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We de scribe the min er al ogy and geo chem is try of three deep (>1500 m BGL) Kupferschiefer-type de pos its of the
Fore-Sudetic Monocline: Nowa Sól, Mozów and Sulmierzyce North, which have been re cently doc u mented by the Ca na dian
Miedzi Cop per Cor po ra tion. To gether with other known pro spec tive ar eas, they form an ex ten sive E-W-trending belt, re -
ferred to as the North ern Cop per Belt. Sam ples from the 22 bore holes were ex am ined, fo cus ing on the Kupferschiefer-ore
sensu stricto, since in each de posit the rich est Cu-Ag min er al iza tion oc curs in shales. The ore min er als iden ti fied in clude
chalcocite, digenite, djurleite, covel lite, bornite, chal co py rite, min er als from the ten nan tite-tetrahedrite group, na tive sil ver,
sil ver amal gams, stromeyerite, min er als from the cobaltite-gersdorffite se ries, ga lena, sphalerite, py rite and na tive bis muth.
In the Nowa Sól and Mozów de pos its, Cu-S-type min er als dom i nate the Cu-min er al iza tion, while in the Sulmierzyce North
de posit, apart from the Cu-S-type min er als, the ore min eral as sem blage com prises also chal co py rite and the ten nan -
tite-tetrahedrite group min er als. In the Nowa Sól de posit, Ag-bear ing and Ag-bar ren chalcocite have been dis tin guished.
Chalcocite from two other de pos its is Ag-bar ren. Two types of Ag-amal gam have been iden ti fied: Hg-rich and Hg-poor. Other 
Ag min er als (stromeyerite and na tive Ag) also con tain Hg ad mix tures. The chem i cal com po si tion of bornite (which is the sec -
ond most com mon ore min eral in each de posit) shows no sig nif i cant vari a tion. Only in the Nowa Sól de posit were mi nor
amounts of Ag-bear ing bornite iden ti fied. Co-Ni min er als from the Nowa Sól de posit are rep re sented by mid dle mem bers of
the cobaltite-gersdorffite se ries. The newly doc u mented de pos its of the North ern Cop per Belt be long to the same
Kupferschiefer-type as well-known de pos its of the Lubin-Sieroszowice area. How ever, some dif fer ences in dis tri bu tion of ore 
min er al iza tion and its chem i cal com po si tion have been noted be tween these two ar eas. The re sults ob tained sup port the
gen er ally ac cepted view, that the de vel op ment of the Cu-Ag de pos its of the Fore-Sudetic Monocline was a long-last ing,
multiphase pro cess.

Key words: Fore-Sudetic Monocline, North ern Cop per Belt, Kupferschiefer, sed i ment-hosted stratiform cop per de pos its,
min er al ogy, geo chem is try.

INTRODUCTION

The North ern Cop per Belt (NCB) con sists of three deep
Cu-Ag de pos its, doc u mented re cently in SW Po land: Nowa Sól, 
Mozów and Sulmierzyce North (Fig. 1). Apart from that, the
NCB in cludes sev eral ar eas pro spec tive for Cu-Ag re sources,
as well as nu mer ous smaller oc cur rences of high-grade Cu-Ag
min er al iza tion re quir ing fur ther char ac ter iza tion (Oszczepalski
et al., 2019; Zieliñski et al., 2022).

We fo cus on thor ough anal y ses of the min er al iza tion in the
shale ore of the Nowa Sól, Mozów and Sulmierzyce North de -
pos its, de tail ing the min er al og i cal and geo chem i cal char ac ter is -
tics of each de posit, de ter min ing the main dif fer ences be tween
them, and com par ing them with the better-known Cu-Ag de pos -
its of the Lubin-Sieroszowice area (SW Po land).

The de pos its of the NCB have been doc u mented by the Ca -
na dian Miedzi Cop per Cor po ra tion (MCC) in co-op er a tion with
the Pol ish Geo log i cal In sti tute – Na tional Re search In sti tute
and the Fac ulty of Ge ol ogy of the Uni ver sity of War saw. De tails
of the ex plo ra tion pro gram con ducted by the MCC are de -
scribed in Speczik et al. (2021). For each de posit, geo log i cal
doc u men ta tion was pre pared and re sources of Cu and Ag were 
cal cu lated, to gether with the re sources of sev eral ac com pa ny -
ing el e ments, such as Pb, Zn, Co, Ni, Mo and V. These
documentations were ap proved by the Pol ish geo log i cal ad min -
is tra tion, con firm ing the fea si bil ity of fu ture de vel op ment of the
doc u mented re sources. Fur ther more, tech ni cal re ports and
pre-fea si bil ity stud ies were pre pared, show ing that min ing op er -
a tions in each of these de pos its are eco nom i cally jus ti fied.
More in for ma tion on the re sources can be found in Speczik et
al. (2022).

The de pos its doc u mented be long within sed i ment-hosted
stratiform cop per de pos its (SSC), also re ferred to as Kupfer -
schiefer-type. In Eu rope, de pos its of this type are as so ci ated with 
the Ger man and Pol ish parts of the Zechstein Ba sin. In Po land,
Kupferschiefer-type de pos its are re lated to the North- Su detic
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Trough (the so-called Old Cop per Dis trict) and the Fore-Sudetic
Monocline (FSM). De pos its oc cur ring in the south ern most part of 
the FSM, in the Lubin-Sieroszowice area (New Cop per Dis trict;
Fig. 1), are cur rently mined at depths be tween 700 and 1250 m
BGL. Re cently doc u mented de pos its oc cur in dis tal NW–NE
parts of the FSM, at depths rang ing be tween 1600 and 2500 m
BGL. To gether with other known oc cur rences of Cu-Ag min er al -
iza tion, they form an ex ten sive pro spec tive area.

In re cent years, de tailed stud ies of ore min er al iza tion in the
de pos its in ques tion have been car ried out. Oszczepalski et al.
(2019) de scribed the dis tri bu tion of pro spec tive ar eas with hy -
po thet i cal and spec u la tive Cu-Ag re sources in SW Po land, as

well as pre lim i nary de scrip tions of the Nowa Sól, Mozów and
Sulmierzyce North de pos its, in clud ing the re sults of petro -
graphic stud ies of ores from these de pos its. Bieñko and
Pietrzela (2022) char ac ter ized the Nowa Sól de posit (which is
the most ac cu rately doc u mented of the NCB de pos its) and dis -
cussed the metal zonation in this de posit. Sub se quently,
Pietrzela and Bieñko (2023) de scribed dis tri bu tion pat terns of
the main and ac com pa ny ing met als in the Nowa Sól, Mozów
and Sulmierzyce North de pos its and out lined the dif fer ences
be tween them. The metal dis tri bu tion in the NCB de pos its have
also been com pared with other Eu ro pean Kupferschiefer-type
de pos its. Both stud ies in cluded also petrographic data, to -
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Fig. 1. Lo ca tion of the North ern Cop per Belt (in clud ing de pos its doc u mented by the MCC and other pro spec tive ar eas) and the
cur rent min ing ar eas of the New Cop per Dis trict, on a map of metal dis tri bu tion within the Zechstein Ba sin in the SW Po land

(mod i fied af ter Oszczepalski et al., 2019)

GG-P – G³ogów G³êboki-Przemys³owy
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gether with pho to mi cro graphs. This ar ti cle de tails mi cro scopic
ob ser va tions and chem i cal microanalyses of the ore min er al -
iza tion in the shale ore of the three NCB de pos its. In the
Kupferschiefer-type de pos its of the FSM, ore min er al iza tion
may oc cur in three lithological units (car bon ates, shales and
sand stones). The Kupferschiefer-ore sensu stricto most com -
monly hosts min er al iza tion of the high est grade, and is also the
most rep re sen ta tive as re gards the min er al ogy and geo chem is -
try of the Cu-Ag min er al iza tion. Car bon ate ore from the Nowa
Sól, Mozów and Sulmierzyce North de pos its con tains only mi -
nor pro por tion of the Cu-Ag min er al iza tion (co-oc cur ring with
Pb-Zn min er al iza tion), while sand stone ore does not oc cur in
the Mozów and  Sulmierzyce North de pos its. Newly ob tained
data in clude many pho to mi cro graphs of the shale ore from
each de posit, de tailed de scrip tions of the sul phide min er al iza -
tion and chem i cal com po si tions of the ore min er als iden ti fied,
to gether with their em pir i cal for mu lae. Com par i son of the re -
sults from the three de pos its in ves ti gated with the de pos its of
the Lubin-Sieroszowice area are also made.

GEOLOGICAL SETTING

The pre-Perm ian base ment in the area of the FSM con sists
of Early Pa leo zoic meta mor phic rocks and Car bon if er ous
clastic rocks and gran ites, which were folded and con sol i dated

dur ing the Late Car bon if er ous Variscan orog eny (Kiersnowski
and Petecki, 2017). The post-Variscan cover, com pris ing
Permo-Me so zoic and Ce no zoic strata, dips gently to the NE
and un con form ably over lies Pa leo zoic base ment (K³apciñski,
1971; Fig. 2A).

The Kupferschiefer-type de pos its of the FSM are as so ci ated
with the con tact zone be tween Perm ian con ti nen tal red beds
(Rotliegend) and up per Perm ian Zechstein ma rine rocks (Fig. 2A). 
Oc cur rences of ore min er al iza tion are con fined to the up per most
part of Rotliegend ter res trial sand stones and Zechstein ma rine
sand stones, col lec tively re ferred to as Weissliegend and the
shale-car bon ate suc ces sion of the PZ1 cy cle, com pris ing the
Kupferschiefer and the Zechstein Lime stone.

Lithostratigraphic de scrip tions of the Cu-bear ing se ries can
be found in many pa pers (e.g., Rydzewski, 1964; K³apciñski,
1971; Wy¿ykowski, 1971; Peryt, 1978, 1989; Nemec and Po -
rêb ski, 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 com posed of fine-grained, quartz sand stones.
Their lower part rep re sents ae olian-flu vial or dune sand stones,
while the up per part con sists of shal low ma rine sand stones.
The Kupferschiefer is a typ i cal black shale, de pos ited un der re -
duc ing con di tions of a strat i fied epicontinental sea. It can be
rep re sented also by lam i nated black mudstones, marls and car -
bon ates, de pend ing on the pro por tions be tween the main com -
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Fig. 2. Ge ol ogy of the Kupferschiefer-type de pos its of the FSM

A – strati graphic po si tion of the Zechstein Cu-bear ing se ries and dis tri bu tion of geo chem i cal zones (mod i fied af ter Oszczepalski et al.,
2019); B – sche matic cross-sec tion of the Cu-Ag de posit with the po si tion of epigenetic ox i dized fa cies (Rote Fäule)
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po nents, which are clay min er als (mainly illite with mi nor mont -
mo ril lo nite and kaolinite), car bon ates (do lo mite com monly pre -
vails over cal cite) and or ganic mat ter. The lithological pro file of
the Zechstein Lime stone shows a re gres sive pat tern. Its lower
part is rep re sented mainly by mudstones, while in the up per
part wackestones, packstones and boundstones oc cur.

Oc cur rences of Cu-Ag min er al iza tion in the Perm ian de pos -
its, lo cally form ing rich stratiform orebodies, are in ti mately re -
lated to the sec ond ary, ox i da tive, Fe3+-bear ing, red-col oured fa -
cies, re ferred to as Rote Fäule (Rydzewski, 1964, 1978; Osz -
cze palski, 1989, 1994, 1999; Püttmann et al., 1989; Speczik,
1995; Pieczonka, 2000; Bechtel et al., 2002; Oszczepalski et
al., 2002). Wide spread ar eas of ex ten sive ox i da tion oc cur pre -
dom i nantly in the vi cin ity of palaeo-el e va tions (such as
Fore-Sudetic Block and Wolsztyn el e va tion; Fig. 1). High-grade 
Cu-Ag min er al iza tion is re stricted to the ar eas prox i mal to the
Rote Fäule. Orebodies oc cur at the clos est vi cin ity of the re dox
bound ary, on its re duced side.

The min er al iza tion sys tem is transgressive and usu ally
steeply cross cuts strat i fi ca tion (Rydzewski, 1964; Oszcze -
palski, 1989, 1999; Speczik, 1995; Borg et al., 2012; Oszcze -
palski et al., 2019). The lo ca tion of ore min er al iza tion with re -
spect to the dis tri bu tion of ox i dized and re duced fa cies within
the lower Zechstein strata is shown in Fig ure 2B. Mov ing out -
wards from the cen tral parts of the Rote Fäule ar eas, the re dox
bound ary pro gres sively cuts lower lithological units. Con se -
quently, the sul phide min er al iza tion also moves down wards in
the lithological pro file, from the Zechstein Lime stone, through
the Kupferschiefer, down to the Weissliegend

Apart from Fe-ox ides (he ma tite), the ox i dized rocks con tain
relicts of sul phide grains and pseudo morphs af ter py rite
framboids oc cur ring orig i nally in the lower Zechstein strata
(Rydzewski, 1969; Oszczepalski, 1999). They com monly ex -
hibit Au, Pt and Pd en rich ment (Piestrzyñski et al., 1996, 2002;
Speczik et al., 1997; Piestrzyñski and Pieczonka, 1997; Osz -
cze palski and Rydzewski, 1998; Pieczonka et al., 2008). A tran -
si tion zone is dis tin guished at the con tact be tween the ox i dized
and re duced fa cies (Oszczepalski, 1994, 1999). 

The Kupferschiefer-type de pos its of the FSM are char ac ter -
ized by a large-scale metal zonation pat tern, both in the lat eral
and ver ti cal dis tri bu tion of met als (Rydzewski, 1976, 1978;
Kucha, 1990; Speczik, 1995; Oszczepalski, 1999; Pieczonka et 
al., 2007; Pieczonka, 2011). It grades from an Fe3+ hematitic
Rote Fäule zone, through a no ble metal (Au, Pt, Pd) en rich ment 
in the tran si tion zone, a re dox-prox i mal Cu zone with Ag en rich -
ments, a widely over lap ping Pb-Zn zone (with Pb be ing more
prox i mal and Zn more dis tal), into a Fe2+ zone con tain ing
syndiagenetic py rite.

De spite the on go ing de bate on the gen e sis of the Kupfer -
schiefer min er al iza tion, it is gen er ally agreed that its for ma tion
was a re sult of large-scale fluid mi gra tion (Rydzewski, 1976;
Speczik et al., 1986; Jowett et al., 1987; Oszczepalski, 1989,
1999; Cathles et al., 1993; Wodzicki and Piestrzyñski, 1994;
Speczik, 1995; Bechtel et al., 2002; Borg et al., 2012). The main
min er al iz ing event has been con sid ered ei ther early-to-late
diagenetic (Rydzewski, 1976; Oszczepalski, 1989, 1999;
Oszcze palski and Rydzewski, 1991; Wodzicki and Pie strzyñ ski,
1994; Speczik et al., 1986) or late diage netic-epigenetic (Jowett,
1986; Kucha and Pawlikowski, 1986; Blundell et al., 2003; Borg
et al., 2012). The lat ter model was based mostly on var i ous dat -
ing meth ods, in di cat ing a Tri as sic age of min er al iza tion (Jowett
et al., 1987; Bechtel et al., 1999; Mikulski and Stein, 2017).

It is com monly agreed that there were sev eral sources of
met als in the min er al iz ing flu ids re spon si ble for the for ma tion of
Eu ro pean Kupferschiefer-type de pos its, the main one be ing the 
Rotliegend strata, fill ing a fault-con trolled ba sin that formed at
the be gin ning of the Perm ian within the Variscan orogenic belt
(Speczik et al., 1986; Kucha and Pawlikowski, 1986; Jowett,
1986; Jowett et al., 1987; Oszczepalski, 1989; Wodzicki and
Piestrzyñski, 1994; Blundell et al., 2003; Borg et al., 2012). The
met als leached from the Rotliegend vol ca nic rocks were car ried 
in so lu tion as chlo ride com plexes, through the redbeds, up the
flanks of bur ied base ment highs, to the re duced py ritic Kupfer -
schiefer. Con vec tive fluid cir cu la tion may have been gen er ated
by high post-Variscan heat flow and ther mal events con nected
with intracontinental Perm ian rift ing (Speczik et al., 1986;
Oszcze palski, 1999) and/or by burial of the Perm ian strata and
extensional rift ing dur ing the Tri as sic (Jowett et al., 1987; Blun -
dell et al., 2003).

Gen er ally, it seems plau si ble that the or i gin of the Kupfer -
schiefer min er al iza tion was a multiphase and long-last ing pro -
cess, which con tin ued for tens of mil lions of years af ter de po si -
tion of the Kupferschiefer shales (Cathles et al., 1993; Wodzicki
and Piestrzyñski, 1994; Speczik, 1995; Alderton et al., 2012).

MATERIALS AND METHODS

Bore hole core sam ples ob tained by the MCC were ex am -
ined. Dur ing the ex plo ra tion pro gram, petrographic and min er -
al og i cal sam ples were col lected from each core and thin sec -
tions were pre pared (Speczik et al., 2021). In this study, only
bore holes that en coun tered rich Cu-Ag min er al iza tion in the
shale ore were se lected. In the Nowa Sól de posit, ore min er al -
iza tion in the Kupferschiefer was doc u mented in 16 bore holes
drilled by the MCC. In the Mozów de posit, min er al ized shales
oc cur in 2, and in the Sulmierzyce North de posit in 4, bore holes
drilled by the MCC.

Thin sec tions from the shale ore from the three de pos its
were ob served in trans mit ted and re flected light, us ing a NIKON 
ECLIPSE E600 po lar iz ing mi cro scope. Pho to mi cro graphs were 
taken and petrographic and min er al og i cal de scrip tions were
made. On this ba sis, 10 sam ples from 8 bore holes of the Nowa
Sól de posit, 3 sam ples from 1 bore hole of the Mozów de posit
and 4 sam ples from 3 bore holes of the Sulmierzyce North de -
posit were se lected and ex am ined.

Ore min er als were iden ti fied by scan ning elec tron mi cros -
copy (SEM), us ing a ZEISS AURIGA 60 (CryoSEM), equipped
with a fo cused ion beam (FIB) and a Bruker EDS XFlash 6|30
spec trom e ter. BSE (back-scat tered elec tron) im ages of se -
lected sam ples were ac quired. EDS (en ergy dispersive spec -
tros copy) anal y ses were used to es ti mate the el e men tal com -
po si tion of the min eral phases, by ob tain ing spec tral im ages of
the min er als in ves ti gated. El e men tal dis tri bu tion maps of se -
lected el e ments were also pre pared.

Sub se quently, sam ples were ex am ined us ing a CAMECA
SX-100 elec tron probe mi cro-analyser (EPMA). El e men tal
com po si tion of min er als were ac quired us ing WDS (wave length 
dispersive spec tros copy) anal y ses. Re sults were used to cal cu -
late em pir i cal for mu las of iden ti fied ore min er als. The fol low ing
pa ram e ters were used dur ing the EPMA anal y ses: ac cel er at ing 
volt age of 25 kV, beam cur rent rang ing be tween 10 and 15 nA,
beam size rang ing be tween 1 and 5 µm, ac qui si tion times of
20 s both at the peak po si tion and the back ground po si tion for
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sul phur and ac qui si tion times of 30 s both at the peak po si tion
and the back ground po si tion for other el e ments. The spec tral
lines used in cluded SKa, ZnKa (ZnS), FeKa (Fe2O3), CoKa
(CoO), NiKa (NiO), CuKa (CuFeS2), AsKa (ZnAs2), AgLa
(Ag2Te), HgLa (HgTe), BiMa (Bi2Te3), AuLa (na tive Au), CdLa
(CdS), and SbLa (na tive Sb).

All anal y ses were made at the Fac ulty of Ge ol ogy, Uni ver -
sity of War saw.

GENERAL CHARACTERISTICS 
OF THE DEPOSITS STUDIED

THE NOWA SÓL DEPOSIT

The Nowa Sól de posit is lo cated in the NW part of the FSM,
be tween the Fore-Sudetic Block and the Wolsztyn el e va tion. It
cov ers an area of 119 km2, with the depth of the ores rang ing
be tween 1770 and 2150 m BGL. Re cently up dated re sources
(cal cu lated in the ap pen dix to the geo log i cal doc u men ta tion as
of 31.12.2021) are 846 Mt of ore con tain ing 10.96 Mt of Cu and
35.32 kt of Ag. The thick ness of the ore de posit var ies from 0.3
to 5 m (2.6 m on av er age), with av er age grades of 1.98% Cu
and 90 ppm Ag (the thresh old val ues of pa ram e ters that de fine
the bound aries of each of the min eral de pos its can be found in
Speczik et al., 2020).

This de posit is lo cated at the edge of the Zielona Góra ox i -
dized field. Dis tri bu tion of the ox i dized and min er al ized zones
fol lows the gen eral pat tern char ac ter is tic of the Kupfer -
schiefer-type de pos its of the FSM. In the SW part of the de posit, 
clos est to the ox i dized field, the Rote Fäule fa cies reaches the
base of the Kupferschiefer. Here, ore min er al iza tion oc curs in
shales and car bon ates, while sand stones are bar ren. Lo cally,
even the Kupferschiefer is ox i dized and ore min er al iza tion cov -
ers only the up per part of the Zechstein Lime stone. To wards the 
NE and SE, ox i da tion moves down wards in the lithological pro -
file and the re dox bound ary is lo cated be low the top of the
Weissliegend. Con se quently, in the cen tral and SE parts of the
de posit, ore min er al iza tion oc curs within all three ore types,
while at the north ern and NE mar gins of the de posit, the ore se -
ries com prises only sand stones and shales. As a re sult, a pro -
por tion of 49% of the to tal Cu re sources and 34% of the Ag re -
sources of the de posit are hosted by sand stone ore. Car bon ate
ore con tains 45% of Cu and 30% of the Ag re sources. Shale ore 
hosts “only” 6% of the Cu re sources and 36% of the Ag re -
sources, but is char ac ter ized by high av er age grades: 6.42
wt.% Cu and 222 ppm Ag. Av er age grades of sand stone ore
are 1.17 wt.% Cu and 63 ppm Ag, while av er age grades of car -
bon ate ore are 1.03 wt.% Cu and 70 ppm Ag.

The thick ness of the Kupferschiefer var ies from 0.05 m to
0.59 m (on av er age 0.24 m). Its low er most part is com posed of
black, clayey shales with a sig nif i cant pro por tion of or ganic mat -
ter. Lo cally, it is rep re sented by bi tu mi nous shales (south ern
part of the de posit). Laminae or lenses of de tri tal grains (quartz,
rare feld spars, mus co vite, lithoclasts and sin gle heavy min eral
grains) were also ob served. To wards the up per part of the
shales, the pro por tion of clayey min er als, or ganic mat ter and
quartz grains de creases, and the con tent of car bon ates in -
creases (mainly do lo mite, cal cite is rare). The up per most part of 
the Kupferschiefer con sists of dark grey dolomitic shales.

THE MOZÓW DEPOSIT

The Mozów de posit is lo cated in the NW part of the FSM, 22 
km to the NE of the Nowa Sól de posit. Its area is 31 km2, and
the depth of the ores ranges from 2370 to 2540 m BGL. The de -
posit con tains 223 Mt of ore, com pris ing 4.27 Mt of Cu and 5.72
kt of Ag, grad ing 2.40 % Cu and 46 ppm Ag. The ore de posit
var ies be tween 0.6 and 5.7 m thick (on av er age 2.56 m).

As with the Nowa Sól de posit, this de posit is lo cated at the
edge of the Zielona Góra ox i dized field. Apart from that, the
small Radoszyn ox i dized field is lo cated sev eral km north of the
Mozów de posit. The po si tion of the re dox bound ary in the
lithological pro file is very con sis tent in the area dis cussed. Most
com monly it is lo cated at the base of the Kupferschiefer. Only
lo cally, in the south ern part of the de posit, are the low er most
sev eral cen ti me ters of shales ox i dized. Thus, the ore se ries
con sists of the Kupferschiefer and Zechstein Lime stone in var i -
ous pro por tions, while the sand stones are bar ren. In the west,
only the low er most 0.3 m of the Zechstein Lime stone con tains
Cu-sulphides. In the cen tral and NE parts of the de posit it is
1–2.4 m, while in the north it is 5.5 m. 75% of the Cu and 58% of
the Ag re sources are hosted by car bon ate ore, while 25% of the 
Cu and 42% of the Ag re sources oc cur in shale ore. How ever,
the shale ore is char ac ter ized by higher av er age Cu and Ag
grades of 5.23 wt.% and 90 ppm, re spec tively, while in car bon -
ate ore it is 1.76 wt.% Cu and 28 ppm Ag.

The thick ness of the Kupferschiefer ranges from 0.20 m to
0.60 m (on av er age 0.32 m) and it is de vel oped sim i larly as in
the Nowa Sól de posit. In its low er most part, clayey min er als and 
or ganic mat ter pre vail over car bon ate min er als. Ad mix tures of
de tri tal grains are ob served. To wards the up per part of the
shales, the pro por tion of car bon ates in creases, while de tri tal
grains are scarce.

THE SULMIERZYCE NORTH DEPOSIT

The Sulmierzyce North de posit is lo cated in the NE part of
the FSM, to the SE of the Wolsztyn el e va tion. It cov ers an area
of 61 km2, with the depth of the ores vary ing be tween 1400 and
2000 m BGL. The re sources of the de posit are 267 Mt of ore
con tain ing 5.43 Mt of Cu and 6.87 kt of Ag. The thick ness of the
ore de posit ranges from 0.8 to 4.3 m (av er age 1.8 m), and
grades 2.06 % Cu and 26 ppm Ag.

The de posit is lo cated be tween two ma jor ox i dized fields:
Ostrzeszów and Chwaliszew. More over, nu mer ous mi nor ox i -
dized ar eas have been re cog nised in the Sulmierzyce North
area (Oszczepalski and Chmielewski, 2015). The re dox bound -
ary is gen er ally lo cated just above the Weissliegend, there fore
the sand stones are bar ren. Only in one bore hole in the SE part
of the de posit was a 6 cm layer of min er al ized Weissliegend ob -
served. Lo cally, the low est in ter val of the Kupferschiefer shows
ox i da tion (up to sev eral cm thick). The up per range of the ore
se ries is more var ied. At the north ern and SE mar gins of the de -
posit, it com prises only Kupferschiefer. In the NE, SW and cen -
tral parts of the de posit, the low er most part of Zechstein Lime -
stone also con tains ore min er al iza tion. In the north ern/cen tral
part of the de posit, ore min er al iza tion reaches to around 3 m
above the Zechstein Lime stone base. A char ac ter is tic fea ture
of the Sulmierzyce North area com prises dras tic changes of the 
ox i da tion range within a short dis tance. As a re sult, highly min -
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er al ized pro files may be di rectly ad ja cent to en tirely ox i dized
ones. The ex act ex tent of ox i dized and re duced fa cies is dif fi cult 
to trace in the Sulmierzyce North area, due to the close vi cin ity
of sev eral ox i dized fields. The per cent ages by weight of both
car bon ate and shale ore in the de posit are al most equal (53%
of car bon ate and 47% of shale), but shale ore is char ac ter ized
by high av er age grades: 3.24 wt.% Cu and 38 ppm Ag, while for 
car bon ate ore it is 0.56 wt.% Cu and 4 ppm Ag. As a re sult, over 
80% of Cu and 93% of Ag is hosted by shale ore.

A dis tinc tive fea ture of this de posit is the thick ness of the
Kupferschiefer, which changes from 0.73 to 1.50 m (on av er age 
1.14 m). Apart from the Sulmierzyce North de posit, such thick
Kupferschiefer within the FSM has been doc u mented only in
the Polkowice de posit (Lubin-Sieroszowice area). Apart from
typ i cal clayey/car bon ate shales (and mi nor bi tu mi nous shales),
marly shales and lam i nated marls are also com mon in this de -
posit. Lo cally, in the north ern part of the Sulmierzyce North
area, typ i cal black shales do not oc cur, and only lam i nated
marls are ob served.

RESULTS OF MINERALOGICAL
AND GEOCHEMICAL STUDIES

THE NOWA SÓL DEPOSIT

MINERALOGY

Shale ore of the Nowa Sól de posit is min er al ized mainly with
chalcocite, com monly ac com pa nied by digenite and/or djurleite.
Chalcocite also co-oc curs with bornite in var i ous pro por tions. An
ac ces sory Cu-min eral is covel lite. Among non-Cu min er als there 
are na tive Ag, Ag-amal gams, stromeyerite, Co-Ni sulph -
arsenides, py rite, ga lena, sphalerite and na tive bis muth.

Chalcocite oc curs pre dom i nantly in the form of dis sem i -
nated min er al iza tion of var i ous tenor (Fig. 3A, B). Chalcocite
grains are ei ther ir reg u lar or elon gated con cor dantly with the
shale lam i na tion. Chalcocite re places de tri tal grains, car bon ate
min er als and py rite framboids. Dis sem i nated min er al iza tion is
usu ally dis trib uted evenly through out the host rock. In the shale
ore con tain ing par tic u larly rich sul phide min er al iza tion, abun -
dant ac cu mu la tions of fine chalcocite grains were ob served, in
the shape of con tin u ous lay ers or lenses.

Coarse-grained chalcocite is also com mon, mainly as ag -
gre gates, nests and lenses (Fig. 3C–E), ac com pa nied by rich
dis sem i nated min er al iza tion. These of ten con sist of semi-mas -
sive chalcocite and rem nants of gangue min er als (Fig. 3C).
Less fre quent is coarse-grained chalcocite re plac ing bioclasts.
For ex am ple, short and thick chalcocite lenses were doc u -
mented, which are most likely re place ments of foraminifera
(Fig. 3D). Chalcocite also re places ag gre gates pri mar ily com -
posed of mul ti ple py rite framboids. More over, chalcocite oc curs 
as lenses of var i ous length and thick ness (Fig. 3E). The least
com mon style of min er al iza tion forms reg u lar, con tin u ous
chalcocite veinlets, usu ally con cor dant with shale lam i na tion
(Fig. 3F), in places ver ti cal or di ag o nal. In highly min er al ized
sam ples, abun dant ac cu mu la tions of ir reg u lar, coarse-grained
chalcocite ag gre gates were ob served, form ing semi-mas sive,
con tin u ous lay ers or lenses (Fig. 4A–D), al ways in as so ci a tion
with rich dis sem i nated min er al iza tion.

In the Nowa Sól de posit, chalcocite com monly co-oc curs
with other Cu-S sulphides. In sev eral sam ples chalcocite-di -
genite inter growths have been doc u mented (Figs. 3B and 4E).
Digenite form ing its own ag gre gates is less fre quent. It also ac -
com pa nies chalcocite in the dis sem i nated min er al iza tion, but in
this case it is dif fi cult to dis tin guish be tween the two min er als.

In some of the sam ples con tain ing semi-mas sive, chalco -
cite-dom i nated min er al iza tion, sul phide ag gre gates are com -
posed of two, or even three, intergrowing min eral phases, dif fer -
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Fig. 3. Pho to mi cro graphs of the ore min er al iza tion in the shale ore of the Nowa Sól de posit, re flected light

A – disseminated chalcocite (cc) min er al iza tion; B – chalcocite (cc) and digenite (dg) lenses in as so ci a tion with the dis sem i nated min er al iza -
tion; C – semi-mas sive chalcocite (cc) nest, cut by mul ti ple chalcocite veinlets; D – chalcocite (cc) re plac ing bioclasts; E – numerous
chalcocite (cc) lenses, ac com pa nied by dis sem i nated min er al iza tion; F – horizontal chalcocite (cc) veinlet, in as so ci a tion with dis sem i nated
min er al iza tion



ing only in the shade of their col our (Fig. 4A–D). In some cases,
it is hard to de ter mine whether they are com posed of two
slightly dif fer ent va ri et ies of chalcocite, or dif fer ent min er als
from the chalcocite-group, e.g. chalcocite and djurleite. In gen -
eral, the phys i cal and chem i cal sim i lar i ties be tween some
mem bers of the chalcocite group make them dif fi cult to iden tify
by mi cro scopic meth ods (cf. Piestrzyñski, 2007).

Mi cro-anal y ses re vealed only mi nor dif fer ences in the che -
m i cal com po si tion of the ob served Cu-S sulphides. The most
com mon Cu-S min eral is chalcocite; how ever, the re sults were
of ten in con clu sive. In some of the sam ples, the pres ence of
digenite was con firmed. Some of the chalcocite-group min er als
re vealed a chem i cal com po si tion closer to stoichiometric djur -
leite. In ter est ingly, the chalcocite-djurleite com pos ites (which
may be ac com pa nied by digenite) con tain nu mer ous
exsolutions of Co-Ni sulpharsenides (Fig. 4C, D). They are also
as so ci ated with Ag min er als (mainly Ag-amal gams and stro -
meyerite).

Bornite is the sec ond most com mon sul phide in the shale
ore of the Nowa Sól de posit. It usu ally ac com pa nies chalcocite,
both in fine-grained min er al iza tion and in coarse-grained ag gre -
gates (Fig. 5A, B). Dis sem i nated bornite oc curs as its own in di -
vid u als or as fine inter growths with chalcocite and digenite.
Bornite of ten re places µm-size py rite framboids. Ag gre gates of
framboidal py rite ce mented by bornite were also ob served.

Coarse-grained chalcocite-bornite com pos ites may be ir -
reg u lar and con tain bornite in their in ner parts, sur rounded by
chalcocite (Fig. 5B). Bornite also co-oc curs with chalcocite in
abun dant ac cu mu la tions of coarse-grained ag gre gates in the
form of semi-mas sive lay ers or veins (Fig. 5C–F).

In sev eral sam ples, bornite was the dom i nant ore min eral,
mainly in the form of fine dis sem i na tions (Fig. 6A). Lo cally in the 
bornite-dom i nate zones, shale ore con tains nu mer ous ag gre -
gates of var i ous sizes, com posed of densely packed py rite
framboids re placed by bornite (Fig. 6B, D). They may in clude
µm-size rem nants of py rite grains. Semi-mas sive lay ers com -
posed of bornite re place ments of py rite framboids were also
doc u mented (Fig. 6C).

In the Kupferschiefer-type de pos its of the FSM, sev eral va -
ri et ies of bornite have been dis tin guished, slightly dif fer ing in
op ti cal prop er ties (e.g., Jarosz, 1966; Harañczyk, 1972; Kucha, 
2007). In the sam ples stud ied, most bornite can be de scribed
as or ange (bn1; Figs. 5A–D and 6A–C), while pink bornite (bn2) 
was oc ca sion ally ob served (Fig. 5A, E, F). How ever, mi -
cro-anal y ses did not re veal any sig nif i cant dif fer ences in their
chem i cal com po si tion. In some of the sam ples, bornite con tain -
ing Ag ad mix tures was iden ti fied in mi nor amounts, char ac ter -
ized by an or ange-brown col our (bn3; Fig. 6D). This va ri ety can
also re place py rite framboids. Ag-rich bornite, co-oc cur ring with 
Ag-amal gams, can be de scribed as brown-grey (bn4; Fig. 6E).
It was ob served in those sam ples min er al ized pre dom i nantly
with bornite.

Covel lite oc curs in mi nor amounts in the sam ples ana -
lysed. It ac com pa nies other sulphides, mainly in the dis sem i -
nated min er al iza tion. It was ob served in the form of fine-grained 
inter growths with digenite and/or bornite. Covel lite may also ce -
ment py rite framboids, to gether with bornite. It is an ac ces sory
min eral in the chalcocite-dom i nated min er al iza tion. Slightly in -
creased amounts of covel lite were doc u mented in the mar ginal
parts of the de posit, where Cu-sulphides (bornite, chalcocite,
digenite) are ac com pa nied by py rite, ga lena and sphalerite.
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Fig. 4. Pho to mi cro graphs of the ore min er al iza tion in the Nowa Sól de posit, re flected light

 A – semi-mas sive layer com posed of chalcocite (cc) and most likely djurleite (dju?), with many exsolutions of min er als from the cobaltite
(cbt) – gersdorffite (gdf) se ries; B – accumulation of chalcocite (cc)-djurleite (dju?) ag gre gates with nu mer ous cobaltite (cbt) – gersdorffite
(gdf) exsolutions; C – exsolutions of cobaltite (cbt) – gersdorffite (gdf) se ries min er als, aligned along the bound aries of a chalcocite (cc) –
djurleite (dju?) com pos ite; D – semi-mas sive ag gre gate of chalcocite (cc) and most likely djurleite (dju?), with cobaltite (cbt) – gersdorffite
(gdf) exsolutions; E – chalcocite (cc) - digenite (dg) inter growths; F – diagonal veinlet com posed of chalcocite (cc) and Ag-amal gam (AgHg),
ac com pa nied by dis sem i nated min er al iza tion
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Fig. 5. Pho to mi cro graphs of the ore min er al iza tion in the Nowa Sól de posit, re flected light

A – abun dant dis sem i nated min er al iza tion com posed of chalcocite (cc), or ange bornite (bn1) and pink bornite (bn2); B – ag gre gates of or ange
bornite (bn1) sur rounded by chalcocite (cc); C – semi-mas sive sul phide layer com posed of chalcocite (cc) and or ange bornite (bn1) in as so ci a -
tion with dis sem i nated bornite; D – bornite (bn1)-dom i nated min er al iza tion with chalcocite (cc) inter growths; E – semi-mas sive sul phide layer
com posed of chalcocite (cc) and pink bornite (bn2); F – inter growths of chalcocite (cc) with pink bornite (bn2) and mi nor ga lena (gn)

Fig. 6. Pho to mi cro graphs of the ore min er al iza tion in the Nowa Sól de posit, re flected light

A – disseminated min er al iza tion com posed of or ange bornite (bn1); B – orange bornite (bn1) with rem nants of py rite framboids (py); C –
semi-mas sive layer com posed of bornite (bn1) re place ments of py rite framboids (py); D – orange-brown Ag-bear ing bornite (bn3) re plac ing
py rite framboids, with rem nants of py rite grains (py); E – overgrowths of Ag-amal gam (AgHg) on brown-grey Ag-rich bornite (bn4); F –
chalcocite (cc) ag gre gate, with sphalerite (sp) inter growths and na tive Ag in clu sions; stromeyerite (smy) oc curs at the con tact be tween
chalcocite and na tive Ag



Sil ver min er als in clude na tive Ag, Ag-amal gams and
stromeyerite. Na tive Ag and Ag-amal gams oc cur pri mar ily in
the chalcocite-dom i nated min er al iza tion. They form in clu sions
in coarse-grained chalcocite ag gre gates and chalcocite veinlets 
(Fig. 4F), as well as fine in di vid u als dis persed in the host rock.
More over, na tive Ag was ob served in the bornite-chalcocite
min er al iza tion, mainly as fine grains and inter growths with
Cu-sulphides dis sem i nated in the host rock. Ag-amal gams
were re cog nised also in sam ples con tain ing chalcocite-djurleite
com pos ites (ac com pa nied by digenite) with exsolutions of
Co-Ni sulpharsenides. Apart from that, overgrowths of
Ag-amal gam on brown-grey bornite were noted in the sam ples
min er al ized pre dom i nantly with bornite (Fig. 6E). Stromeyerite
oc curs as rims around na tive Ag and Ag-amal gam in clu sions in
chalcocite ag gre gates and veinlets (Fig. 6D).

Co-Ni sulpharsenides oc cur com monly through out the
Nowa Sól de posit, but mainly in the form of very fine grains
(usu ally sev eral µm in size), dis persed in the shale ore, there -
fore they are dif fi cult to doc u ment. How ever, lo cally, abun dant
ac cu mu la tions of Co-Ni sulpharsenides were ob served in the
sam ples con tain ing rich chalcocite-djurleite min er al iza tion
(Fig. 4A–D). They form nu mer ous, µm-size exsolutions in
coarse-grained ag gre gates of chalcocite group min er als. These 
exsolutions are of ten ar ranged in reg u lar lines or con cen trated
along the bound aries of the sul phide com pos ites (Fig. 4C). Dur -
ing chem i cal anal y ses, two mem bers of the gersdorf -
fite-cobaltite se ries were re cog nised, dif fer ing in pro por tions be -
tween Co and Ni. Apart from that, a min eral com posed of Ni and 
As, with a low con tent of S and sig nif i cant en rich ment in Cu, was 
noted (nickeline?).

Py rite in the shale ore oc curs mainly as rem nants of
framboids, dis persed in the host rock, com monly ce mented or
re placed by Cu-sulphides (e.g. bornite, chalcocite, covel lite).
The most abun dant con cen tra tions of pseudo morphs af ter py -
rite framboids, in the form of densely packed ag gre gates, were
ob served in the area where ore min er al iza tion is dom i nated by
bornite. In creased amounts of py rite grains were noted in the
mar ginal parts of the de posit, to gether with dis sem i nated
Cu-sulphides (bornite, chalcocite, digenite, covel lite), ac com pa -
nied by ga lena and sphalerite.

Ga lena was doc u mented in the sam ples from the mar ginal
parts of the de posit, sim i larly to py rite. It forms fine dis sem i -
nated grains or inter growths with other sulphides (sphalerite,
bornite, chalcocite, digenite, covel lite). Ga lena may also ce -
ment py rite framboids. More over, ga lena was ob served as an
ac ces sory min eral in the bornite-chalcocite or bornite-dom i -
nated min er al iza tion, as in clu sions in coarse-grained ag gre -
gates (Fig. 5F) or as fine in di vid u als dis persed in the host rock.

Sphalerite ap pears rarely in the stud ied sam ples. It was ob -
served in the mar ginal parts of the de posit, to gether with ga -
lena. Scarce inter growths of sphalerite in chalcocite ag gre gates 
are as so ci ated with chalcocite-bornite min er al iza tion (Fig. 6F).

Na tive bis muth was re cog nised as mi nor in clu sions in the
min er al iza tion com pris ing chalcocite-group min er als (both in
semi-mas sive ag gre gates and in dis sem i nated min er als).

MINERAL DISTRIBUTION

Shale ore in the Nowa Sól de posit is min er al ized mainly with
Cu-S sulphides, while Cu-Fe-S sulphides pre dom i nate only lo -
cally. A dis tinc tive zonation in the dis tri bu tion of Cu-sulphides, as
well as other ore min er als, can be ob served within the shale ore.

In the SW part of the de posit, the shale ore is min er al ized
with chalcocite (ac com pa nied by digenite and covel lite). In the
cen tral/west ern part of the de posit, chalcocite-dom i nated min -
er al iza tion con tains in clu sions of Ag min er als. Shale ore from

the cen tral/east ern part of the de posit is min er al ized with
chalcocite-djurleite as sem blage (with ac ces sory digenite and
covel lite), host ing nu mer ous exsolutions of Co-Ni sulph -
arsenides and co-oc cur ring with Ag min er als. In clu sions of na -
tive Bi were doc u mented in the Cu-S min er al iza tion from the
cen tral part of the de posit. To wards the NE and SE, bornite be -
comes an ac com pa ny ing sul phide. The pro por tion of bornite in
the ana lysed sam ples var ies. In some parts of the shale ore,
bornite co-oc curs with chalcocite in the dis sem i nated min er al -
iza tion. Rich min er al iza tion con sist ing of both chalcocite and
bornite in sim i lar amounts was also ob served. Ac ces sory min -
er als are digenite and Ag min er als, with mi nor ga lena and
covel lite. In the cen tral/north ern part of the de posit, bornite can
be the dom i nant min eral. At the NE and SE edges of the de -
posit, apart from chalcocite, bornite, digenite, covel lite and Ag
min er als, in creased amounts of ga lena, sphalerite and py rite
were doc u mented. En rich ment in ga lena is par tic u larly char ac -
ter is tic of the NE-most part of the de posit.

There fore, there is a zonation pat tern, that in the vi cin ity of
ox i dized rocks, shale ore is min er al ized al most en tirely with
Cu-S sulphides. To wards the NE and SE, as the dis tance from
the ox i dized field grows, the amount of Cu-Fe-S sulphides grad -
u ally in creases. In the low er most part of the shale ore Cu-S
sulphides pre vail, while mov ing up wards (to wards the
Zechstein Lime stone), the pro por tion of Cu-Fe-S sulphides
rises. Even far ther from the ox i dized field, at the NE and SE
edges of the de pos its, py rite, ga lena and sphalerite are ob -
served in the shale ore. Ag min er als oc cur in the en tire de posit
(both with Cu-S and Cu-Fe-S sulphides), but par tic u larly rich
con cen tra tions were noted in the cen tral/north ern parts of the
de posit.

In gen eral, the lower, or ganic mat ter-rich part of the
Kupferschiefer con tains more veinlets and large ag gre gates
than the up per most part, in which dis sem i nated min er al iza tion
pre vails.

GEOCHEMISTRY

Chalcocite was ob served in all sam ples stud ied (n = 212; n
– num ber of anal y ses). Two main va ri et ies of chalcocite were
dis tin guished, dif fer ing in Ag con tent: Ag-bar ren and Ag-bear -
ing. In some of the sam ples ex am ined, both types of chalcocite
were de tected (they oc cur in dif fer ent pro por tions but usu ally
the Ag-bar ren va ri ety pre vails).

Ag-bar ren chalcocite was con firmed in all sam ples in ves ti -
gated. It was ex am ined both in chalcocite-dom i nated min er al -
iza tion (in clud ing chalcocite-group min er als con tain ing  abun -
dant exsolutions of Co-Ni sulpharsenides) and in min er al iza tion 
con sist ing of chalcocite and bornite. In the first case, Ag con -
cen tra tions in chalcocite are neg li gi ble (on av er age 0.02 wt.%
Ag), while in the sec ond case, chalcocite re veals some mi nor
Ag ad mix tures (on av er age 0.13 wt.% Ag). In gen eral, the av er -
age Ag con tent in Ag-bar ren chalcocite is 0.05 wt.% (Ta ble 1).

Ag-bear ing chalcocite of ten ac com pa nies the Ag-bar ren va -
ri ety, both in sam ples min er al ized pre dom i nantly with chalcocite
and in sam ples min er al ized with chalcocite and bornite. In some
of the sam ples ana lysed it was the dom i nant va ri ety. Veinlets,
lenses or semi-mas sive ag gre gates and nests of Ag-bear ing
chalcocite usu ally con tain mi cro scop i cally vis i ble in clu sions of Ag 
min er als. The av er age Ag con tent in Ag-bear ing chalcocite is
3.97 wt.% (Ta ble 1). Ag gre gates and veinlets of par tic u larly
Ag-rich chalcocite, with Ag ad mix tures reach ing up to 12.81 wt.% 
of Ag (the av er age value is 7.78 wt.% Ag) were ob served in the
sam ples min er al ized mainly with semi-mas sive ag gre gates of
Ag-bar ren chalcocite-group min er als with nu mer ous exsolutions
of Co-Ni sulpharsenides (Fig. 7).
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Con cen tra tions of other met als in chalcocite are most of ten
close to or be low de tec tion lim its. An av er age of 0.26 wt.% Fe
was ob served in chalcocite co-oc cur ring with bornite.
Chalcocite con tain ing abun dant exsolutions of Co-Ni sulph -
arsenides re vealed slightly in creased con tent of Co (on av er -
age 0.14 wt.%).

The em pir i cal for mula of the Ag-bear ing chalcocite, re cal cu -
lated to 3 at oms per for mula unit (apfu) is Cu1.79-2.00 -
Ag0.02-0.20S0.97-1.03 (av er age for mula is Cu1.95Ag0.06 S0.99). The
em pir i cal for mula of the Ag-bar ren chalcocite re cal cu lated to 3
apfu is Cu1.87-2.04S0.96-1.13 (on av er age Cu1.97S1.03). The em pir i cal
for mula of the Ag-bear ing chalcocite, re cal cu lated to 1 atom of
sul phur is Cu1.78-2.03Ag0.02-0.21S (av er age for mula is
Cu1.96Ag0.06S). The em pir i cal for mula of the Ag-bar ren chalco -
cite re cal cu lated to 1 atom of sul phur is Cu1.66-2.14S (on av er age
Cu1.93S).

In the cal cu la tions pro vided, data con cern ing all min er als
from the chalcocite-group min er als have been in cluded. The
anal y ses re veal that some of the min er als stud ied are in fact
closer to the em pir i cal for mula of djurleite or digenite. How ever,
the re sults ob tained were in some cases in con clu sive. There -
fore, in Ta ble 1 all re sults were com piled as “chalcocite”.

Bornite was stud ied in 4 sam ples (n = 89), con tain ing three
types of this min eral: bornite co-oc cur ring with chalcocite
(mainly or ange va ri ety; the pink va ri ety was doc u mented in mi -
nor amounts), bornite re plac ing ag gre gates of framboidal py rite
(or ange or or ange-brown), and bornite form ing fine-grained
inter growths with Ag-amal gams (brown-grey).

The chem i cal com po si tion of the or ange bornite from each
sam ple ex am ined is sim i lar (Ta ble 2). Only some mi nor vari a -
tions in pro por tions be tween Cu and Fe were ob served. More -
over, there are no sig nif i cant dif fer ences be tween the chem i cal
com po si tion of or ange and pink bornite. In gen eral, bornite
co-oc cur ring with chalcocite in semi-mas sive ac cu mu la tions

con tains an av er age of 61.07 wt.% Cu and 11.11 wt.% Fe.
Bornite form ing inter growths with chalcocite in the bornite-dom i -
nated min er al iza tion re veals slightly dif fer ent con cen tra tions of
both met als, namely on av er age 62.78 wt.% Cu and 10.79 wt.% 
Fe. In the or ange bornite re plac ing py rite framboids, the av er -
age con tents of Cu and Fe are 61.59 wt.% and 11.20 wt.%, re -
spec tively.

Ag-bear ing bornite con tains on av er age 3.5 wt.% Ag; how -
ever, due to the very small size of its grains, ob tain ing high-
 qual ity re sults of EPMA anal y ses was im pos si ble. The av er age
Ag con tent in or ange/pink bornite is 0.06 wt.%. Ad mix tures of
other met als were not de tected.

The em pir i cal for mula of the or ange/pink bornite (re cal cu -
lated to 10 apfu) is Cu4.82-5.08Fe0.94-1.10S3.96-4.14 (on av er age
Cu4.98Fe0.99S4.03). The em pir i cal for mula of the bornite re cal cu -
lated to 4 at oms of sul phur is Cu4.68-5.11Fe0.95-1.08S4 (on av er age
Cu4.95Fe0.98S4).

Na tive Ag, Ag-amal gams and stromeyerite were iden ti -
fied in the sam ples stud ied. Na tive Ag was in ves ti gated in 2
sam ples (n = 20). In the first sam ple, it forms rel a tively large in -
clu sions in ir reg u lar ag gre gates of Ag-bear ing chalcocite. It con -
tains on av er age 95.86 wt.% Ag and 1.47 wt.% Hg. In the sec -
ond sam ple, na tive Ag oc curs as fine, dis sem i nated grains (to -
gether with ag gre gates of bornite and Ag-bar ren chalcocite) or
as in clu sions in Ag-bear ing chalcocite with inter growths of
sphalerite. In this sam ple, the av er age amount of Ag and Hg in
the na tive Ag is 96.54 wt.% and 1.17 wt.%, re spec tively. The
av er age chem i cal com po si tion of the na tive Ag is 96.13 wt.%
Ag and 1.35 wt.% Hg (Ta ble 3).

Two types of Ag-amal gam were iden ti fied, dif fer ing in Hg
con tent (Ta ble 3). They were ana lysed in 3 sam ples (n = 54).
Ag-amal gams poor in Hg were ob served in the sam ple con tain -
ing mainly chalcocite-djurleite min er al iza tion with ac ces sory
digenite (which is in gen eral Ag-bar ren), ac com pa nied by Co-Ni 
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wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Ag-bar ren chalcocite (from chalcocite-dom i nated min er al iza tion)

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-bar ren chalcocite (from chalcocite-bornite min er al iza tion)

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-bar ren chalcocite (all sam ples)

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-bear ing 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   2.66 0.04   2.66 0.13 0.05 0.02 0.00 0.03 0.02 0.01 0.02 0.00

T a  b l e  1

Chem i cal com po si tion of chalcocite from the shale ore of the Nowa Sól de posit
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Fig. 7A – BSE im age of a chalcocite (cc) ag gre gate con tain ing nu mer ous exsolutions of Co-Ni sulpharsenides (Co-rich mem ber of
the cobaltite-gersdorffite se ries), ac com pa nied by Ag-amal gam (AgHg), with a stromeyerite (smy) rim around a chalcocite grain; B
– el e men tal map ping show ing dis tri bu tion of Ag; C – el e men tal map ping show ing dis tri bu tion of Hg; D – el e men tal map ping show -
ing dis tri bu tion of Co; E – el e men tal map ping show ing dis tri bu tion of Ni; F – el e men tal map ping show ing dis tri bu tion of As; G –
EDS spec trum of Hg-poor Ag-amal gam; H – EDS spec trum of Hg-bear ing stromeyerite; I – EDS spec trum of Co-Ni sulpharsenide; J
– EDS spec trum of Ag-bar ren chalcocite



sulpharsenides. They oc cur as ag gre gates on their own or as
inter growths with Ag-bear ing chalcocite (e.g. in the form of
veinlets). They can be also as so ci ated with chalcocite-group
min er als (Fig. 7). In this type of Ag-amal gam, on av er age 87.59
wt.% Ag and 10.23 wt.% Hg were de tected. Apart from that,
inter growths of Hg-poor Ag-amal gams with brown-grey bornite
were doc u mented in bornite-dom i nated min er al iza tion. Their
av er age chem i cal com po si tion is 90.04 wt.% Ag and 7.14 wt.%
Hg. Hg-rich Ag-amal gams form in clu sions in ag gre gates of
Ag-bear ing chalcocite, in the sam ple min er al ized al most ex clu -
sively with chalcocite (both Ag-bar ren and Ag-bear ing). The av -
er age amount of Ag and Hg in Hg-rich Ag-amal gams is 65.25
wt.% and 31.08 wt.%, re spec tively.

Stromeyerite is as so ci ated with na tive Ag and Ag-amal -
gams, com monly in the form of grains and rims sur round ing Ag
min er als in clu sions in chalcocite (3 sam ples, n = 15). In two
sam ples, it was ob served to gether with na tive Ag in clu sions in
ag gre gates of Ag-bear ing chalcocite. This va ri ety of strome -
yerite con tains av er age val ues of 49.06 wt.% Ag, 34.92 wt.%
Cu and 14.33 wt.% S. Apart from that, Cu-Ag sul phide with
chem i cal com po si tion slightly dif fer ing from stoichiometric
stromeyerite and re veal ing some Hg en rich ment, was doc u -
mented. It is as so ci ated with Hg-poor Ag-amal gams, oc cur ring
in the sam ple min er al ized with Cu-S sulphides, ac com pa nied
by Co-Ni sulpharsenides (Fig. 7). It con tains on av er age
41.52 wt.% Cu, 37.24 wt.% Ag, 15.12 wt.% S and 4.28 wt.% Hg, 
al though its chem i cal com po si tion is var ied: Hg con tent ranges
be tween 0.20 and 8.72 wt.%, while Ag con tent is be tween 23.50 
and 52.81 wt.%.

The em pir i cal for mula of the stromeyerite (re cal cu lated to
3 apfu) is Cu0.99-1.29Ag0.79-1.08S0.83-1.02 (on av er age Cu1.14Ag0.94 -
S0.92). The av er age em pir i cal for mula of the Hg-bear ing
stromeyerite is Cu1.30Ag0.71Hg 0.04S0.94. The em pir i cal for mula of
the stromeyerite re cal cu lated to 1 atom of sul phur is Cu1.04-1.45 -
Ag0.79-1.27S (on av er age Cu1.24Ag1.03S). The av er age em pir i cal
for mula of the Hg-bear ing stromeyerite is Cu1.37Ag0.78Hg 0.05S.

Co-Ni sulpharsenides have been stud ied in 2 sam ples
(n = 35). They form nu mer ous, round, sev eral µm-size exso -
lutions in chalcocite-djurleite com pos ites. They al ways oc cur in
Ag-bar ren chalcocite-group min er als, even in sam ples where
both va ri et ies of this min eral were ob served.

Two of the Co-Ni sulpharsenides iden ti fied are mem bers of
the cobaltite-gersdorffite se ries. They con tain sim i lar amounts
of Co and Ni and dif fer only slightly in the pro por tions be tween
both met als (Ta ble 4). In the first type, Ni slightly pre vails. The
av er age chem i cal com po si tion of this va ri ety is 16.68 wt.% Ni,
13.69 wt.% Co, 41.96 wt.% As, 17.85 wt.% S and 8.20 wt.% Cu. 
In the sec ond type, Co pre vails over Ni (Fig. 7). It con tains an
av er age 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 min eral was iden ti fied. Its av er age chem i -
cal com po si tion is 27.12 wt.% Ni, 39.94 wt.% As, 5.13 wt.% S
and 19.23 wt.% Cu (Ta ble 4). More over, on av er age 2.51 wt.%
of Bi and 1.61 wt.% of Sb were ob served. Low sul phur con tent
(which may re sult from the sur round ing chalcocite) in di cates
this min eral as a Ni-ar se nide (nickeline?). The Ni con tent is
lower than in typ i cal nickeline and sig nif i cant con cen tra tions of
Cu were de tected in stead. Co-Ni-rich sulpharsenides/ar sen -
ides from the Nowa Sól de posit are gen er ally dif fi cult ob jects to
ex am ine us ing EPMA, due to their small size. There fore, sig nif i -
cant amounts of Cu in their anal y ses may par tially re sult from
the sur round ing chalcocite.

The em pir i cal for mula of the min eral from the cobaltite-
 gersdorffite se ries in which Ni pre vails (re cal cu lated to 3 apfu) is 
(Ni0.44-0.52Co0.35-0.45Cu0.12-0.31)As0.90-1.00S0.89-1.00 (on av er age
(Ni0.48  Co0.40 Cu0.22) As0.95S0.95). The em pir i cal for mula of the min -
eral from the cobaltite-gersdorffite se ries in which Co pre vails is
(Co0.45-0.69Ni0.21-0.40Cu0.10-0.35)As0.88-0.97S0.96-1.03 (on av er age
(Co0.55 Ni0.31Cu0.21)As0.93S0.99).

Ga lena was ana lysed in 3 sam ples (n = 19) min er al ized with 
bornite and chalcocite. It oc curs as in clu sions in bornite and/or
chalcocite ag gre gates or as fine grains dis sem i nated in the
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wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Bornite co-oc cur ring with chalcocite in semi-mas sive ac cu mu la tions

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 form ing inter growths with chalcocite in the bornite-dom i nated min er al iza tion

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 re plac ing py rite 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 sam ples)

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

T a  b l e  2

Chem i cal com po si tion of bornite (or ange/pink) from the shale ore of the Nowa Sól de posit
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wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Na tive 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-amal gam Hg-poor (co-oc cur ring chalcocite)

Min   0.03   0.13 0.00 82.49   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-amal gam Hg-poor (inter growths 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-amal gam 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   1.47   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   1.65   0.98 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.00

Stromeyerite (as so ci ated with na tive 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-bear ing (as so ci ated with Hg-poor Ag-amal gam)

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.   2.20 10.24 0.02 11.45   3.75 0.05 0.02 0.01 0.00 0.02 0.02 0.03 0.00

T a  b l e  3

Chem i cal com po si tion of Ag min er als from the shale ore of the Nowa Sól de posit

wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Min eral from the cobaltite-gersdorffite se ries with Ni pre vail ing

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

Min eral from the cobaltite-gersdorffite se ries with Co pre vail ing

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-ar se nide?

Min 3.10 14.82 0.02 0.02 0.00   1.91 24.54 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 5.13 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   1.89 0.99   2.54 0.03 2.50 0.00 0.00

T a  b l e  4

Chem i cal com po si tion of Co-Ni min er als from the shale ore of the Nowa Sól de posit



shales. The ga lena ex am ined con tains on av er age 85.05 wt.%
Pb and 13.78 wt.% S (Ta ble 5). An av er ages of 1.45 wt.% Cu
and 0.57 wt.% Bi were also de tected.

The em pir i cal for mula of ga lena from the sam ples ana lysed
(re cal cu lated to 2 apfu) is Pb0.97-1.01S0.99-1.03 (on av er age
Pb0.99S1.01). The em pir i cal for mula of the ga lena (re cal cu lated to 
1 atom of sul phur) is Pb0.94-1.02S (on av er age Pb0.98S).

Sphalerite was stud ied in one sam ple (n = 3), as inter -
growths with chalcocite and na tive Ag. It con tains on av er age
61.39 wt.% Zn, 32.21 wt.% S, 1.29 wt.% Cu and 0.57 wt.% Cd
(Ta ble 5).

The av er age em pir i cal for mula of the sphalerite ana lysed
(re cal cu lated to 2 apfu) is Zn0.97S1.03. The av er age em pir i cal for -
mula of the sphalerite (re cal cu lated to 1 atom of sul phur) is
Zn0.93S.

THE MOZÓW DEPOSIT

MINERALOGY

The shale ore in this de posit con tains rich chalcocite min er -
al iza tion. Bornite min er al iza tion was ob served in the up per part
of the shale ore. Small in clu sions of Ag min er als are com mon.
Other ac com pa ny ing sulphides are digenite and covel lite. Only
mi nor amounts of ga lena were noted, while sphalerite is vir tu -
ally ab sent. Pb and Zn con tents are in gen eral lower in the
Mozów de pos its than in the Nowa Sól and Sulmierzyce North
de pos its (Pietrzela and Bieñko, 2023). Co-Ni sulpharsenides
are pres ent in the shale ore, but they are dif fi cult to doc u ment,
as they oc cur in the form of fine and very fine dis sem i nated
grains.

Chalcocite oc curs mainly as rich dis sem i nated min er al iza -
tion (Fig. 8A). Chalcocite grains and ag gre gates are of ten elon -
gated con cor dantly with the shale lam i na tion. In some parts of
the shale ore, abun dant, densely packed chalcocite ag gre gates 
and lenses re place car bon ates, form ing semi-mas sive,
vein-like ac cu mu la tions (Fig. 8B). Hor i zon tal veinlets of mas -
sive chalcocite were also doc u mented (Fig. 8C). The chalcocite 
min er al iza tion is lo cally ac com pa nied by fine grains and in clu -
sions of Ag min er als (Fig. 8F), digenite, covel lite and mi nor ga -
lena.

Bornite was re cog nised in the form of dis sem i nated min er -
al iza tion of low tenor (Fig. 8D). Sim i larly to chalcocite, bornite
ag gre gates are of ten elon gated con cor dantly with shale lam i -
na tion (Fig. 8E). Dis persed bornite may be ac com pa nied by

digenite and/or covel lite (in the form of fine in di vid u als or inter -
growths in bornite; Fig. 8E), as well as by nu mer ous µm-size py -
rite framboids, par tially re placed by bornite.

Digenite co-oc curs with rich chalcocite dis sem i na tions. It
was also ob served as inter growths with bornite grains, to gether
with covel lite (Fig. 8E).

Covel lite was noted mainly in bornite-dom i nated min er al -
iza tion, as fine inter growths in bornite grains, to gether with
digenite (Fig. 8E). In the chalcocite-dom i nated min er al iza tion
covel lite may oc cur as fine in di vid u als dis persed in the host
rock.

Sil ver min er als were doc u mented as fine and very fine
grains dis sem i nated in the host rock (Fig. 8F) or as fine in clu -
sions in chalcocite. In the chem i cal anal y ses, stromeyerite was
iden ti fied.

Ga lena was ob served in mi nor amounts, as fine dis sem i na -
tions and in clu sions in fine-grained chalcocite. In clu sions of ga -
lena in veinlets of mas sive chalcocite were also noted.

MINERAL DISTRIBUTION

In the shale ore of the Mozów de posit, Cu-S sulphides pre -
dom i nate over Cu-Fe-S phases. Chalcocite was doc u mented in 
most of the sam ples in ves ti gated. The pro por tion of bornite in -
creases in the up per most part of the shale ore. Both the
chalcocite and bornite min er al iza tion may be ac com pa nied by
digenite and covel lite. The Ag min er als and ga lena co-oc cur
with chalcocite-dom i nated min er al iza tion. Lat eral zonation of
min er als was not ob served in this de posit; how ever, fur ther
bore holes would help de ter mine whether any zonation pat tern
oc curs in the ad ja cent area.

GEOCHEMISTRY

Chalcocite was stud ied in 2 sam ples (n = 17), mainly in the
form of dis sem i nated min er al iza tion, and less of ten in veinlets.
The av er age amount of Ag in the dis sem i nated chalcocite is
0.17 wt.% (Ta ble 6), while an av er age of 0.36 wt.% Ag was de -
tected in the chalcocite veinlets. There fore, the chalcocite in the 
Mozów de posit can be gen er ally clas si fied as Ag-bar ren.

The em pir i cal for mula of the chalcocite (re cal cu lated to
3 apfu) is Cu1.91-2.02S0.98-1.08 (on av er age Cu1.95S1.04). The em pir i -
cal for mula of the chalcocite (re cal cu lated to 1 atom of sul phur)
is Cu1.78-2.06S (on av er age Cu1.87S).
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wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Pb Bi Cd Au

Ga lena

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

S.D.   0.27 0.88 0.14 0.01 0.02 0.02 0.02 0.00 0.00   0.03   0.54 0.04 0.00 0.03

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 1.63 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

T a  b l e  5

Chem i cal com po si tion of ga lena and sphalerite from the shale ore of the Nowa Sól de posit
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Bornite was ex am ined in one sam ple (n = 47), as fine-
 grained, dis sem i nated min er al iza tion. It con tains an av er age of
60.37 wt.% Cu and 11.42 wt.% Fe (Ta ble 7). The av er age
amount of Ag in the bornite is 0.29 wt.%. In most of the anal y -
ses, con cen tra tions of Ag were from 0.03 to 0.81 wt.%; how -
ever, sev eral anal y ses re vealed Ag con tents in the bornite ex -
ceed ing 3.0 wt.%.

The em pir i cal for mula of the bornite (re cal cu lated to 10 apfu)
is Cu4.53-4.87Fe0.85-1.10S4.11-4.49 (on av er age Cu4.80Fe1.03 S4.17). The
em pir i cal for mula of the bornite re cal cu lated to 4 at oms of sul -
phur is Cu4.15-4.73Fe0.76-1.03S4 (on av er age Cu4.60Fe0.99S4).

Ag min er als were ana lysed in one sam ple (n = 5), as fine
grains, ac com pa ny ing  chalcocite-dom i nated dis sem i nated min -
er al iza tion (Fig. 9). Two Cu-Ag sulphides were iden ti fied. One is
most likely stromeyerite (al though its chem i cal com po si tion
slightly dif fers from stoichiometric stromeyerite), con tain ing on
av er age 44.53 wt.% Ag, 38.91 wt.% Cu and 16.25 wt.% S. The
other is most likely Hg-bear ing stromeyerite. It con tains 36.05
wt.% Cu, 34.56 wt.% Ag, 16.29 wt.% S and 11.24 wt.% Hg.

The em pir i cal for mula of the stromeyerite (with out Hg), re -
cal cu lated to 3 apfu is Cu1.06-1.29Ag0.72-0.93S0.98-1.00 (on av er age
Cu1.20Ag0.81S0.99). The av er age em pir i cal for mula of the
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Fig. 8. Pho to mi cro graphs of ore min er al iza tion in the Mozów de posit, re flected light

A – disseminated chalcocite (cc) min er al iza tion; B – abun dant chalcocite (cc) grains and lenses re plac ing car bon ates; C – horizontal veinlet
of mas sive chalcocite (cc); D – disseminated min er al iza tion of low tenor, com posed of pink bornite (bn2) with digenite (dg) and covel lite (cv)
inter growths; E – elongated ag gre gates of pink bornite (bn2) with inter growths of digenite (dg) and covel lite (cv); F – Ag min eral (Ag) sur -
rounded by dis sem i nated chalcocite (cc)

wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Chalcocite (dis sem i nated min er al iza tion)

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

T a  b l e  6

Chem i cal com po si tion of chalcocite from the shale ore of the Mozów de posit

wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Bornite

Min 25.94 55.95   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.   0.46   1.13   0.36 0.81 0.04 0.01 0.00 0.00 0.01 0.03 0.02 0.01 0.03

T a  b l e  7

Chem i cal com po si tion of bornite from the shale ore of the Mozów de posit



Hg-bear ing stromeyerite is Cu1.17Ag0.66Hg 0.12S1.05. The em pir i -
cal for mula of the stromeyerite (with out Hg), re cal cu lated to 1
atom of sul phur is Cu1.06-1.32Ag0.74-0.93S (on av er age Cu1.21 -
Ag0.82S). The av er age em pir i cal for mula of the Hg-bear ing
stromeyerite is Cu1.12Ag0.63Hg 0.11S.

Ga lena was ex am ined as fine grains, ac com pa ny ing chal -
co cite-dom i nated dis sem i nated min er al iza tion (only one anal y -
sis avail able). It con tains 83.44 wt.% Pb, 13.48 wt.% S, and
0.60 wt.% Bi.

The em pir i cal for mula of the ga lena (re cal cu lated to 2 apfu)
is Pb0.99S1.01. The em pir i cal for mula of the ga lena (re cal cu lated
to 1 atom of sul phur) is Pb0.98S.

THE SULMIERZYCE NORTH DEPOSIT

MINERALOGY

The shale ore in this de posit is min er al ized pre dom i nantly
with chalcocite and bornite in var i ous pro por tions. Un like in the
Nowa Sól and Mozów de pos its, min er al iza tion com posed al -
most ex clu sively of Cu-S sulphides is rare in the sam ples in ves -
ti gated, whereas chal co py rite en rich ments are char ac ter is tic of

this de posit. Among ac com pa ny ing min er als there are digenite,
covel lite, ten nan tite-tetrahedrite group min er als and py rite. A
dis tinc tive fea ture of the Sulmierzyce North de posit is that
sphalerite and ga lena are com mon min er als co-oc cur ring with
Cu-sulphides in the shale ore. Ag min er als, as well as Co-Ni
sulpharsenides, are pres ent, but due to the very fine size of their 
grains, they are dif fi cult to ob serve. Ag con cen tra tions in the
shale ore are gen er ally lower than in the Nowa Sól de posit
(Pietrzela and Bieñko, 2023) and grains of Ag min er als are
smaller and more dis persed than in the Nowa Sól de posit.
Co-Ni sulpharsenides form µm-size exsolutions in the chalco -
cite ag gre gates.

Chalcocite oc curs mainly in the form of dis sem i nated min -
er al iza tion. Thin lenses con cor dant with shale lam i na tion and
re place ments of py rite framboids are com mon (Fig. 10A).
Chalcocite can also re place bioclasts (mostly foraminifera). In
the highly min er al ized sam ples, ac cu mu la tions of fine
chalcocite grains were ob served in the form of con tin u ous lay -
ers or lenses. Semi-mas sive laminae, com posed of chalcocite
ag gre gates and pseudo-veins, were also doc u mented in the
sam ples con tain ing par tic u larly rich min er al iza tion (Fig. 10B).
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Fig. 9A – BSE im age of dis sem i nated chalcocite (cc), with in clu sions of Hg-bear ing stromeyerite (smy); B – el e men tal map ping
show ing dis tri bu tion of S; C – el e men tal map ping show ing dis tri bu tion of Cu; D – el e men tal map ping show ing dis tri bu tion of

Ag; E – EDS spec trum of Hg-bear ing stromeyerite
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Chalcocite can be the dom i nant ore min eral, par tic u larly in
the low er most parts of the shale ore. In such cases it is usu ally
ac com pa nied by digenite and covel lite, with mi nor bornite.
Chalcocite of ten co-oc cur with bornite in var i ous pro por tions,
both in dis sem i nated min er al iza tion (Fig. 10D) and in
semi-mas sive laminae (Fig. 10C). Ac ces sory min er als in the
chalcocite-bornite min er al iza tion are ga lena and sphalerite.

Bornite is the sec ond most wide spread ore min eral. Sim i -
larly to chalcocite, it oc curs mainly as fine-grained, dis sem i -
nated min er al iza tion. Bornite com monly re places py rite
framboids dis persed in the host rock. Coarse-grained ag gre -
gates and nests were ob served, lo cally form ing semi-mas sive
lay ers (Fig. 10E). Ir reg u lar, ver ti cal or di ag o nal bornite veinlets
were also doc u mented. Sim i larly to the Nowa Sól de posit, or -
ange bornite pre dom i nates in the Sulmierzyce North de posit.
Pink bornite is rare, mainly as fine in di vid u als dis persed in the
host rock.

In the bornite-dom i nated min er al iza tion, chalcocite and
digenite may oc cur, as well as mi nor sphalerite, ga lena and py -
rite. Min er al iza tion com posed of both bornite and chalcocite (ei -
ther dis persed or semi-mas sive) was also ob served
(Fig. 10C, D). More over, a char ac ter is tic paragenesis was re -
cog nised, con sist ing of bornite, chal co py rite and sphalerite, ac -
com pa nied by ten nan tite-tetrahedrite group min er als and ga -
lena. These sulphides oc cur as ir reg u lar inter growths, dis -
persed in the shale ore (Fig. 11A, B) or con cen trated in the form
of rich ac cu mu la tions (Fig. 11C, D). Coarse-grained nests con -
sist ing of bornite, chal co py rite, ten nan tite-tetrahedrite group
min er als and py rite were also noted (Fig. 11E, F).

Chal co py rite en rich ments are com monly ob served. In some 
of the sam ples stud ied, chal co py rite is the dom i nant ore min eral.
It oc curs as fine dis sem i na tions, ir reg u lar ag gre gates, flat lenses
and thin veinlets. The chal co py rite-dom i nated min er al iza tion

may be ac com pa nied by ga lena, sphalerite and mi nor bornite.
Lo cally, the shale ore con tains abun dant, semi-mas sive min er al -
iza tion, con sist ing al most ex clu sively of elon gated chal co py rite
ag gre gates (with only mi nor py rite in clu sions; Fig. 10F). Inter -
growths of chal co py rite with bornite, ten nan tite-tetrahedrite
group min er als and sphalerite, with ac ces sory ga lena and py rite,
were re cog nised ei ther as dis sem i nated min er al iza tion
(Fig. 11A–D), or as coarse-grained nests (Fig. 11E, F).

Digenite is an ac com pa ny ing min eral in the
chalcocite-dom i nated min er al iza tion and, to a lesser ex tent, in
the parts of the shale ore min er al ized pre dom i nantly with
bornite. It forms in di vid u als and ag gre gates, or inter growths
with other sulphides.

Covel lite is an ac ces sory min eral, as so ci ated mainly with
the chalcocite-digenite min er al iza tion, con tain ing mi nor bornite. 
It forms small grains or inter growths with sul phide ag gre gates.

Ten nan tite-tetrahedrite group mem bers are ac com pa ny -
ing min er als in the Cu-dom i nated min er al iza tion. They were ob -
served as inter growths with bornite, chal co py rite, sphalerite
and mi nor ga lena, dis persed in the host rock (Fig. 11A–D), or
as coarse-grained nests to gether with chal co py rite, bornite and
py rite (Fig. 11E, F).

Sphalerite com monly ac com pa nies Cu-sulphides. Un like
in the Nowa Sól and Mozów de pos its, Zn con cen tra tions in the
shale ore of the Sulmierzyce North de posit ex ceed Pb con cen -
tra tions (Pietrzela and Bieñko, 2023) and sphalerite pre vails
over ga lena. Sphalerite was ob served in the bornite-dom i nated
min er al iza tion (with mi nor chalcocite and digenite), as well as in 
chal co py rite-dom i nated ar eas (with ga lena and mi nor bornite).
Sphalerite oc curs also in inter growths with bornite, chal co py -
rite, ten nan tite-tetrahedrite group min er als and ga lena
(Fig. 11B–D). Sphalerite grains are also dis sem i nated in the
host rock.
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Fig. 10. Pho to mi cro graphs of the ore min er al iza tion in the Sulmierzyce North de posit,  re flected light

A – disseminated and streak chalcocite (cc) min er al iza tion; B – semi-mas sive chalcocite (cc) min er al iza tion; C – sul phide layer com posed of
chalcocite (cc) and or ange bornite (bn1); D – intergrowths of chalcocite (cc) with or ange bornite (bn1) form ing dis sem i nated min er al iza tion; E
– bornite-dom i nated (bn1) min er al iza tion in the form of a semi-mas sive layer and bornite ag gre gates; F – abundant semi-mas sive mineraliza
tion, con sist ing ex clu sively of elon gated chal co py rite (ccp) ag gre gates
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Ga lena usu ally forms small in clu sions in ag gre gates of
other min er als, mainly bornite, sphalerite and chal co py rite
(Fig. 11A, B, D). It is also an ac com pa ny ing min eral in the chal -
co py rite-dom i nated min er al iza tion. Fine grains of ga lena can
be dis persed in the host rock. Rarely it re places bioclasts.

Py rite com monly oc curs as µm-size framboids, dis sem i -
nated through out al most the en tire shale ore, par tic u larly in ar -
eas of bornite-dom i nated min er al iza tion. It also ac com pa nies
the chal co py rite-dom i nated min er al iza tion (in the form of small
in clu sions) and chal co py rite-bornite-ten nan tite-tetrahedrite
min er al iza tion (Fig. 11E).

MINERALS DISTRIBUTION

The min eral as sem blage in the Sulmierzyce North de posit
con sists of Cu-S and Cu-Fe-S sulphides in var i ous pro por tions;
how ever, no ev i dent zonation in their dis tri bu tion was re cog -
nised. At the NW and SE mar gin of the de posit Cu-S sulphides
pre dom i nate (chalcocite and digenite), ac com pa nied by covel -
lite and bornite. In the north ern/cen tral and SW parts of the de -
posit, bornite and chalcocite are the main ore min er als (with ac -
ces sory sphalerite, ga lena and digenite). In the cen tral part of
the de posit, bornite is the main Cu-sul phide, ac com pa nied by
sphalerite, ga lena, chal co py rite, ten nan tite-tetrahedrite group
min er als and py rite. In the north ern part of the de posit, apart
from chalcocite and bornite, chal co py rite en rich ments were ob -
served. The most abun dant chal co py rite min er al iza tion was
doc u mented at the NE mar gin of the de posit, with ac ces sory
sphalerite, ga lena and bornite.

De vel op ment of the ore min er al iza tion in this de posit is less
reg u lar than in the min er al iza tion of the Nowa Sól de posit, both
ver ti cally and lat er ally. Lat er ally, an in flu ence of the dis tance
from the ox i dized field on the pro por tion be tween Cu-S and
Cu-Fe-S sulphides was not ob served. Ver ti cally, the typ i cal
zonation of min er als is also usu ally dis rupted. In some bore -
holes, Cu-S sulphides (mainly chalcocite) pre vail in the low er -
most part of the shale ore, while Cu-Fe-S sulphides (bornite and 
chal co py rite) oc cur in the up per most part (par tic u larly in the SW 
part of the de posit). How ever, there are also bore holes in which
rich chalcocite min er al iza tion was not doc u mented at all. More -
over, in some bore holes chal co py rite was the main ore min eral
within the ore se ries. Apart from that, sphalerite and ga lena
com monly co-oc cur with the rich Cu-min er al iza tion. Dis tri bu tion
of ore min er al iza tion in the Sulmierzyce North de pos its de -
pends mainly on the ir reg u lar range of the ox i dized fields
(Fig. 1), as well as on a sig nif i cant thick ness of shale ore. The
patchy dis tri bu tion of ox i dized fa cies in the Sulmierzyce North
area dis rupts typ i cal zonation of met als in this de posit (Pietrzela 
and Bieñko, 2023).

GEOCHEMISTRY

Chalcocite was ex am ined in two sam ples (n = 38). In the
first sam ple, it ac com pa nies bornite-dom i nated min er al iza tion
and oc curs as small ag gre gates with bornite or sphalerite, dis -
sem i nated in the shale ore. Chalcocite from this sam ple con -
tains from 0.03 to 0.19 wt.% Ag (on av er age 0.08 wt.% Ag). In
the sec ond sam ple, chalcocite is the dom i nant sul phide, with
ac ces sory bornite (mainly in semi-mas sive ac cu mu la tions). It
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Fig. 11. Pho to mi cro graphs of the ore min er al iza tion in the Sulmierzyce North de posit,  re flected light

A – aggregates com posed of chal co py rite (ccp), or ange bornite (bn1), ten nan tite (tn) and ga lena (gn); B – aggregates of or ange bornite (bn1) 
and sphalerite (sp) ac com pa nied by chal co py rite (ccp) and ga lena (gn); C – intergrowths of chal co py rite (ccp) with or ange bornite (bn1) and
sphalerite (sp); D – disseminated min er al iza tion con sist ing of sphalerite (sp) and or ange bornite (bn1) ag gre gates, ac com pa nied by ten nan -
tite (tn), chal co py rite (ccp) and ga lena (gn); E – sul phide nest com posed of chal co py rite (ccp), or ange bornite (bn1), py rite (py) and sphalerite 
(sp); F – intergrowth of chal co py rite (ccp) with ten nan tite (tn) in the form of a semi-mas sive sul phide nest
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con tains from 0.27 to 0.58 wt.% Ag (on av er age 0.42 wt.% Ag).
In gen eral, the chalcocite can be clas si fied as Ag-bar ren (Ta -
ble 8).

Con cen tra tions of other met als are mostly neg li gi ble. The
chalcocite co-oc cur ring with bornite con tains an av er age of
0.08 wt.% Fe (oth er wise it is 0.02 wt.%). In the chalcocite form -
ing inter growths with sphalerite, 0.17 wt.% Zn was de tected.

The em pir i cal for mula of the chalcocite ana lysed (re cal cu -
lated to 3 apfu) is Cu1.87-2.02S0.98-1.13 (on av er age Cu1.94S1.05).
The em pir i cal for mula of the chalcocite re cal cu lated to 1 atom of 
sul phur is Cu1.66-2.06S (on av er age Cu1.84S).

Bornite was stud ied in 3 sam ples (n = 67). Two types of
bornite were dis tin guished, slightly dif fer ing in chem i cal com po -
si tion. The first va ri ety was ob served ei ther as the main ore min -
eral, ac com pa nied by mi nor chalcocite, sphalerite and ga lena
or as inter growths with chal co py rite, sphalerite, ten nan -
tite-tetrahedrite group min er als and mi nor ga lena. It con tains on 
av er age 60.45 wt.% Cu and 11.33 wt.% Fe (Ta ble 9). The sec -
ond va ri ety is bornite ac com pa ny ing semi-mas sive chalcocite.
Its av er age Cu and Fe con cen tra tions are 64.47 wt.% and 9.56
wt.% re spec tively. Both va ri et ies of bornite re veal also dif fer ent
ad mix tures of Ag. In the first type only 0.03 w.% Ag was de -
tected, while in the sec ond it was 0.19 wt.% Ag (Ta ble 9). Ad -
mix tures of other met als were not ob served.

The em pir i cal for mula of the first va ri ety of bornite (re cal cu -
lated to 10 apfu) is Cu4.60-5.00Fe0.93-1.11S4.06-4.35 (on av er age
Cu4.81Fe1.03S4.17) and for the sec ond va ri ety it is
Cu4.93-5.26Fe0.78-0.99S3.94-4.10 (on av er age Cu5.13Fe0.87S4.00). The
em pir i cal for mula of the first va ri ety of bornite, re cal cu lated to 4
at oms of sul phur, is Cu4.23-4.90Fe0.91-1.08S4 (on av er age Cu4.62 -
Fe0.98S4) and for the sec ond va ri ety it is Cu4.81-5.34Fe0.78-0.97S4 (on 
av er age Cu5.13Fe0.86S4).

Chal co py rite was ex am ined in 2 sam ples (n = 40), ei ther
as the main ore min eral in the shale ore or as inter growths with
bornite, sphalerite and ten nan tite-tetrahedrite group min er als.
In both cases, its chem i cal com po si tion is sim i lar. On av er age
the chal co py rite con tains 33.18 wt.% Cu, 30.49 wt.% Fe and
34.67 wt.% S (Ta ble 10). Ad mix tures of other el e ments were
not de tected.

The em pir i cal for mula of the chal co py rite (re cal cu lated to 4
apfu) is Cu0.96-1.01Fe0.98-1.03S2.00-2.02 (on av er age Cu0.97Fe1.02 -
S2.01). The em pir i cal for mula of the chal co py rite re cal cu lated to
2 at oms of sul phur is Cu0.95-1.00Fe0.97-1.03S2 (on av er age Cu0.97 -
Fe1.01S2).

Ten nan tite-tetrahedrite group min er als were ana lysed in
one sam ple (n = 21). Two min er als from this group were dis tin -
guished, dif fer ing in the pro por tion be tween Sb and As (Ta -
ble 11). The first oc curs as inter growths with bornite, chal co py -
rite, sphalerite and mi nor ga lena. Its av er age chem i cal com po -
si tion is close to stoichiometric ten nan tite: 41.83 wt.% Cu,
2.90 wt.% Fe, 17.56 wt.% As, 0.36 wt.% Sb and 28.55 wt.% S.
An av er age of 5.72 wt.% Zn was also noted. The sec ond min -
eral was ob served in the form of inter growths only with bornite
(Fig. 12). It con tains on av er age 40.46 wt.% Cu, 1.56 wt.% Fe,
6.50 wt.% Zn, 11.28 wt.% As and 11.04 wt.% Sb. Its chem i cal
com po si tion in di cates that this is a mid dle mem ber of the ten -
nan tite-tetrahedrite se ries.

The em pir i cal for mula of the ten nan tite (re cal cu lated to 29
apfu) is Cu9.75-10.01Fe0.64-0.96Zn1.18-1.68As3.42-3.60S13.37-13.51 (on av -
er age Cu9.93Fe0.78Zn1.32As3.54S13.43). The em pir i cal for mula of
the sec ond min eral from the ten nan tite-tetrahedrite group (re -
cal cu lated to 29 apfu) is Cu9.86-10.18Fe0.35-0.65Zn1.49-1.63As2.14-2.53 -
Sb1.30-1.55S13.15-13.37 (on av er age Cu9.95Fe0.44Zn1.55As2.35Sb1.42

S13.29). The em pir i cal for mula of the ten nan tite (re cal cu lated to

Alicja Pietrzela and Tomasz Bieñko / Geo log i cal Quar terly, 68: 21 19

wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Chalcocite (all sam ples)

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

S.D.   0.78   1.19 0.08 0.17 0.00 0.01 0.01 0.00 0.00 0.14 0.01 0.01 0.02

T a  b l e  8

Chem i cal com po si tion of chalcocite from the shale ore of the Sulmierzyce North de posit

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 sec ond 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 sam ples)

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   2.19 0.98 0.08 0.01 0.03 0.01 0.01 0.08 0.17 0.01 0.01 0.03

T a  b l e  9

Chem i cal com po si tion of bornite from the shale ore of the Sulmierzyce North de posit



13 at oms of sul phur) is Cu9.46-9.71Fe0.62-0.93Zn1.14-1.63As3.29-3.51S13

(on av er age Cu9.61Fe0.76Zn1.28As3.42S13). The em pir i cal for mula
of the sec ond min eral from the ten nan tite-tetrahedrite group
(re cal cu lated to 13 at oms of sul phur) is Cu9.60-10.07Fe0.34-0.65 -
Zn1.47-1.59 As2.12-2.46 Sb1.26-1.52S13 (on av er age Cu9.73Fe0.43Zn1.52 -
As2.30Sb1.39S13).

Ga lena was stud ied in one sam ple (n = 5), where it oc curs
as in clu sions in ag gre gates com posed of bornite, chal co py rite
and ten nan tite-tetrahedrite group min er als. Its av er age chem i -
cal com po si tion is 79.44 wt.% Pb and 13.92 wt.% S (Ta ble 12).
Also, on av er age 5.38 wt.% Cu, 1.01 wt.% Zn and 0.57 wt.% Bi
were de tected.

Em pir i cal for mula of ga lena from the sam ple ana lysed (re -
cal cu lated to 2 apfu) is Pb0.91-0.99S1.01-1.09 (on av er age
Pb0.95S1.05). The em pir i cal for mula of the ga lena re cal cu lated to
1 atom of sul phur is Pb0.83-0.98S (on av er age Pb0.91S).

Sphalerite was ex am ined in one sam ple (n = 6), where it
oc curs in ag gre gates with bornite, chal co py rite and ten nan -
tite-tetrahedrite group min er als. It con tains typ i cally 60.03 wt.%
Zn, 32.89 wt.% S and 3.48 wt.% Cu (Ta ble 12). Mi nor con cen -
tra tions of Fe (0.29 wt.%) and Cd (0.18 wt.%) were ob served.

The em pir i cal for mula of the sphalerite (re cal cu lated to 2
apfu) is Zn0.92-0.97S1.03-1.08 (on av er age Zn0.94S1.06). The em pir i cal 
for mula of the sphalerite re cal cu lated to 1 atom of sul phur is
Zn0.85-0.95S (on av er age Zn0.90S).
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wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Chal co py rite

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

S.D.   0.15   0.36   0.38 0.01 0.00 0.01 0.00 0.00 0.02 0.02 0.01 0.00 0.03

T a  b l e  1 0

Chem i cal com po si tion of chal co py rite from the shale ore of the Sulmierzyce North de posit

wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Bi Cd Au

Ten nan tite (inter growths with bornite/sphalerite/chal co py rite)

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

Mid dle mem ber of the ten nan tite-tetrahedrite se ries (inter growths 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

T a  b l e  1 1

Chem i cal com po si tion of ten nan tite-tetrahedrite group min er als from the shale ore of the
Sulmierzyce North de posit

wt.% S Cu Fe Ag Hg Co Ni Sb As Zn Pb Bi Cd Au

Ga lena

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

S.D.   0.89 2.46 0.16 0.03 0.00 0.00 bdl 0.00 0.00 1.61 3.13 0.06 0.00 0.03

Sphalerite

Min 32.62 0.17 0.12 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

S.D.   0.20 2.62 0.15 0.06 0.00 0.04 0.03 0.00 0.00 2.91 0.03 0.02 0.03 0.00

bdl – be low de tec tion limit

T a  b l e  1 2

Chem i cal com po si tion of ga lena and sphalerite from the shale ore of the Sulmierzyce North de posit



SUMMARY OF THE RESULTS

In the sam ples of the shale ore stud ied from the Nowa Sól,
Mozów and Sulmierzyce North de pos its, dis sem i nated min er al -
iza tion is the most wide spread min er al iza tion style.
Coarse-grained nests and ag gre gates (which may form
semi-mas sive veins and lenses) were ob served mainly in the
Nowa Sól de posit. In the Sulmierzyce North de posit they are
slightly less fre quent, while in the Mozów de posit, dis sem i nated
min er al iza tion is ac com pa nied by sul phide veinlets.

In the de pos its in ves ti gated, chalcocite is the dom i nant ore
min eral and the sec ond most com mon min eral is bornite. In the
Nowa Sól de posit chalcocite may con tain Ag ad mix tures, while
in the Mozów and Sulmierzyce North de pos its the chalcocite is
Ag-bar ren. In the Nowa Sól de posit, parts of the shale ore are
min er al ized al most ex clu sively with chalcocite (dis sem i nated

and/or coarse grained). Inter growths of chalcocite and bornite
are less com mon. Bornite-dom i nated min er al iza tion was doc u -
mented only lo cally and it re places pri mary py rite min er al iza -
tion. In the Mozów de posit, chalcocite (dis sem i nated or in
veinlets) strongly pre vails over bornite (mainly dis sem i nated).
In the Sulmierzyce North de posit both min er als may oc cur sep -
a rately as well as in inter growths (ei ther chalcocite or bornite
may pre vail). In the three de pos its, or ange bornite pre dom i -
nates and pink bornite was re cog nised in mi nor amounts. Apart
from that, fine grains of Ag-bear ing or ange-brown and
brown-grey va ri et ies of bornite were dis tin guished in the Nowa
Sól de posit.

Other Cu-S min er als, such as digenite, djurleite and covel -
lite, are also pres ent in the shale ore from the three stud ied de -
pos its. In the Nowa Sól de posit, semi-mas sive inter growths of
chalcocite with djurleite and/or digenite were noted. Covel lite is
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Fig. 12A – pho to mi cro graph of a min eral from the ten nan tite-tetrahedrite group (ttr) form ing an inter growth with bornite (bn), with
mi nor in clu sions of ga lena (gn); B – BSE im age of a min eral from the ten nan tite-tetrahedrite group form ing an inter growth with
bornite; C – el e men tal map ping show ing dis tri bu tion of Cu; D – el e men tal map ping show ing dis tri bu tion of Fe; E – el e men tal map -
ping show ing dis tri bu tion of As; F – el e men tal map ping show ing dis tri bu tion of Pb; G – EDS spec trum of a min eral from the ten nan -
tite-tetrahedrite group



an ac com pa ny ing min eral in the Nowa Sól de posit. In the
Mozów and Sulmierzyce North de pos its, both digenite and
covel lite are ac com pa ny ing min er als.

Chal co py rite was ob served only in the Sulmierzyce North
de posit, as were min er als from the ten nan tite-tetrahedrite
group. They oc cur to gether, in a paragenesis with bornite,
sphalerite and mi nor ga lena. Apart from that, in some of the
sam ples, shale ore was min er al ized al most ex clu sively with
chal co py rite, which does not con tain any sig nif i cant ad mix tures.

Ag min er als are pres ent in all the de pos its in ves ti gated. In
the Nowa Sól de posit, na tive Ag, Ag-amal gams and strome yerite 
were doc u mented. Na tive Ag and Ag-amal gams mainly form in -
clu sions in chalcocite (rarely in bornite), or as dis sem i nated in di -
vid u als. In the na tive Ag, ad mix tures of Hg were con sis tently de -
tected. The Ag-amal gams vary in Hg con tent (Hg-rich and
Hg-poor va ri et ies were re cog nised). Stromeyerite forms rims
around na tive Ag and Ag-amal gams. In the Mozów de posit,
stromeyerite oc curs as very fine grains dis sem i nated in the host
rock or small in clu sions in chalcocite. Both in the Nowa Sól and
Mozów de pos its, two types of stromeyerite were dis tin guished.
The first is close to stoichiometric stromeyerite and the sec ond
con tains some Hg en rich ments. In the Sulmierzyce North de -
posit, Ag min er als were dif fi cult to ex am ine as their grains are
smaller and more dis persed than in the other two de pos its.

Co-Ni sulpharsenides oc cur in the shale ore from the three
de pos its doc u mented, but only in the Nowa Sól de posit was
grain size ap pro pri ate for chem i cal anal y ses. They are rep re -
sented mainly by mid dle mem bers of the cobaltite-gersdorffite
se ries, dif fer ing in pro por tions be tween Co and Ni. In the first
type iden ti fied, Ni pre vails over Co, while in the sec ond Co pre -
dom i nates. Cu-bear ing Ni-ar se nide was also dis tin guished.
The Co-Ni min er als form abun dant ac cu mu la tions in the sam -
ples con tain ing rich chalcocite-djurleite min er al iza tion ac com -
pa nied by digenite.

In the Nowa Sól de posit, ga lena and sphalerite form dis -
sem i nated in di vid u als or inter growths with Cu-sulphides (ga -
lena pre vails over sphalerite). In the Sulmierzyce North de posit, 
both min er als co-oc cur with Cu min er al iza tion in the shale ore,
ei ther with chalcocite and/or bornite or in a chal co py rite/ten nan -
tite-tetrahedrite/bornite paragenesis (sphalerite pre vails over
ga lena). In the Mozów de posit, only mi nor in clu sions of ga lena
in chalcocite were noted. In all de pos its dis cussed, ga lena con -
tains mi nor ad mix tures of Bi. In the sphalerite from the Nowa
Sól and the Sulmierzyce North de pos its, mi nor Cd con cen tra -
tions were de tected.

Py rite is com mon in the Nowa Sól and Sulmierzyce North
de pos its, mainly in the form of framboids dis persed in the host
rock (usu ally re placed by other sulphides) or to gether with ga -
lena and sphalerite. In the Nowa Sól de posit, ag gre gates com -
posed of densely packed framboids re placed by bornite were
ob served. In the Sulmierzyce North de posit, py rite forms in clu -
sions in chal co py rite.

Na tive bis muth was re cog nised only in the Nowa Sól de -
posit, as fine in clu sions in chalcocite-group min er als.

In the Nowa Sól de posit, the hor i zon tal dis tri bu tion of ore
min er als is strongly in flu enced by the dis tance from the ox i -
dized field. Cu-S phases pre vail in the close vi cin ity of the Rote
Fäule fa cies. Mov ing out wards (to wards the NE and SE),
Cu-Fe-S phases ap pear in the shale ore. The most abun dant
Ag min er als were doc u mented slightly far ther from the ox i dized
field than the high est grade Cu min er al iza tion. In the most re -
dox-dis tant parts of the de posit, Pb-Zn min er al iza tion (ac com -
pa nied by py rite) co-oc cur with Cu-sulphides, which is in ac cor -
dance with the gen eral pat tern of met als dis tri bu tion in the FSM. 
En rich ments in Pb and Zn are char ac ter is tic also of the SE part
of the de posit. In gen eral, the north ern mar gins of the Nowa Sól

de posit can be de scribed as a polymetallic zone, where rich
Cu-Ag-Zn-Pb min er al iza tion is pres ent in the shale ore. In the
Mozów de posit, lat eral zonation of met als was not re cog nised.
In the Sulmierzyce North de posit, zonation of min er als typ i cal of 
the FSM de pos its is barely ob served. Cu-S and Cu-Fe-S min er -
als oc cur in sim i lar pro por tions, and a dis tinc tive Pb-Zn zone is
not de vel oped here. Sphalerite and ga lena were noted mainly in 
the sam ples from the cen tral part of the de posit.

The ver ti cal dis tri bu tion of the min er al iza tion in the Nowa
Sól de posit is in flu enced by the ox i dized zone. Chalcocite is
con cen trated mainly in the low er most part of the shale ore,
while bornite pre dom i nates in its up per part. In the ver ti cal pro -
file of the ore de posit, Ag min er als are usu ally ob served to -
gether with the rich est Cu min er al iza tion. In the Mozów de posit,
the ver ti cal dis tri bu tion of Cu sulphides is also con sis tent with
the gen eral pat tern. Cu-S min er als pre vail di rectly above the re -
dox bound ary, while Cu-Fe-S phases pre dom i nate in the up per -
most part of the shale ore. Chalcocite min er al iza tion is par tic u -
larly rich in the shale ore. Ag min er als are com mon in the shale
ore, but gen er ally there is no cor re la tion be tween Cu and Ag in
this de posit and the high est Ag con cen tra tions oc cur higher in
the lithological pro file than do the rich est Cu en rich ments
(Pietrzela and Bieñko, 2023). The Pb-Zn zone was not de tected 
in the Mozów de posit. In the shale ore, mi nor amounts of ga lena 
were doc u mented and sphalerite is vir tu ally ab sent. In the ver ti -
cal dis tri bu tion of min er al iza tion in the Sulmierzyce North de -
posit, Cu-S sulphides usu ally pre vail in the low er most part of the 
shale ore, while Cu-Fe-S sulphides were noted in the up per -
most part, but this typ i cal zonation of min er als can be dis rupted. 
Ga lena and sphalerite ap pear in the shale ore as ac com pa ny -
ing min er als, to gether with Cu min er al iza tion. Ag min er als are
rare and are al ways pres ent in the same zone as the rich est Cu
min er al iza tion. There is a strong cor re la tion be tween Cu and Ag 
in the Sulmierzyce North de posit (Pietrzela and Bieñko, 2023).

DISCUSSION

The de pos its of the NCB, as well as the de pos its of the
Lubin-Sieroszowice area (such as Rudna, Polkowice, Siero -
szowice, Lubin-Ma³omice, and Radwanice-Gaworzyce de pos -
its), are Kupferschiefer-type de pos its; there fore, their geo log i cal 
struc ture, min er al ogy and geo chem is try are to some ex tent
sim i lar. How ever, at a more de tailed level, the dis tri bu tion of ore
min er al iza tion and its chem i cal com po si tion vary across all
these de pos its.

The Nowa Sól de posit shows some re sem blance to the
Polkowice, Sieroszowice and Rudna de pos its. In all these ar -
eas, the ore de posit may con sist of sand stones, shales as well
as car bon ates, while min er al iza tion in the shale ore is strongly
dom i nated by chalcocite (the dis tri bu tion of ore min er als in the
de pos its of the Lubin-Sieroszowice area has been de scribed in
de tail by Pieczonka et al., 2007). Lo cally, chalcocite con cen tra -
tions de crease and bornite min er al iza tion oc curs in stead. How -
ever, in the Nowa Sól de posit no chal co py rite was ob served in
the shale ore, as op posed to the pre vi ously men tioned de pos its. 
Amounts of ga lena and sphalerite in the shale ore are gen er ally
low in the Nowa Sól de posit, sim i larly to the Polkowice and
Sieroszowice de pos its. Oc cur rences of Ni-Co sulpharsenides
are char ac ter is tic of the Nowa Sól de posit, which were also
noted in the SW part of the Polkowice-Sieroszowice area
(Pieczonka et al., 2007).

The Mozów de posit can be com pared with Radwa -
nice-Gaworzyce de posit, as the ore min er al iza tion in both ar eas 
oc curs pre dom i nantly in shales and car bon ates. In the shale
ore of the Mozów de posit chalcocite is the main Cu sul phide,
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sim i larly to other de pos its in the Lubin-Sieroszowice area; how -
ever, no chal co py rite or sphalerite were ob served. Bornite min -
er al iza tion is con cen trated in the up per most part of the Kupfer -
schiefer.

In the Sulmierzyce North de posit, the min er al iza tion oc curs
mainly in shales and to a lesser ex tent in car bon ates, so there is 
lim ited sim i lar ity with the Polkowice de posit. A char ac ter is tic
fea ture of the Sulmierzyce North de posit is chal co py rite en rich -
ments in the shale ore, which were also doc u mented in most of
the other de pos its of the Lubin-Sieroszowice area (Polkowice,
Sieroszowice, Rudna and Lubin-Ma³omice de posit). The Sul -
mie rzyce North de posit re veals some ga lena and sphalerite
co-oc cur ring with rich Cu-Ag min er al iza tion, there fore it shows
some re sem blance to the Rudna and Lubin-Ma³omice de pos its. 
How ever, typ i cal Pb-Zn bear ing shales, con tain ing only ga lena
and sphalerite min er al iza tion (with no Cu-sulphides), known
from Rudna and Lubin-Ma³omice de pos its, were not ob served
in any of the NCB de pos its. A dis tinc tive fea ture of the Sul -
mierzyce North de posit is also the pres ence of a chal co py -
rite-bornite-sphalerite-ten nan tite paragenesis. In the north ern
part of the Rudna de posit, as well as the east ern part of the
Lubin-Ma³omice de posit, bornite co-oc curs with ten nan tite and
chal co py rite in the up per most part of the sand stone ore and in
the shale ore (Piestrzyñski, 2007). El e vated con cen tra tions of
ten nan tite are also known from the Polkowice de posit (Pieczon -
ka et al., 2007).

As in the Lubin-Sieroszowice de pos its, the most com mon
Cu-sulphides in all the NCB de pos its are sulphides from the
Cu-S group, pri mar ily chalcocite. In the Kupferschiefer-type de -
pos its of the FSM, chalcocite-dom i nated min er al iza tion usu ally
co-oc curs with digenite and djurleite (Kucha, 2007;
Piestrzyñski, 2007; Pieczonka, 2011). More over, some au thors
have dis tin guished two va ri et ies of chalcocite (Mayer and
Piestrzyñski, 1985). In sev eral sam ples from the Nowa Sól de -
posit, rich min er al iza tion con sist ing of two or three chalcocite
group min er als was ob served. It may be com posed of two va ri -
et ies of chalcocite, or dif fer ent min er als from the chalco cite-
 group, such as chalcocite and djurleite, but due to phys i cal and
chem i cal sim i lar i ties be tween all mem bers of the chalcocite
group min er als, their pre cise iden ti fi ca tion us ing mi cro scopic
meth ods, as well as EMPA anal y ses, was dif fi cult. It has been
sug gested that Ag-rich djurleite may of ten be mis taken for
Ag-rich chalcocite in the Kupferschiefer-type de pos its of the
FSM (Szopa et al., 2021).

In all Kupferschiefer de pos its, Cu-S group min er als com -
monly show ad mix tures of Ag. The most sig nif i cant Ag-bear ing
Cu-sul phide is chalcocite. It was noted by sev eral au thors that
in the Lubin-Sieroszowice area, the Ag con tent in chalcocite is
the high est when chalcocite co-oc curs with Ag min er als. When
Ag min er als are not pres ent in the shale ore, Ag con cen trates
mainly in chalcocite (Kucha, 2007; Piestrzyñski, 2007; Kozub-
 Budzyñ and Piestrzyñski, 2017). Sim i larly, in the Nowa Sól de -
posit, Ag-bear ing chalcocite com monly co-oc curs with Ag min -
er als. In some of the sam ples stud ied, both va ri et ies of
chalcocite were ob served: Ag-bear ing, with in clu sions of Ag
min er als, and Ag-bar ren, lack ing in clu sions. In the Mozów de -
posit, this pat tern was not doc u mented. The chalcocite ana -
lysed can be clas si fied as Ag-bar ren, but it con tains in clu sions
of Ag min er als nev er the less. How ever, only few sam ples from
this de posit were stud ied, so more anal y ses are re quired in or -
der to con firm these re sults. In the Sulmierzyce North de posit
the Ag con tent is the low est: the chalcocite is Ag-bar ren and Ag
min er als are rare.

Kozub-Budzyñ and Piestrzyñski (2017) re ported, that in the
Lubin-Sieroszowice area, chalcocite oc cur ring in paragenesis
with na tive Ag con tains an av er age of 5.51 wt.% Ag, while in

chalcocite from sam ples in which no Ag min er als were pres ent,
Ag ad mix tures are gen er ally lower, on av er age 2.21 wt.% Ag.
Ac cord ing to Mikulski et al. (2020), the av er age Ag con tent in
chalcocite from the Lubin-Sieroszowice area is 4.59 wt.% Ag. In 
chalcocite from the shale ore on the Polkowice-Sieroszowice
area, ana lysed 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 de posit by Chmielewski et al. (2021). Ag
ad mix tures in other Cu-S min er als have also been doc u -
mented, but they are in gen eral less than 1.0 wt.%
(Kozub-Budzyñ and Piestrzyñski, 2017; Mikulski et al., 2020;
Chmielewski et al., 2021; Foltyn et al., 2022). In the sam ples
from the Nowa Sól de posit, the av er age Ag con tent in Ag-bear -
ing chalcocite is 3.97 wt.%, while in Ag-bar ren chalcocite it is
0.05 wt.%. Par tic u larly Ag-rich chalcocite, with Ag con cen tra -
tions reach ing up to 12.81 wt.% (on av er age 7.78 wt.% Ag), was 
also ob served. There fore, the av er age Ag con tent in the
chalcocite from the Nowa Sól de posit is gen er ally as in the
Lubin-Sieroszowice area. Con trary to the re sults pub lished by
Kozub-Budzyñ and Piestrzyñski (2017), in the Mozów de posit,
Ag ad mix tures in chalcocite are low (typ i cally 0.17 wt.% in the
dis sem i nated chalcocite and 0.36 wt.% in chalcocite veinlets),
yet it still con tains in clu sions of Ag min er als. In turn, Ag con cen -
tra tions in chalcocite from the Sulmierzyce North de posit are as
in the Mozów de posit (the av er age value is 0.30 wt.%) but it
does not co-oc cur with Ag min er als.

Both in the de posit of the Sieroszowice-Lubin area and the
NCB, the most im por tant Ag min er als are na tive Ag, Ag-amal -
gams and stromeyerite. Ag-bear ing min er als usu ally ex hibit Hg
en rich ments. Kozub-Budzyñ and Piestrzyñski (2017) de tected
an av er age of 96.53 wt.% Ag and 2.92 wt.% Hg in na tive Ag
from the Lubin-Sieroszowice area (the Hg con tent var ies in the
range from 0.10 to 6.38 wt.%). The av er age chem i cal com po si -
tion of na tive Ag from the Nowa Sól de posit is gen er ally sim i lar:
96.13 wt.% Ag and 1.35 wt.% Hg (the Hg con tent var ies from
0.26 to 4.44 wt.%).

In Ag-amal gams from the Lubin-Sieroszowice area, Hg
con cen tra tions may reach up to 30 wt.% (Piestrzyñski, 2007).
For ex am ple, 73.17–94.08 wt.% Ag (av er age 83.58 wt.%) and
6.43–23.90 wt.% Hg (av er age 14.90 wt.%) was noted in the
Ag-amal gams ex am ined by Kozub-Budzyñ and Piestrzyñski
(2017). Ag al loys in ves ti gated by Mikulski et al. (2020) con tain
from 39.68 to 76.71 wt.% Ag (with an av er age value of
64.22 wt.%) and from 19.56 to 34.46 wt.% Hg (an av er age
value is 22.74 wt.%). In the Nowa Sól de posit, Ag-amal gams
poor in Hg, co-oc cur ring with chalcocite-group min er als, con -
tain an av er age of 87.59 wt.% Ag and 10.23 wt.% Hg, while in
Hg-poor Ag-amal gams co-oc cur ring with bornite (brown-grey
va ri ety) it is on av er age 90.04 wt.% Ag and 7.14 wt.% Hg. In the
Hg-rich Ag-amal gam form ing in clu sions in Ag-bear ing
chalcocite, av er age Ag and Hg amounts are 65.25 wt.% and
31.08 wt.% re spec tively. Thus, the chem i cal com po si tion of
Ag-amal gams from the Nowa Sól de posit is slightly more var ied 
than in the Lubin-Sieroszowice area.

In the de pos its of the Lubin-Sieroszowice area, it is com -
monly ob served, that at the con tact be tween Cu-sulphides and
Ag min er als (mainly na tive Ag and Ag-amal gams) there are re -
ac tion rims, as so ci ated with metasomatic re place ments of
Cu-sulphides by Ag, com posed of Cu-Ag sulphides (Salamon,
1979; Kozub-Budzyñ and Piestrzyñski, 2017; Chmielewski et al., 
2021). Kozub-Budzyñ and Piestrzyñski (2017) re ported that re -
ac tion rims be tween Cu-sulphides and na tive-Ag con tain
55.79–68.83 wt.% Cu and 12.38–25.29 wt.% Ag, while re ac tion
rims be tween Cu-sulphides and Ag-amal gams are com posed of
Cu-Ag sulphides with Hg ad mix tures (<1.92 wt.%). Fur ther more,
re ac tion rims be tween Cu-sulphides and na tive Ag/Ag-amal -
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gams are of ten com posed of stromeyerite. In gen eral, the chem i -
cal com po si tion of the min er als from the stromeyerite group is
var ied in the de pos its of the Lubin-Sieroszowice area. Ac cord ing
to Piestrzyñski (2007), stromeyerite form ing inter growths with
Ag-Hg min er als, or co-oc cur ring with rich Ag-Hg min er al iza tion,
ex hib its sig nif i cant Hg en rich ments, reach ing up to 11.02 wt.%.
The av er age chem i cal com po si tion of stromeyerite, given by
Kozub-Budzyñ and Piestrzyñski (2017) is 50.23 wt.% Ag,
33.99 wt.% Cu and 15.91 wt.% S. The stromeyerite form ing
inter growths with Ag-amal gams also con tains up to 3.06 wt.%
Hg. In the sam ples from the Lubin de posit, Hg-rich stromeyerite
was dis tin guished, with Hg en rich ments reach ing up to
12.57 wt.% (Kozub-Budzyñ and Piestrzyñski, 2017).

In the sam ples from the NCB de pos its, re ac tion rims com -
posed of Cu-Ag sulphides were also ob served, mainly in the
Nowa Sól de posit. Their chem i cal com po si tion is close to
stoichiometric stromeyerite, but the pro por tion be tween Cu and
Ag can vary. Stromeyerite co-oc cur ring with in clu sions of na tive 
Ag in chalcocite ag gre gates con tains an av er age of 49.06 wt.%
Ag, 34.92 wt.% Cu and 14.44 wt.% S. The av er age chem i cal
com po si tion of Cu-Ag sul phide as so ci ated with in clu sions of
Hg-poor Ag-amal gam in chalcocite, slightly dif fers from
stoichiometric stromeyerite and re veals some Hg en rich ments:
41.52 wt.% Cu, 37.24 wt.% Ag, 15.12 wt.% S and 4.28 wt.% Hg
(Hg con tent ranges be tween 0.20 and 8.72 wt.%, while Ag con -
tent is be tween 23.50 and 52.81 wt.%). In the Mozów de posit,
two Cu-Ag sulphides were iden ti fied, ac com pa ny ing chalco -
cite- dom i nated dis sem i nated min er al iza tion. The av er age
chem i cal com po si tion of the first is also sim i lar to stromeyerite:
44.35 wt.% Ag, 38.91 wt.% Cu and 16.25 wt.% S. The sec ond,
pre sum ably Hg-bear ing stromeyerite, con tains on av er age
36.05 wt.% Cu, 34.56 wt.% Ag, 16.29 wt.% S and
11.24 wt.% Hg.

As can be seen, the chem i cal com po si tion of Ag min er als
from the NCB de pos its, is more less in line with the ear lier stud -
ies of Ag min er als from the Lubin-Sieroszowice area. It has
been noted that de vel op ment of Ag own min er als in the Kupfer -
schiefer-type de pos its was prob a bly dif fer ent than in the case of 
Ag ad mix tures in Cu-min er als (Chmielewski et al., 2021). This
ob ser va tion also ap plies to the NCB de pos its. Ac cord ing to
most of the pre vi ous stud ies, the or i gin of Ag ore min er als is as -
so ci ated with sec ond ary pro cesses (Salamon, 1979; Piestrzyñ -
ski and Salamon, 1986; Pieczonka, 2011; Kozub-Budzyñ and
Piestrzyñski, 2017). Ag min er als re plac ing outer parts of
Cu-sul phide grains and ag gre gates, as well as re ac tion rims at
the con tact be tween ore min er als and Ag min er als, in di cate that 
the de vel op ment of Ag min er al iza tion post-dated the Cu min er -
al iza tion (Pieczonka, 2011; Kozub-Budzyñ and Piestrzyñski,
2017; Chmielewski et al., 2021). The oc cur rences of Cu-Ag
min er als around the na tive Ag and Ag-amal gams in the sam -
ples from the NCB cor rob o rate these ob ser va tions.

Sev eral va ri et ies of bornite have been dis tin guished in the
de pos its of the Lubin-Sieroszowice area (Jarosz, 1966;
Harañczyk, 1972; Salamon, 1976; Kucha, 2007). Two most
com mon va ri et ies are de scribed as or ange and pink ish-pur ple
(Jarosz, 1966; Harañczyk, 1972). The for mula of the or ange
bornite is Cu5-xFe1+xS4, where x = 0.15. The or ange bornite is
poor in Ag, as op posed to the pink ish-pur ple bornite, which al -
ways con tains some Ag ad mix tures. In gen eral, Ag ad mix tures
in the bornite may reach up to 30 wt.% (Ag is sub sti tuted for
Cu). Such Ag-rich bornite (of ten with Hg en rich ments) is char -
ac ter ized by pink-grey and grey-brown colours. An other va ri ety
of bornite, de scribed by Kucha (2007) is char ac ter ized by Fe
de fi ciency, com pen sated by higher Cu con tent (so-called
1/2 bornite Cu5,5Fe0,5S4). In the sam ples from the de pos its of the

NCB, bornite is sig nif i cantly less di verse. In the sam ples from
the Nowa Sól de posit, or ange bornite pre dom i nates. Pink
bornite was also ob served in sev eral sam ples, but it was much
less fre quent. Both types of bornite show very sim i lar chem i cal
com po si tion. Two Ag-bear ing va ri et ies of bornite have also
been iden ti fied (or ange-brown and brow-grey), form ing inter -
growths with Ag-amal gams; how ever, they oc cur in mi nor
amounts. In the Mozów de posit pink bornite oc curs, while in the
Sulmierzyce North de posit or ange bornite pre dom i nates.

Ag ad mix tures can be ob served in bornite. Ac cord ing to
Kozub-Budzyñ and Piestrzyñski (2017), Ag ad mix tures in
bornite co-oc cur ring with Ag min er als (in the Lubin-Siero -
szowice area) reach from 0.20 to 7.00 wt.% Ag (while the Cu
and Fe con tents are re spec tively lower). Bornite from sam ples
in which no Ag min er als are pres ent con tains from 0.03 to 1.00
wt.% Ag. Par tic u larly Ag-rich, pink-grey bornite, host ing up to
8.66 wt.% Ag was also doc u mented by these au thors. Up to
0.09 wt.% Hg was de tected in bornite with sig nif i cant Ag en rich -
ments, co-oc cur ring with Ag-amal gams. Bornite ana lysed by
Mikulski et al. (2020) is Ag-bar ren, while in bornite from the
shale ore stud ied by Foltyn et al. (2022) only 0.04 wt.% Ag was
re ported. Ag con cen tra tions in bornite from the Radwani -
ce-Gaworzyce de posit reach up to 1.16 wt.% (Chmielewski et
al., 2021). In the de pos its of the NCB, mi nor amounts of
Ag-bear ing bornite (con tain ing on av er age 3.5 wt.% Ag) were
doc u mented, only in the Nowa Sól de posit, in the form of fine
inter growths with Ag-amal gams.

Chal co py rite is com mon in the de pos its from the Lubin-
 Sieroszowice area. Its chem i cal com po si tion cor re sponds to
the for mula (Fe,Ag)CuS2 and (Ag,Fe)(Cu,Ag)S2 (Kucha and
G³uszek, 1983). In the de pos its of the NCB, chal co py rite in the
shale ore was rarely ob served (only in sev eral sam ples from the 
Sulmierzyce North de posit). Chal co py rite in the Lubin-
 Sieroszowice area, in ves ti gated by Kozub-Budzyñ and
Piestrzyñski (2017) does not re veal sig nif i cant Ag ad mix tures
(up to 0.14 wt.%, on av er age 0.06 wt.%), while the chal co py rite
stud ied by Mikulski et al. (2020) is Ag-bar ren. Nu mer ous sam -
ples of chal co py rite were ana lysed by Foltyn et al. (2022), but in
gen eral Ag con cen tra tions in chal co py rite from the shale ore do
not ex ceed 0.10 wt.%. In chal co py rite ex am ined by
Chmielewski et al. (2021) up to 0.21 wt.% Ag oc curs. Chal co py -
rite from the Sulmierzyce North de posit can also be clas si fied
as Ag-bar ren.

Min er als from the ten nan tite-tetrahedrite group are dis trib -
uted very ir reg u larly in the Lubin-Sieroszowice area (ten nan tite
is much more fre quent than tetrahedrite). El e vated con tents of
both min er als are as so ci ated with epigenetic ore veins
(Piestrzyñski, 2007). In the Sulmierzyce North de posit, ten nan -
tite also pre vails over tetrahedrite, but epigenetic veins were not 
de tected.

Both in the de pos its of the Lubin-Sieroszowice area and the
NCB, min er als from the cobaltite-gersdorffite se ries oc cur in the 
form of very fine grains; there fore, their anal y ses and com par i -
sons are dif fi cult. Cobaltite re ported from the Lubin- Sie -
roszowice area by Harañczyk (1972) and Kucha (1976) con -
tains up to do 18.4 wt.% Ni, 4.58 wt.% Cu and 0.87 wt.% Fe,
which is sim i lar to the re sults ob tained in this study.

Pb-Zn min er al iza tion var ies across the FSM de pos its. In gen -
eral, ga lena con cen trates mainly in the up per most part of the ore
se ries, while sphalerite min er al iza tion pre dom i nates slightly
above the Cu zone and Pb zone. How ever, dis rup tions of the typ -
i cal zonation are com monly ob served (Piestrzyñski, 2007). In the 
de pos its of the NCB, the de vel op ment of the Pb-Zn zone also
var ies. Only in the Nowa Sól de posit does dis tri bu tion of both
met als fol low a typ i cal pat tern, as they oc cur in the dis tal parts of
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the min er al ized zone. In the Sulmierzyce North de posit the con -
tent of ga lena and sphalerite is lower, but they over lap with
Cu-Ag min er al iza tion. In the Mozów de posit, a Pb-Zn zone was
not de tected.

Dif fer ences in Pb and Zn con cen tra tions in all three de pos its 
may in di cate dif fer ent com po si tions of base ment rocks, which
were the source of met als car ried by min er al iz ing flu ids re spon -
si ble for the for ma tion of each de posit. It is gen er ally agreed that 
the main source of met als in the min er al iz ing flu ids were the
Rotliegend strata, par tic u larly the Lower Perm ian volcanics and
pre-Perm ian base ment rocks (com posed of lower Pa leo zoic
meta mor phic rocks and Car bon if er ous clastic rocks and gran -
ite) con tain ing some amounts of hy dro ther mal sul phide min er -
al iza tion (Speczik, 1979, 1985; Jowett, 1986; Jowett et al.,
1987; Oszczepalski, 1989, 1999; Speczik, 1995). It has been
sug gested that vol ca nic and sed i men tary base ment rocks and
Lower Perm ian volcanics served as the main sources of Cu
while acid in tru sive rocks of Late Car bon if er ous age were re -
spon si ble for el e vated Pb con cen tra tions in some oc cur rences
(Speczik and Rydzewski, 1983; Speczik et al., 1986). In the
Nowa Sól de posit, a rel a tively well-de vel oped Pb-Zn zone may
re sult from the pres ence of Car bon if er ous gran ites in the base -
ment rocks (Speczik, 1979, 1985; Jowett, 1986; Jowett et al.,
1987; Oszczepalski, 1989, 1999; Speczik, 1995). Sig nif i cantly
lower con tents of Pb and Zn in the Mozów and Sulmierzyce
North de pos its may re sult from the con sid er able dis tance from
the Fore-Sudetic Block and lack of Variscan gran ites in the
feeder area dur ing the Rotliegend pe riod, when palaeo-de pres -
sions were be ing filled with de posit.

CONCLUSIONS

Ore min er al iza tion in the shale ore from the deep Cu-Ag de -
pos its doc u mented in the North ern Cop per Belt shows pro -
nounced dif fer ences. This may in di cate var ied ore-form ing pro -
cesses and dif fer ent com po si tions of min er al iz ing brines re -
spon si ble for de vel op ment of each de posit, per haps re sult ing
from dis tinct com po si tions of the source rocks.

In all three de pos its, chalcocite is the dom i nant ore min eral
and the sec ond most com mon min eral is bornite. In the shale
ore of the Nowa Sól de posit, the pro por tion of bornite in creases
with in creas ing dis tance from the ox i dized fa cies. In the shale
ore of the Mozów de posit, chalcocite strongly pre vails over
bornite. In the Sulmierzyce North de posit, chalcocite and
bornite oc cur in sim i lar amounts, but they are dis trib uted less
reg u larly. More over, Sulmierzyce North is the only de posit with
sig nif i cant amounts of chal co py rite and min er als from the ten -
nan tite-tetrahedrite group in the shale ore.

The main dif fer ence in the chem i cal com po si tion of
chalcocite in the three de pos its is Ag con tent, which is the high -
est in the Nowa Sól de posit. By con trast, in the Mozów de posit,
the chalcocite is Ag-bar ren. How ever, only 2 bore holes from
this de posit have been in ves ti gated, there fore, it is pos si ble that
in the outer parts of this de posit chalcocite con tains more Ag. In
the Sulmierzyce North de posit, chalcocite ex hib its only mi nor
ad mix tures of Ag and can also be clas si fied as Ag-bar ren. The
pro por tion be tween Cu and S in the chalcocite var ies slightly, in -
di cat ing that some of the re sults ob tained are closer to
stoichiometric djurleite (par tic u larly in the Nowa Sól de posit).
Mi nor amounts of bornite en riched in Ag were doc u mented only
in the Nowa Sól de posit.

Ag min er als are most com mon in the Nowa Sól de posit,
where they usu ally co-oc cur with high-grade chalcocite min er al -
iza tion. Ag min er als were also noted in the Mozów de posit, but
they are not di rectly re lated to the rich est Cu-min er al iza tion. In
the Sulmierzyce North de posit, the Ag con tent in the shale ore
is the low est and Ag min er als were scarcely ob served.

Pb-Zn min er al iza tion is de vel oped to a dif fer ent ex tent in
each de posit. In the Nowa Sól de posit, Pb and Zn con tents in -
crease to wards the NE, with in creas ing dis tance from the ox i -
dized field. The most sig nif i cant part of the Pb-Zn min er al iza tion 
oc curs above the Cu-se ries. Shale ore from the north ern mar -
gins of the de posit con tains rich polymetallic Cu-Ag-Pb-Zn min -
er al iza tion. In the bore holes from the Mozów de posit, Pb and
Zn min er als are vir tu ally ab sent from the shale ore. In the
Sulmierzyce North de posit, Pb and Zn min er als are much less
fre quent than in the Nowa Sól de posit, but they tend to oc cur
with the high-grade Cu min er al iza tion.

Co-Ni sulpharsenides were found only in sam ples from the
Nowa Sól de posit, as the con tents of both Co and Ni are the
high est in the Nowa Sól de posit. Co-Ni min er als co-oc cur with
high-grade Cu-S min er al iza tion.

Each of the de pos its from the North ern Cop per Belt is char -
ac ter ized by a dif fer ent dis tri bu tion of the ore min er al iza tion.
The dif fer ences dem on strated re sult mainly from the dis tinct
spa tial range of the ox i dized fa cies in each de posit. In the Nowa 
Sól de posit, the ore min er al iza tion cov ers three lithological units 
(sand stones, shales and car bon ates), but its po si tion in the ver -
ti cal pro file var ies and de pends on the dis tance from the ox i -
dized field. In the Mozów de posit, the dis tri bu tion of the ore min -
er al iza tion is very reg u lar around the ox i dized fa cies, as it cov -
ers the Kupferschiefer and low er most part of the Zechstein
Lime stone, while the sand stones are en tirely bar ren. In the
Sulmierzyce North de posit, ox i da tion usu ally reaches the low er -
most parts of the Kupferschiefer while the ore is pres ent within
ei ther shales and car bon ates or only shales.

In the Nowa Sól de posit, min eral zonation is strongly de vel -
oped, sim i larly to the Lubin-Sieroszowice de pos its. Re ac tion
rims oc cur ring at the con tact be tween Cu-sulphides and Ag
min er als in di cate that Ag min er al iza tion post-dated Cu min er al -
iza tion. In the Sulmierzyce North de posit, min eral zonation typ i -
cal of the Kupferschiefer-type de pos its of the FSM is dis rupted
by the vi cin ity of sev eral ox i dized fields. As for the Mozów de -
posit, more bore holes should be ex am ined, in or der to de ter -
mine the pres ence of min eral zonation. Tak ing into ac count all
the pat terns in the dis tri bu tion and for ma tion of ore min er als, it
can be in ferred that the de pos its in ques tion were formed as a
re sult of a long-last ing, multiphase pro cess.

The de pos its of the NCB show some re sem blance to the
de pos its of the Lubin-Sieroszowice area, in terms of geo log i cal
struc ture, min er al ogy and geo chem is try. At a more de tailed
level, the dis tri bu tion of ore min er al iza tion and its chem i cal
com po si tion vary to some ex tent across these two ar eas.
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