalcocite-dominated mineralization usually
co-occurs with digenite and djurleite (Kucha, 2007;
Piestrzynski, 2007; Pieczonka, 2011). Moreover, some authors
have distinguished two varieties of chalcocite (Mayer and
Piestrzynski, 1985). In several samples from the Nowa Sdl de-
posit, rich mineralization consisting of two or three chalcocite
group minerals was observed. It may be composed of two vari-
eties of chalcocite, or different minerals from the chalcocite-
group, such as chalcocite and djurleite, but due to physical and
chemical similarities between all members of the chalcocite
group minerals, their precise identification using microscopic
methods, as well as EMPA analyses, was difficult. It has been
suggested that Ag-rich djurleite may often be mistaken for
Ag-rich chalcocite in the Kupferschiefer-type deposits of the
FSM (Szopa et al., 2021).

In all Kupferschiefer deposits, Cu-S group minerals com-
monly show admixtures of Ag. The most significant Ag-bearing
Cu-sulphide is chalcocite. It was noted by several authors that
in the Lubin-Sieroszowice area, the Ag content in chalcocite is
the highest when chalcocite co-occurs with Ag minerals. When
Ag minerals are not present in the shale ore, Ag concentrates
mainly in chalcocite (Kucha, 2007; Piestrzynski, 2007; Kozub-
Budzyn and Piestrzynski, 2017). Similarly, in the Nowa Sél de-
posit, Ag-bearing chalcocite commonly co-occurs with Ag min-
erals. In some of the samples studied, both varieties of
chalcocite were observed: Ag-bearing, with inclusions of Ag
minerals, and Ag-barren, lacking inclusions. In the Mozéw de-
posit, this pattern was not documented. The chalcocite ana-
lysed can be classified as Ag-barren, but it contains inclusions
of Ag minerals nevertheless. However, only few samples from
this deposit were studied, so more analyses are required in or-
der to confirm these results. In the Sulmierzyce North deposit
the Ag content is the lowest: the chalcocite is Ag-barren and Ag
minerals are rare.

Kozub-Budzyn and Piestrzynski (2017) reported, that in the
Lubin-Sieroszowice area, chalcocite occurring in paragenesis
with native Ag contains an average of 5.51 wt.% Ag, while in

chalcocite from samples in which no Ag minerals were present,
Ag admixtures are generally lower, on average 2.21 wt.% Ag.
According to Mikulski et al. (2020), the average Ag content in
chalcocite from the Lubin-Sieroszowice area is 4.59 wt.% Ag. In
chalcocite from the shale ore on the Polkowice-Sieroszowice
area, analysed by Foltyn et al. (2022), it is 0.37 wt.% Ag. Up to
1.78 wt.% Ag were noted in the chalcocite from the Rad-
wanice-Gaworzyce deposit by Chmielewski et al. (2021). Ag
admixtures in other Cu-S minerals have also been docu-
mented, but they are in general less than 1.0 wt.%
(Kozub-Budzyn and Piestrzynski, 2017; Mikulski et al., 2020;
Chmielewski et al., 2021; Foltyn et al., 2022). In the samples
from the Nowa Sél deposit, the average Ag content in Ag-bear-
ing chalcocite is 3.97 wt.%, while in Ag-barren chalcocite it is
0.05 wt.%. Particularly Ag-rich chalcocite, with Ag concentra-
tions reaching up to 12.81 wt.% (on average 7.78 wt.% Ag), was
also observed. Therefore, the average Ag content in the
chalcocite from the Nowa Sdl deposit is generally as in the
Lubin-Sieroszowice area. Contrary to the results published by
Kozub-Budzyn and Piestrzynski (2017), in the Mozéw deposit,
Ag admixtures in chalcocite are low (typically 0.17 wt.% in the
disseminated chalcocite and 0.36 wt.% in chalcocite veinlets),
yet it still contains inclusions of Ag minerals. In turn, Ag concen-
trations in chalcocite from the Sulmierzyce North deposit are as
in the Mozow deposit (the average value is 0.30 wt.%) but it
does not co-occur with Ag minerals.

Both in the deposit of the Sieroszowice-Lubin area and the
NCB, the most important Ag minerals are native Ag, Ag-amal-
gams and stromeyerite. Ag-bearing minerals usually exhibit Hg
enrichments. Kozub-Budzyn and Piestrzynski (2017) detected
an average of 96.53 wt.% Ag and 2.92 wt.% Hg in native Ag
from the Lubin-Sieroszowice area (the Hg content varies in the
range from 0.10 to 6.38 wt.%). The average chemical composi-
tion of native Ag from the Nowa Sdl deposit is generally similar:
96.13 wt.% Ag and 1.35 wt.% Hg (the Hg content varies from
0.26 to 4.44 wt.%).

In Ag-amalgams from the Lubin-Sieroszowice area, Hg
concentrations may reach up to 30 wt.% (Piestrzynski, 2007).
For example, 73.17-94.08 wt.% Ag (average 83.58 wt.%) and
6.43-23.90 wt.% Hg (average 14.90 wt.%) was noted in the
Ag-amalgams examined by Kozub-Budzyn and Piestrzynski
(2017). Ag alloys investigated by Mikulski et al. (2020) contain
from 39.68 to 76.71 wt.% Ag (with an average value of
64.22 wt.%) and from 19.56 to 34.46 wt.% Hg (an average
value is 22.74 wt.%). In the Nowa Sdl deposit, Ag-amalgams
poor in Hg, co-occurring with chalcocite-group minerals, con-
tain an average of 87.59 wt.% Ag and 10.23 wt.% Hg, while in
Hg-poor Ag-amalgams co-occurring with bornite (brown-grey
variety) it is on average 90.04 wt.% Ag and 7.14 wt.% Hg. In the
Hg-rich Ag-amalgam forming inclusions in Ag-bearing
chalcocite, average Ag and Hg amounts are 65.25 wt.% and
31.08 wt.% respectively. Thus, the chemical composition of
Ag-amalgams from the Nowa Sdél deposit is slightly more varied
than in the Lubin-Sieroszowice area.

In the deposits of the Lubin-Sieroszowice area, it is com-
monly observed, that at the contact between Cu-sulphides and
Ag minerals (mainly native Ag and Ag-amalgams) there are re-
action rims, associated with metasomatic replacements of
Cu-sulphides by Ag, composed of Cu-Ag sulphides (Salamon,
1979; Kozub-Budzyn and Piestrzynski, 2017; Chmielewski et al.,
2021). Kozub-Budzyn and Piestrzynski (2017) reported that re-
action rims between Cu-sulphides and native-Ag contain
55.79-68.83 wt.% Cu and 12.38-25.29 wt.% Ag, while reaction
rims between Cu-sulphides and Ag-amalgams are composed of
Cu-Ag sulphides with Hg admixtures (<1.92 wt.%). Furthermore,
reaction rims between Cu-sulphides and native Ag/Ag-amal-
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gams are often composed of stromeyerite. In general, the chemi-
cal composition of the minerals from the stromeyerite group is
varied in the deposits of the Lubin-Sieroszowice area. According
to Piestrzynski (2007), stromeyerite forming intergrowths with
Ag-Hg minerals, or co-occurring with rich Ag-Hg mineralization,
exhibits significant Hg enrichments, reaching up to 11.02 wt.%.
The average chemical composition of stromeyerite, given by
Kozub-Budzyn and Piestrzynski (2017) is 50.23 wt.% Ag,
33.99 wt.% Cu and 15.91 wt.% S. The stromeyerite forming
intergrowths with Ag-amalgams also contains up to 3.06 wt.%
Hg. In the samples from the Lubin deposit, Hg-rich stromeyerite
was distinguished, with Hg enrichments reaching up to
12.57 wt.% (Kozub-Budzyn and Piestrzynski, 2017).

In the samples from the NCB deposits, reaction rims com-
posed of Cu-Ag sulphides were also observed, mainly in the
Nowa Sél deposit. Their chemical composition is close to
stoichiometric stromeyerite, but the proportion between Cu and
Ag can vary. Stromeyerite co-occurring with inclusions of native
Ag in chalcocite aggregates contains an average of 49.06 wt.%
Ag, 34.92 wt.% Cu and 14.44 wt.% S. The average chemical
composition of Cu-Ag sulphide associated with inclusions of
Hg-poor Ag-amalgam in chalcocite, slightly differs from
stoichiometric stromeyerite and reveals some Hg enrichments:
41.52 wt.% Cu, 37.24 wt.% Ag, 15.12 wt.% S and 4.28 wt.% Hg
(Hg content ranges between 0.20 and 8.72 wt.%, while Ag con-
tent is between 23.50 and 52.81 wt.%). In the Mozéw deposit,
two Cu-Ag sulphides were identified, accompanying chalco-
cite-dominated disseminated mineralization. The average
chemical composition of the first is also similar to stromeyerite:
44.35 wt.% Ag, 38.91 wt.% Cu and 16.25 wt.% S. The second,
presumably Hg-bearing stromeyerite, contains on average
36.05 wt% Cu, 3456 wt% Ag, 16.29 wt% S and
11.24 wt.% Hg.

As can be seen, the chemical composition of Ag minerals
from the NCB deposits, is more less in line with the earlier stud-
ies of Ag minerals from the Lubin-Sieroszowice area. It has
been noted that development of Ag own minerals in the Kupfer-
Schiefer-type deposits was probably different than in the case of
Ag admixtures in Cu-minerals (Chmielewski et al., 2021). This
observation also applies to the NCB deposits. According to
most of the previous studies, the origin of Ag ore minerals is as-
sociated with secondary processes (Salamon, 1979; Piestrzyn-
ski and Salamon, 1986; Pieczonka, 2011; Kozub-Budzyn and
Piestrzynski, 2017). Ag minerals replacing outer parts of
Cu-sulphide grains and aggregates, as well as reaction rims at
the contact between ore minerals and Ag minerals, indicate that
the development of Ag mineralization post-dated the Cu miner-
alization (Pieczonka, 2011; Kozub-Budzyn and Piestrzynski,
2017; Chmielewski et al., 2021). The occurrences of Cu-Ag
minerals around the native Ag and Ag-amalgams in the sam-
ples from the NCB corroborate these observations.

Several varieties of bornite have been distinguished in the
deposits of the Lubin-Sieroszowice area (Jarosz, 1966;
Haranczyk, 1972; Salamon, 1976; Kucha, 2007). Two most
common varieties are described as orange and pinkish-purple
(Jarosz, 1966; Haranczyk, 1972). The formula of the orange
bornite is Cus«Feq.xSs, where x = 0.15. The orange bornite is
poor in Ag, as opposed to the pinkish-purple bornite, which al-
ways contains some Ag admixtures. In general, Ag admixtures
in the bornite may reach up to 30 wt.% (Ag is substituted for
Cu). Such Ag-rich bornite (often with Hg enrichments) is char-
acterized by pink-grey and grey-brown colours. Another variety
of bornite, described by Kucha (2007) is characterized by Fe
deficiency, compensated by higher Cu content (so-called
'/, bornite CussFe5S4). In the samples from the deposits of the

NCB, bornite is significantly less diverse. In the samples from
the Nowa Sol deposit, orange bornite predominates. Pink
bornite was also observed in several samples, but it was much
less frequent. Both types of bornite show very similar chemical
composition. Two Ag-bearing varieties of bornite have also
been identified (orange-brown and brow-grey), forming inter-
growths with Ag-amalgams; however, they occur in minor
amounts. In the Mozéw deposit pink bornite occurs, while in the
Sulmierzyce North deposit orange bornite predominates.

Ag admixtures can be observed in bornite. According to
Kozub-Budzyn and Piestrzynski (2017), Ag admixtures in
bornite co-occurring with Ag minerals (in the Lubin-Siero-
szowice area) reach from 0.20 to 7.00 wt.% Ag (while the Cu
and Fe contents are respectively lower). Bornite from samples
in which no Ag minerals are present contains from 0.03 to 1.00
wt.% Ag. Particularly Ag-rich, pink-grey bornite, hosting up to
8.66 wt.% Ag was also documented by these authors. Up to
0.09 wt.% Hg was detected in bornite with significant Ag enrich-
ments, co-occurring with Ag-amalgams. Bornite analysed by
Mikulski et al. (2020) is Ag-barren, while in bornite from the
shale ore studied by Foltyn et al. (2022) only 0.04 wt.% Ag was
reported. Ag concentrations in bornite from the Radwani-
ce-Gaworzyce deposit reach up to 1.16 wt.% (Chmielewski et
al.,, 2021). In the deposits of the NCB, minor amounts of
Ag-bearing bornite (containing on average 3.5 wt.% Ag) were
documented, only in the Nowa Sdl deposit, in the form of fine
intergrowths with Ag-amalgams.

Chalcopyrite is common in the deposits from the Lubin-
Sieroszowice area. lts chemical composition corresponds to
the formula (Fe,Ag)CuS; and (Ag,Fe)(Cu,Ag)S; (Kucha and
Gluszek, 1983). In the deposits of the NCB, chalcopyrite in the
shale ore was rarely observed (only in several samples from the
Sulmierzyce North deposit). Chalcopyrite in the Lubin-
Sieroszowice area, investigated by Kozub-Budzyn and
Piestrzynski (2017) does not reveal significant Ag admixtures
(up to 0.14 wt.%, on average 0.06 wt.%), while the chalcopyrite
studied by Mikulski et al. (2020) is Ag-barren. Numerous sam-
ples of chalcopyrite were analysed by Foltyn et al. (2022), but in
general Ag concentrations in chalcopyrite from the shale ore do
not exceed 0.10 wt.%. In chalcopyrite examined by
Chmielewski et al. (2021) up to 0.21 wt.% Ag occurs. Chalcopy-
rite from the Sulmierzyce North deposit can also be classified
as Ag-barren.

Minerals from the tennantite-tetrahedrite group are distrib-
uted very irregularly in the Lubin-Sieroszowice area (tennantite
is much more frequent than tetrahedrite). Elevated contents of
both minerals are associated with epigenetic ore veins
(Piestrzynski, 2007). In the Sulmierzyce North deposit, tennan-
tite also prevails over tetrahedrite, but epigenetic veins were not
detected.

Both in the deposits of the Lubin-Sieroszowice area and the
NCB, minerals from the cobaltite-gersdorffite series occur in the
form of very fine grains; therefore, their analyses and compari-
sons are difficult. Cobaltite reported from the Lubin-Sie-
roszowice area by Haranczyk (1972) and Kucha (1976) con-
tains up to do 18.4 wt.% Ni, 4.58 wt.% Cu and 0.87 wt.% Fe,
which is similar to the results obtained in this study.

Pb-Zn mineralization varies across the FSM deposits. In gen-
eral, galena concentrates mainly in the uppermost part of the ore
series, while sphalerite mineralization predominates slightly
above the Cu zone and Pb zone. However, disruptions of the typ-
ical zonation are commonly observed (Piestrzynski, 2007). In the
deposits of the NCB, the development of the Pb-Zn zone also
varies. Only in the Nowa Sdl deposit does distribution of both
metals follow a typical pattern, as they occur in the distal parts of
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the mineralized zone. In the Sulmierzyce North deposit the con-
tent of galena and sphalerite is lower, but they overlap with
Cu-Ag mineralization. In the Mozéw deposit, a Pb-Zn zone was
not detected.

Differences in Pb and Zn concentrations in all three deposits
may indicate different compositions of basement rocks, which
were the source of metals carried by mineralizing fluids respon-
sible for the formation of each deposit. Itis generally agreed that
the main source of metals in the mineralizing fluids were the
Rotliegend strata, particularly the Lower Permian volcanics and
pre-Permian basement rocks (composed of lower Paleozoic
metamorphic rocks and Carboniferous clastic rocks and gran-
ite) containing some amounts of hydrothermal sulphide miner-
alization (Speczik, 1979, 1985; Jowett, 1986; Jowett et al.,
1987; Oszczepalski, 1989, 1999; Speczik, 1995). It has been
suggested that volcanic and sedimentary basement rocks and
Lower Permian volcanics served as the main sources of Cu
while acid intrusive rocks of Late Carboniferous age were re-
sponsible for elevated Pb concentrations in some occurrences
(Speczik and Rydzewski, 1983; Speczik et al., 1986). In the
Nowa Sdl deposit, a relatively well-developed Pb-Zn zone may
result from the presence of Carboniferous granites in the base-
ment rocks (Speczik, 1979, 1985; Jowett, 1986; Jowett et al.,
1987; Oszczepalski, 1989, 1999; Speczik, 1995). Significantly
lower contents of Pb and Zn in the Mozéw and Sulmierzyce
North deposits may result from the considerable distance from
the Fore-Sudetic Block and lack of Variscan granites in the
feeder area during the Rotliegend period, when palaeo-depres-
sions were being filled with deposit.

CONCLUSIONS

Ore mineralization in the shale ore from the deep Cu-Ag de-
posits documented in the Northern Copper Belt shows pro-
nounced differences. This may indicate varied ore-forming pro-
cesses and different compositions of mineralizing brines re-
sponsible for development of each deposit, perhaps resulting
from distinct compositions of the source rocks.

In all three deposits, chalcocite is the dominant ore mineral
and the second most common mineral is bornite. In the shale
ore of the Nowa Sl deposit, the proportion of bornite increases
with increasing distance from the oxidized facies. In the shale
ore of the Mozdéw deposit, chalcocite strongly prevails over
bornite. In the Sulmierzyce North deposit, chalcocite and
bornite occur in similar amounts, but they are distributed less
regularly. Moreover, Sulmierzyce North is the only deposit with
significant amounts of chalcopyrite and minerals from the ten-
nantite-tetrahedrite group in the shale ore.

The main difference in the chemical composition of
chalcocite in the three deposits is Ag content, which is the high-
est in the Nowa Sdl deposit. By contrast, in the Mozéw deposit,
the chalcocite is Ag-barren. However, only 2 boreholes from
this deposit have been investigated, therefore, it is possible that
in the outer parts of this deposit chalcocite contains more Ag. In
the Sulmierzyce North deposit, chalcocite exhibits only minor
admixtures of Ag and can also be classified as Ag-barren. The
proportion between Cu and S in the chalcocite varies slightly, in-
dicating that some of the results obtained are closer to
stoichiometric djurleite (particularly in the Nowa Sél deposit).
Minor amounts of bornite enriched in Ag were documented only
in the Nowa Sol deposit.

Ag minerals are most common in the Nowa Sdl deposit,
where they usually co-occur with high-grade chalcocite mineral-
ization. Ag minerals were also noted in the Mozéw deposit, but
they are not directly related to the richest Cu-mineralization. In
the Sulmierzyce North deposit, the Ag content in the shale ore
is the lowest and Ag minerals were scarcely observed.

Pb-Zn mineralization is developed to a different extent in
each deposit. In the Nowa Sél deposit, Pb and Zn contents in-
crease towards the NE, with increasing distance from the oxi-
dized field. The most significant part of the Pb-Zn mineralization
occurs above the Cu-series. Shale ore from the northern mar-
gins of the deposit contains rich polymetallic Cu-Ag-Pb-Zn min-
eralization. In the boreholes from the Mozéw deposit, Pb and
Zn minerals are virtually absent from the shale ore. In the
Sulmierzyce North deposit, Pb and Zn minerals are much less
frequent than in the Nowa Sdl deposit, but they tend to occur
with the high-grade Cu mineralization.

Co-Ni sulpharsenides were found only in samples from the
Nowa Sl deposit, as the contents of both Co and Ni are the
highest in the Nowa Sél deposit. Co-Ni minerals co-occur with
high-grade Cu-S mineralization.

Each of the deposits from the Northern Copper Belt is char-
acterized by a different distribution of the ore mineralization.
The differences demonstrated result mainly from the distinct
spatial range of the oxidized facies in each deposit. In the Nowa
Sol deposit, the ore mineralization covers three lithological units
(sandstones, shales and carbonates), but its position in the ver-
tical profile varies and depends on the distance from the oxi-
dized field. In the Mozéw deposit, the distribution of the ore min-
eralization is very regular around the oxidized facies, as it cov-
ers the Kupferschiefer and lowermost part of the Zechstein
Limestone, while the sandstones are entirely barren. In the
Sulmierzyce North deposit, oxidation usually reaches the lower-
most parts of the Kupferschiefer while the ore is present within
either shales and carbonates or only shales.

In the Nowa Sdl deposit, mineral zonation is strongly devel-
oped, similarly to the Lubin-Sieroszowice deposits. Reaction
rims occurring at the contact between Cu-sulphides and Ag
minerals indicate that Ag mineralization post-dated Cu mineral-
ization. In the Sulmierzyce North deposit, mineral zonation typi-
cal of the Kupferschiefer-type deposits of the FSM is disrupted
by the vicinity of several oxidized fields. As for the Mozéw de-
posit, more boreholes should be examined, in order to deter-
mine the presence of mineral zonation. Taking into account all
the patterns in the distribution and formation of ore minerals, it
can be inferred that the deposits in question were formed as a
result of a long-lasting, multiphase process.

The deposits of the NCB show some resemblance to the
deposits of the Lubin-Sieroszowice area, in terms of geological
structure, mineralogy and geochemistry. At a more detailed
level, the distribution of ore mineralization and its chemical
composition vary to some extent across these two areas.
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