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Che³miec is a hy dro ther mal vein-type car bon ate-sul phide de posit in the Kaczawa Moun tains, where polymetallic
Cu-Ni±Co±Ag±Bi min er al iza tion oc curs. Sam ples, col lected from an old dump of the Hintermühlergang vein, were stud ied by 
re flected light mi cros copy and elec tron microprobe. Two min eral parageneses, Ni-Co±Bi and Cu-Zn-Pb±Sb±Ag, as so ci ated
with two stages of pre cip i ta tion, were dis cov ered in sam ples from the Che³miec de posit. The first stage is as so ci ated with
quartz, and is rep re sented by py rite, ar seno py rite, gersdorffite, cobaltite, bis muth min er als (na tive Bi, bis muthi nite, and
matildite), pyrrhotite, marcasite and chal co py rite. The sec ond stage as so ci ated with sid er ite and quartz is rep re sented by
sulphides (sphalerite, chal co py rite, ga lena, py rite), tetrahedrite group min er als [tetrahedrite-(Fe), tetrahedrite-(Zn), ten nan -
tite-(Zn), and argentotetrahedrite-(Fe)], gersdorffite and bour no nite. Two gen er a tions of sulpharsenides were dis cov ered in
the sam ples stud ied. The first is rep re sented by mas sive gersdorffite-cobaltite ag gre gates, the sec ond gen er a tion oc curs as
tiny zoned gersdorffite crys tals. Sulpharsenides are char ac ter ized lo cally by pres ence of high amounts of As (up to 1.55
apfu). Sil ver in the Che³miec ores is hosted mainly in tetrahedrite group min er als [from 0.07 to 2.07 apfu in tetrahedrite – (Zn)
and -(Fe), and from 4.37 to 4.90 apfu in argentotetrahedrite-(Fe)], less in matildite. In the Sudetes, the pres ence of mas sive
sulpharsenides is rare, whereas freibergite is much more com mon.
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INTRODUCTION

The Sudetes Moun tains re gion is char ac ter ized by the pres -
ence of many dif fer ent polymetallic hy dro ther mal de pos its
(Piestrzyñski et al., 1992; Mikulski, 2005; Mochnacka et al.,
2009, 2012). Hun dreds of years of min ing ac tiv ity for var i ous
met als such as gold, sil ver, cop per, iron, ura nium, co balt and tin 
has been doc u mented (e.g., Dziekoñski, 1972; Madziarz and
Sztuk, 2006; Madziarz, 2009a, b). One of the min ing ar eas is lo -
cated in the Kaczawa Moun tains, where many polymetallic hy -
dro ther mal de pos its oc cur (Mikulski, 2005, 2007), e.g. the
Radzi mowice vein-type de posit (Mikulski, 2007), the P³awna-
 Lubomierz quartz-vein-type de posit (Mikulski, 2007), the Gru -
dno quartz- sul phide-vein-type de posit (Paulo and Salamon,

1974a) and the Che³miec quartz-baryte-sul phide-vein de posit
(Paulo, 1970a, 1973). Many of these de pos its, due to the aban -
don ment of min ing, have not been com pre hen sively ex plored,
es pe cially min er al og i cally. Many aban doned de pos its in the
area have not been stud ied by mod ern min er al og i cal meth ods.
Che³miec is one of the old min ing ar eas in the Kaczawa Foot -
hills, where doz ens of hy dro ther mal veins as so ci ated with post -
- Variscan gran ite magmatism have been doc u mented (Mi -
kulski, 2007; Mochnacka et al., 2012). The polymetallic min er al -
iza tion in the Kaczawa Foot hills is as so ci ated with quartz-
 baryte-sul phide veins (Paulo, 1973, 1994), which con tain sul -
phides, sulpharsenides, and sulphosalts e.g., tetrahedrite
group min er als (TGM). 

De spite the di verse min er al ogy in the Che³miec hy dro ther -
mal polymetallic de posit, rec og nized by early stud ies of Paulo
(1970a, 1973), no new pre cise data on min er al ogy and geo -
chem is try have been pub lished from this de posit. This pa per
con tains new data on the min er al ogy and min eral suc ces sion of 
the Che³miec polymetallic de posit, pro vid ing pre cise chem i cal
data on the sulphides, sulpharsenides, tetrahedrite group min -
er als and bis muth sulphosalts.
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LOCALITY AND GEOLOGICAL 
SETTING

The re search area is lo cated in south west ern Po land, close
to Che³miec vil lage. This area is lo cated at the bor der of two
large geo log i cal units: the Sudetes and the Fore-Sudetic Block
(Kryza et al., 2004). It is as so ci ated with the Sudetic Mar ginal
Fault which runs along the Œwiebodzice-Che³miec-Z³otoryja line 
and de ter mines the geo log i cal struc ture of this area (Jerz -
mañski, 1965). The Che³miec area is sit u ated in the Kaczawa
Foot hills and geo log i cally be longs to the Pa leo zoic com plex of
the Kaczawa Moun tains: the Che³miec Unit (Fig. 1). This unit is
lim ited by faults: the Myœlinów Fault in the south, the Jerz -
manicki Fault in the north, the Sudetic Mar ginal Fault in the
north-east, and to the west by the edge of the Leszczyñska Ba -
sin (Baranowski, 1998; Baranowski et al., 1998). The Che³miec
Unit is com posed of Or do vi cian quartz-seri cite and seri cite

schists, Si lu rian quartz schists and quartz ite, and volcanogenic
rocks of Up per Si lu rian–Mid dle De vo nian age (Wajsprych,
1974). The rocks of the en tire re gion were metamorphozed dur -
ing ma jor fold ing in the Si lu rian, be fore the Late De vo nian
(Paulo, 1973). How ever, the Kaczawa Com plex un der went the
main phase of meta mor phism, rang ing from low grade to
greenschist -fa cies meta mor phism, dur ing the Late De vo nian
and Early Car bon if er ous (Visean) (Mikulski, 2007). Dur ing the
Car bon if er ous, the for ma tion of a tec tonic mélange took place
and nu mer ous hy dro ther mal veins de vel oped. The youn ger
rocks (Car bon if er ous to Lower Perm ian) are rep re sented by
plat form intramontane flu vial and ma rine clastic de pos its
(Mikulski, 2007). 

The hy dro ther mal polymetallic veins (sid er ite-sul phide and
baryte) cross cut ting the Che³miec area, par al lel to the fault di -
rec tion, are filled mainly by sid er ite, quartz with mi nor sulphides
(Paulo, 1973). The main host rocks are graph ite schists. Ore
min er al iza tion is rep re sented by py rite and ar seno py rite with mi -
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Fig. 1. Geo log i cal map of the Che³miec area (mod i fied from Paulo, 1973; Mikulski, 2007)

1 – Hauptgang vein; 2 – Hintermühlergang vein; 3 – Cas tle Moun tain vein; 4 – Olejna vein; 5 – KuŸnica vein;
6, 7 – un named veins; 8 – Treues Freunderschaft vein; 9 – Dêbowa vein; 10 – Jod³owa vein;

11, 12 – un named veins; 13 – Hauptgang, South vein; 14 – Krallager, North vein
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nor Cu, Pb, Sb, Ni, Co, Bi, Ag sulphides, sulpharsenides and
sulphosalts (Paulo, 1970a, 1973). The first stage of min er al iza -
tion is com monly cataclased and that phe nom e non is vis i ble
mainly in py rite, Fe-Ni-Co sulpharsenides, sphalerite and chal -
co py rite (Paulo, 1973). Four met al lo gen ic events are dis tin -
guished in the area of Che³miec; the first two were re lated to
sed i men ta tion pro cesses and meta mor phism, and the third and 
fourth events were most sig nif i cant for the Cu-Ni-Co-Ag ore
min er al iza tion: Car bon if er ous to Perm ian (Variscan) and Tri as -
sic-Paleogene (post-Variscan) events. In the third met al lo gen ic
event car bon ate sul phide veins, and in fourth quartz-gold-ar -
seno py rite and baryte-flu o rite veins, were formed (Mikulski,
2007).

Four teen hy dro ther mal veins are known in the Che³miec
unit (Mikulski, 2007; Fig. 1). The veins are from sev eral hun dred 
to ~1000 metres long and they are up to 4 m thick. The rich est
ore min er al iza tion is con nected with vein num ber 2 (Hinter -
mühlergang) con sist ing of quartz, small amounts of sid er ite and 
~30% of ore min er als in clud ing gersdorffite, sphalerite, ga lena,
chal co py rite, tetrahedrite, py rite, bour no nite, na tive bis muth,
bis muthi nite, ar seno py rite and marcasite (Paulo, 1970a, 1973).

MATERIALS AND METHODS

Sam ples con tain ing ore min er al iza tion were col lected from
an old dump of the vein num ber 2 – Hintermühlergang – lo cated 
near Che³miec vil lage ~200 m from the for ester’s lodge, at GPS
co-or di nates 51°04’23’’N, 16°09’45’’E (Fig. 1; Paulo, 1970a).
Quartz and car bon ate vein ma te rial with mac ro scopic sul phide
min er al iza tion may be found on the dumps. Var i ous ore tex -
tures are ob served at Che³miec: mas sive, nested, brec cia, and
veinlets. Twenty-three sam ples were se lected for mi cro scopic
ob ser va tions in the re flected light, while ten rep re sen ta tive
sam ples were se lected for microprobe stud ies. 

Microprobe anal y ses were per formed at the Lab o ra tory of
Crit i cal El e ments AGH - KGHM, WGGiOŒ, AGH Kraków, us -
ing a JEOL Super Probe JXA-8230 microanalyzer. The anal y -
ses were per formed us ing the WDS method un der the fol low -
ing con di tions: ac cel er at ing volt age 20 kV, beam cur rent 20
nA and beam di am e ter 1 mm. The fol low ing wave lengths were 
used: AuMa, SbLa, BiMa, CuKa, NiKa, FeKa, SKa, CoKa, AsLa

(for sulpharsenides and py rite), HgMa, AgLa, MnKa, BiMa,
PbMa, ZnKa, FeKa, CuKa, SKa, SbLa, NiKa, AsLa (for
tetrahedrite), AgLa, BiMa, CuKa, FeKa, SKa, PbMa, SbLa, AsLa

(for Bi min er als, bour no nite and ga lena) and AgLa, CuKa,
CoKa, SnLa, MnKa, FeKa, ZnKa, SKa, CdLa, InLa, GeLa, GaLa,
AsLa (for sphalerite). Nat u ral min eral stan dards (FeS2, ZnS,
PbS) and syn thetic com pounds (CdS, InAs, MnS, HgTe,
PbTe, Sb2S3, Cu, Ag, Bi, Ni, Co, Se) were used for cal i bra tion.
The de tec tion lim its for ana lysed el e ments were: for
sulpharsenides and py rite: Au – 0.1 wt.%, Sb – 0.03 wt.%, Bi –
0.05 wt.%, Cu – 0.03 wt.%, Ni – 0.02 wt.%, Fe – 0.02 wt.%, S – 
0.01 wt.%, Co – 0.02 wt.%, As – 0.07 wt.%, for tetrahedrite: Hg 
– 0.1 wt.%, Ag – 0.09 wt.%, Mn – 0.02 wt.%, Bi – 0.05 wt.%, Pb 
– 0.05 wt.%, Zn – 0.03 wt.%, Fe – 0.02 wt.%, Cu – 0.02 wt.%,
S – 0.01 wt.%, Sb – 0.02 wt.%, Ni – 0.02 wt.%, As – 0.06 wt.%,
for Bi min er als, bour no nite and ga lena: Ag – 0.1 wt.%, Bi – 0.3
wt.%, Cu – 0.03 wt.%, Fe – 0.02 wt.%, S – 0.01 wt.%, Pb –
0.05 wt.%, Sb – 0.02 wt.%, As – 0.08 wt.%, for sphalerite: Ag – 
0.09 wt.%, Cu – 0.03 wt.%, Co – 0.02 wt.%, Sn – 0.03 wt.%,
Mn – 0.01 wt.%, Fe – 0.01 wt.%, Zn – 0.03 wt.%, S – 0.01
wt.%, Cd – 0.01 wt.%, In – 0.01 wt.%, Ge – 0.03 wt.%, Ga –
0.03 wt.%, As – 0.06 wt.%.

RESULTS

The ore min er al iza tion mainly com prises mas sive ag gre -
gates of sphalerite and ga lena, with less com mon sulph -
arsenide masses. Two types of ore paragenesis were dis tin -
guished: (1) older quartz with Ni-Co±Bi min er al iza tion and (2)
youn ger quartz-sid er ite with Cu-Zn-Pb±Sb±Ag min er al iza tion
(Fig. 2). No sam ples were found within the ma te rial stud ied
where these two parageneses oc curred to gether or in ter sected. 
Their re la tion ships in the paragenetic se quence were com bined 
with study done by Paulo (1970a; Fig. 2). The first type of ore
paragenesis (Ni-Co±Bi) is rep re sented mainly by mas sive
gersdorffite-cobaltite ag gre gates and ar seno py rite idiomorphic
crys tals. How ever, gersdorffite-cobaltite ag gre gates are char -
ac ter ized by the pres ence of in clu sions of na tive bis muth, bis -
muthi nite, pyrrhotite and matildite. The sec ond type of ore
paragenesis is rep re sented by base metal sulphides (Cu-Zn-
 Pb±Sb±Ag) which oc cur as anhedral grains, ir reg u lar ag gre -
gates, or veinlets. All chem i cal anal y ses (for gersdorffite, coba -
ltite, bis muth min er als, matildite, tetrahedrite and sphalerite) are 
in cluded in the Ap pen di ces 1–4. 

PYRITE

There are two gen er a tions of py rite in the sam ples stud ied.
The first gen er a tion of py rite oc curs in the early stage of min er -
al iza tion as small idiomorphic grains (up to 50 mm) and it over -
grows ar seno py rite; the sec ond rep re sents the youn gest pha -
se, fill ing cracks in ga lena and form ing veinlets up to 300 mm
across. Each gen er a tion has low con cen tra tions of Co, Ni, Cu
and As, close to de tec tion lim its and not ex ceed ing 0.1 wt.%
(Ap pen dix 1).
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Fig. 2. Min eral suc ces sion of quartz-sid er ite and quartz ores
from the Che³miec Cu-Ni±Co±Ag±Bi min er al iza tion based on

the re sults of this study and Paulo (1970a)



ARSENOPYRITE

This min eral is not com mon and was found only in quartz -
-dom i nated sam ples. Ex cept ing rutile and py rite, ar seno py rite
rep re sents the old est ore phase of the Ni-Co±Bi stage in the
sam ples stud ied. It forms sep a rate idiomorphic crys tals a few
mm in size (Fig. 3A) and usu ally oc curs to gether with, and over -
grows, py rite. In places this min eral is over grown by gersdorffite 
I. Ar seno py rite oc ca sion ally con tains small amounts of Ni up to
0.57 wt.% (0.02 apfu) and Co up to 1.83 wt.% (0.03 apfu) with -
out any zon ing in BSE im ages (Ap pen dix 1). 

GERSDORFFITE-COBALTITE I

Sulpharsenides of the gersdorffite-cobaltite se ries are wide -
spread in the sam ples stud ied from Che³miec and oc cur in the
first stage of ore min er al iza tion. Usu ally, they form mas sive ag -
gre gates (>1 cm across) dis sem i nated in quartz. In these mas -
sive sulpharsenide ag gre gates, cobaltite is rare and com monly
oc curs on the edges of these bod ies, not form ing sin gle crys tals 
(Fig. 3B–D). Al though gersdorffite is more com mon, a compo -
sitional trend to wards cobaltite As-rich gersdorffite was also ob -
served (Fig. 3E, F) and this is as so ci ated with ar seno py rite, oc -
cur ring on its edges (Fig. 3G, H). The tex tural re la tion ships sup -
ported by the chem i cal com po si tion as shown in the As vs.
Fe/(Ni+Co+Fe) di a gram (Fig. 4B) con firm that ar seno py rite was 
over grown by gersdorffite or by As-rich gersdorffite. In clu sions
and veinlets of youn ger na tive bis muth, bis muthi nite (Figs. 3C,
D and 5A, B) and pyrrhotite (Fig. 5A) are com monly in ag gre -
gates of min er als of the gersdorffite-cobaltite se ries. These
mas sive ag gre gates are cross cut by youn ger chal co py rite-
 marcasite veinlets. The con tent of Ni ranges from 0.22 to 0.97
apfu (Fig. 4C), of Co from 0.01 to 0.63 apfu and of Fe from 0.01
to 0.24 apfu (Ap pen dix 1). In BSE im ages os cil la tory zonation is 
clearly vis i ble, brighter zones con tain ing higher amounts of As
than darker zones (Fig. 3E, F). More over, As«S sub sti tu tion
was ob served in the gersdorffite-cobaltite ag gre gates, the con -
cen tra tion of As in the first gen er a tion var ies from 0.89 to 1.46
apfu and of S from 0.57 to 1.08 apfu (Fig. 5D). High As/S ra tio is 
ob served in the ini tial stage and is as so ci ated with high con -
tents of Ni, then with in creas ing Co and Fe these ra tios de -
crease to the stoichiometric value of 1. The gen eral for mula of
gersdorffite I based on the sum of 1 cat ion may be writ ten as:
(Ni0.43–0.97Co0.01–0.42Fe0.01–0.21)As0.98–1.46S0.57–0.94. The gen eral
for mula of cobaltite based on the sum of 1 cat ion is:
(Co0.42–0.63Ni0.22–0.43Fe0.09–0.24)As0.89–1.06S0.90–1.08.

GERSDORFFITE II AND KRUTOVITE

The sec ond gen er a tion of gersdorffite which oc curs in the
first stage of ore min er al iza tion is rep re sented by ac cu mu la -
tions of in di vid ual crys tals up to 250 mm across, em bed ded in
ga lena and in bour no nite-tetrahedrite veinlets. Gersdorffite II
oc curs as euhedral crys tals show ing os cil la tory zonation and
anhedral grains up to 100 mm in size (Fig. 5C, D). The con tent
of Ni in gersdorffite II var ies from 0.82 to 0.93 apfu, Co from
0.04 to 0.13 apfu and Fe from 0.01 to 0.11 apfu (Ap pen dix 1).
The gersdorffite II does not have as wide ranges of Ni as the
sulpharsenides I; how ever, both gen er a tions con tain sim i lar
range of As in the Ni-dom i nant mem ber. In Ni-dom i nant sulpha -
rse nides I and II sim i lar trend of As is ob served. 

Two anal y ses be long to iso tro pic Ni-diarsenide – krutovite
(As >1.50 apfu) (Figs. 4B and 5D) – and dis play the krutovite-

 gersdorffite solid so lu tion. The krutovite from Che³miec forms
os cil la tory zones in gersdorffite crys tals (Fig. 4D). The for mula
of sulpharsenides II, based on the sum of 1 cat ion may be writ -
ten as: (Ni0.82–0.93Fe0.01–0.11Co0.04–0.13)As0.99–1.55S0.44–0.89.

BISMUTH MINERALS

Bis muth min er als are as so ci ated with mas sive sulpha -
rsenides I and oc cur in the first stage of ore min er al iza tion. The
most com mon Bi min eral is bis muthi nite, while na tive bis muth
and matildite are rare. They oc cur as fine, subhedral in clu sions
(up to 50 mm) in sulpharsenides I (Fig. 4A), in veinlets with
marcasite and chal co py rite cross cut ting sulpharsenides I or as
small crys tals in quartz. Rarely they are re placed by pyrrhotite.
Bis muthi nite is chem i cally stoichiometric with a small de gree of
the aikinite type of sub sti tu tion Bi3+ + ̂  (va cancy) « Pb2+ + Cu+

(Topa et al., 2002); the value of naik is from 0.00 to 0.75. In bis -
muthi nite the amount of Sb reaches up to 0.42 wt.% (0.07 apfu)
and As to 0.39 wt.% (0.11 apfu), (Ap pen dix 2). The em pir i cal
for mula of bis muthi nite based on 2 cat ions may be writ ten:
Bi2.00S2.97. The na tive bis muth is chem i cally ho mo ge neous.
Matildite is rare and only two sep a rate crys tals with no re la tion -
ship with bis muthi nite and na tive bis muth were found. The em -
pir i cal for mula of matildite based on 2 cat ions may be writ ten:
Ag0.99Bi1.00S1.99 (Ap pen dix 2).

SPHALERITE

Two gen er a tions of sphalerite were ob served in the sam -
ples from Che³miec; how ever, they oc cur in the sec ond stage of
ore min er al iza tion. Older sphalerite I crys tals and ag gre gates
(up to cm size) show the pres ence of voids and cracks (Fig. 6A). 
It oc curs as dis sem i nated crys tals or larger ag gre gates in
quartz, less com monly in car bon ate, in places be ing over grown
by chal co py rite (Fig. 6B). Sphalerite II forms smaller crys tals (up 
to 300 mm) and cre ates overgrowths with tetrahedrite and chal -
co py rite, how ever, it is youn ger than these and does not con tain 
any in clu sions. Both gen er a tions of sphalerite dif fer mainly in
their Fe con tent: sphalerite I con tains from 0.04 to 0.22 wt.%
(<0.01 apfu), and sphalerite II from 1.42 to 5.88 wt.% (0.02 to
0.06 apfu) of Fe. Both gen er a tions have sig nif i cant con tents of
Cd – from 0.16 to 1.5 wt.% (up to 0.01 apfu), (Ap pen dix 3). The
gen eral em pir i cal for mula (based on the sum of one cat ion) of
sphalerite I is: (Zn0.98–1.00Cd0.00–0.01)S=0.99-1.00S1.01–1.03 and sphale -
rite II: (Zn0.87–0.95Fe0.01–0.10Cu0.01–0.05Cd0.00–0.01)S=0.98–1.04S1.01–1.05.

TETRAHEDRITE GROUP 
MINERALS

Tetrahedrite group min er als (TGM) oc cur in the sec ond
stage of ore min er al iza tion in quartz-sid er ite veins and are com -
mon in the sam ples stud ied (Fig. 7A). Grains of these min er als
vary in size, from 50 mm to 1 mm. They oc cur as grains or ag -
gre gates usu ally over grown with chal co py rite, older
sphalerite I and youn ger sphalerite II or as veinlets with bour -
no nite in ga lena (Fig. 6C–E). Two compositional sub-groups
were dis tin guished: ear lier Ag-poor TGM and later Ag-rich
TGM. The Ag-poor TGM oc curs less fre quently with spha -
lerite II, which lo cally fills frac tures in their crys tals. Three
min er als rep re sent TGM (the tetrahedrite and ten nan tite se -
ries) in Che³miec: tetrahedrite-(Zn), tetrahedrite-(Fe) (Fig.
6E–G) and rare ten nan tite-(Zn). Microprobe anal y ses show
that tetrahedrite-(Zn) pre dom i nates over -(Fe), how ever,
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gersdorffite I; H – ar seno py rite over grown by As-rich gersdorffite I. Apy – ar seno py rite; Bi – na tive bis muth; Bin –
bis muthi nite; Cbt I – cobaltite I; Gdf I – gersdorffite I; val ues of in di vid ual el e ments in apfu



EPM anal y ses in di cate a wide range of Zn«Fe sub sti tu tion
(Fig. 7B). This group is also char ac ter ized by the pres ence of
Ag which reaches up to 13.13 wt.% (2.07 apfu). Ar senic con -
tent var ies from 0.06 wt.% (0.01 apfu) to 9.79 wt.% (2.52
apfu) (Ap pen dix 4). Ten nan tite-(Zn) is rare and oc curs as
zones in tetrahedrite-(Zn) crys tals. The em pir i cal for mula of
Ag-poor TGM based on 16 cat ions for tetra hedrite-(Zn)
is (Cu7.98–10.11Ag0.07–2.07Zn1.05–1.95Fe0.11–0.99)S=12.09–12.26(Sb1.89–4.14

As0.04–2.04)S=3.93–4.18S12.68–13.39 and for tetrahedrite-(Fe) is
(Cu7.42–9.73Ag0.23–2.03Zn0.44–1.00Fe1.01–2.18)S=11.97–12.08

(Sb3.56–4.01As0.02–0.42)S=3.98–4.03S12.35–13.20 (Ap pen dix 4).

Youn ger than the pre vi ous Ag-poor TGM group are the
Ag-rich TGM. These are rep re sented by argentotetra he drite-
 (Fe) and form rims on Ag-poor TGM ag gre gates. Argentotetra -
hedrite-(Fe) forms brighter zones than older Ag-poor TGM (Fig.
6H). Ac cord ing to the clas si fi ca tion of the tetrahedrite group
(Biagioni et al., 2020) the parts of the tetrahedrite group with
amounts of Ag ex ceed ing 3.00 apfu are clas si fied as mem bers
of the freibergite se ries. Argentotetrahedrite-(Fe) is very rare in
the sam ples stud ied and oc curs as fine grains with sphalerite II
and older chal co py rite. Argentotetrahedrite-(Fe) is char ac ter -
ized by a pre dom i nance of Fe from 5.76 to 5.95 wt.% (from 1.84
to 1.94 apfu) over Zn from 0.57 to 1.33 wt.% (from 0.16 to 0.36
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Fig. 4. Compositional re la tion ships in the sulpharsenides from Che³miec

A – di a gram of Ni-Co-Fe sub sti tu tion in the sulpharsenides (in apfu); B – di a gram of As vs. Fe/(Ni+Co+Fe); 
C – di a gram of As vs. Ni/(Ni+Co+Fe); D – di a gram of As vs. S in the sulpharsenides
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apfu) (Fig. 7D) and high con tents of Ag rang ing from 26.47 to
29.21 wt.% (from 4.37 to 4.90 apfu) (Fig. 7A, E). The amount of
Sb reaches 26.46 wt.% (3.92 apfu) while the amount of As
reaches only 0.18 wt.% (0.04 apfu) (Ap pen dix 4). The em pir i cal
for mula of freibergite se ries based on 16 cat ions is
(Cu5.05–5.50Ag4.37–4.90Zn0.16–0.36Fe1.84–1.94)S=12.05–12.07(Sb3.89–3.92

As0.02–0.04)S=3.93–3.94S12.27–12.39.

GALENA

Ga lena is the main ore min eral in the sam ples stud ied from
Che³miec and oc curs in the sec ond stage of ore min er al iza tion.
Ga lena usu ally forms coarse-grained ag gre gates up to 3 mm
across in sid er ite or quartz and fills cracks in quartz with signs of 
plas tic de for ma tion of the ga lena. Ad di tion ally, it forms small
rem nants or grains in the sphalerite-tetrahedrite-chal co py rite
ag gre gates, which are older than this TGM (ga lena is cor roded
by these phases). In places, TGM-bour no nite veinlets as so ci -
ated with sphalerite I, tiny gersdorffite II crys tals, bour no nite
(Fig. 6C) and py rite are em bed ded in ga lena. It is com monly re -
placed by sec ond ary min er als: covel lite and cerussite. Ga lena
is close to the the o ret i cal chem i cal com po si tion and has a very
low con tent of trace el e ments (max. 0.01 wt.% of Ag, 0.05 wt.%
of Cu and 0.18 wt.% of Sb) (Ap pen dix 2).

BOURNONITE

Bour no nite is rare and oc curs in the sec ond stage of ore
min er al iza tion in paragenesis with older Ag-poor TGM-(Zn) and 
-(Fe) and sphalerite I. It fills fis sures and cracks in side ga lena
(Fig. 6C) lo cally in as so ci a tion with Ag-poor TGM-(Zn). Bour no -
nite veinlets with Ag-poor TGM reach up to a few mm thick. The
EPM anal y ses con firm that bour no nite is stoichiometric with out
any sig nif i cant sub sti tu tions. The for mula of bour no nite based
on 3 cat ions is close to: Cu1.01–1.04 Pb0.97–0.99 Sb0.97–0.99S2.97–2.99

(Ap pen dix 2). 

DISCUSSION

Ni-Co ASSOCIATION

Nickel-co balt as so ci a tions re lated to hy dro ther mal veins are 
not com mon in the Sudetes Moun tains of Po land. At Che³miec,
Ni-Co min er als are rep re sented mainly by sulpharsenides,
namely by mas sive gersdorffite-cobaltite ag gre gates, less so by 
finely zoned gersdorffite crys tals; how ever, this is only ac ces -
sory min er al iza tion. So far, apart from Che³miec, the oc cur -
rence of mas sive Ni-Co min er al iza tion is known only from the
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Dzieæmorowice de posit in the Sowie Moun tains, where it is rep -
re sented by safflorite, rammelsbergite, löllingite, cobaltite, gers -
dorffite and Ni-skut teru dite (Muszer et al., 2006; Kozio³, 2018;
Pršek et al., 2021). In ad di tion, in this de posit the pres ence of

base metal min er al iza tion, Ag-rich min er als, and Bi as sem -
blages is re ported (Muszer et al., 2006). How ever, due to the
higher ac tiv ity of As, sulpharsenide (gersdorffite-cobaltite se -
ries) in the Dzieæmorowice is less com mon than di- and tri-ar -
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sen ides (Pršek et al., 2021). Sim i larly to Che³miec, As-rich
gersdorffite with up to 1.3 apfu of As also oc curs in Dzieæmoro -
wice. The pres ence of sulpharsenides en riched in ar senic at the 
end of the paragenetic se quence in Dzieæmorowice may in di -
cate the re place ment of di- and tri-ar sen ides by gersdorffite -
-cobaltite as so ci a tions (Pršek et al., 2021). A sim i lar trend was
ob served at Che³miec, where As en rich ment is ob served at the
be gin ning of par tic i pa tion of Ni-Co min er als.

Ac ces sory Ni-Co min er al iza tion in the form of small, dis -
sem i nated sulpharsenide crys tals in polymetallic ores has been 
found at many hy dro ther mal lo cal i ties in the Sudetes Moun -
tains: Przecznica polymetallic de posit (Piestrzyñski et al.,
1992), the Krobica-Gierczyn area (Pietrzela, 2019), the Cie -
chano wice polymetallic vein-type de posit (Mochnacka et al.,
2012) and the Boguszów baryte-vein-type de posit (Mederski et
al., 2020). In most cases, their pres ence in polymetallic ores is
the re sult of leach ing by hy dro ther mal flu ids of mafic and ultra -
mafic bed rock, or the sur round ing rocks (e.g., Mederski et al.,
2020). Sulpharsenides in the Przecznica polymetallic de posit
are rep re sented by cobaltite, gersdorffite, ar seno py rite and
glaucodot (Piestrzyñski et al., 1992; Pietrzela, 2019). Min er al -
iza tion in the Przecznica area forms nests and ir reg u lar struc -
tures. Sulpharsenides oc cur to gether with py rite, pyrrhotite, na -
tive Bi and löllingite. Sim i larly to Che³miec, cobaltite, ar seno py -
rite, and py rite were char ac ter ized as the old est phases in the
Przecznica de posit. In the Krobica-Gierczyn area, cobaltite,
glaucodot and ar seno py rite oc cur. Cobaltite is en riched in Ni
and Fe, glaucodot in Ni. Ar seno py rite from this de posit con tains 
inter growths with löllingite and ad mix tures of Co and Sb
(Pietrzela, 2019). At Ciechanowice, polymetallic vein-type de -
posit cobaltite is the main Ni-Co phase; how ever, in ter me di ate
mem bers of the gersdorffite-cobaltite se ries and ar seno py rite
were also found (Mochnacka et al., 2012). In con trast to
Che³miec, cobaltite from Ciechanowice oc curs as idiomorphic
in clu sions in chal co py rite. It is also as so ci ated with py rite, na -
tive bis muth, and chalcocite. Cobaltite lo cally forms sphe roi dal
ag gre gates with gersdorffite. These are rel ics af ter re plac ing
the pre vi ous as so ci a tions and do not cre ate sig nif i cant ac cu mu -
la tions (Mochnacka et al., 2012). In the Boguszów baryte
vein-type de posit, Co-en riched gersdorffite and löllingite were
de scribed by Mederski et al. (2020). Gersdorffite forms rims
around löllingite crys tals in the sul phide ag gre gates. How ever,
nickel-co balt as so ci a tions have also been re ported in the
Klecza-Radomice area, and are rep re sented by gersdorffite,
cobaltite and Co-rich ar seno py rite (Mikulski, 2007).

Sulpharsenides are also found at two other lo cal i ties in the
Czech Re pub lic: the Jáchymov and Zálesí hy dro ther mal vein
U-de pos its (Ondruš et al., 2003; Fojt et al., 2005). In the Zálesí
de posit, sulpharsenides are rep re sented by cobaltite, Ni- co -
baltite, ar seno py rite and glaucodote; how ever, these are rare.
Nickel, co balt, and iron ar sen ides in clud ing mono-, di- and
tri-ar sen ides are more com mon (Fojt et al., 2005). In con trast to
the Che³miec de posit where cobaltite with a high con tent of Ni
and Fe pre dom i nates, at Zálesí there oc curs low Ni-Fe co -
baltite. In the Jáchymov de posit, sulpharsenides are rep re -
sented by gersdorffite, ar seno py rite and alloclasite and oc cur in
quartz veins. More over, the Jáchymov de posit also con tains ar -
sen ides, mainly di- and tri-ar sen ides: safflorite, rammels be -
rgite, löllingite, skut teru dite and Ni-skut teru dite (Ondruš et al.,
2003). The arsenopyrites from the Che³miec, Zálesí and
Jáchymov de pos its are usu ally chem i cally pure with small
amounts of Ni-Co. Com par i son of min er al og i cal data for
sulpha rsenides from Che³ miec, Zálesí, Jáchymov Boguszów,
Ciechanowice, Prze cznica and Krobica-Gierczyn is shown in a
tri an gu lar di a gram (Fig. 8).

An other de posit that, sim i larly to the first stage of Che³miec
Ni-Co min er al iza tion, is hosted by sid er ite veins is Dobšiná in
Slovakia (Kiefer et al., 2017) where the Ni-Co as sem blages in
sid er ite-sul phide veins are rep re sented mainly by sulpharse -
nides, less ar sen ides and tri-ar sen ides. How ever, typ i cal trends 
from ar sen ides to sulpharsenides and from Ni to Fe mem bers
are pres ent (Chovan and Ozdín, 2003; Kiefer et al., 2017).
Youn ger sul phide min er al iza tion at Dobšiná is rep re sented
mainly by tetrahedrite and chal co py rite, with fewer bis muth min -
er als. A sim i lar se quence is ob served in the first stage of
Che³miec min er al iza tion, where Ni-Co sulpharsenides are older 
than the cop per-bis muth paragenesis and base metal para -
genesis. How ever, the sec ond stage of Che³miec base-metal
min er al iza tion prac ti cally does not oc cur in the Dobšiná de posit.

The char ac ter is tic fea ture of gersdorffite II from Che³miec
is its zonation, vis i ble in BSE im ages. Os cil la tory zonation in
sulpharsenides is known from many hy dro ther mal de pos its
world wide (Fanlo et al., 2004; 2006; Kiefer et al., 2017; Mauro
et al., 2021; Mederski et al., 2021). The zonation is usu ally
caused by As«S sub sti tu tion which may be com bined with
vari able chem is try at the Ni-Co-Fe cationic po si tion, which
may be re lated to microenvironments and spa tially re stricted
in flux of the re duc ing agents re spon si ble for the min er al iza tion
(Scharrer et al., 2019). Ob ser va tions of the BSE im ages and
com par i son with the chem is try of the in di vid ual zones in di cate
that the os cil la tory zonation pres ent in sulpharsenides from
Che³miec is re lated not to sub sti tu tions at the cationic po si tion, 
but to As«S sub sti tu tion. How ever, As«S sub sti tu tion cor re -
lates di rectly with Ni con tent, and more spe cif i cally, to the ini -
tial, sta ble stages of sulpharsenide crys tal li za tion, when Ni-
 dom i nant mem ber – gersdorffite – was formed (Fig. 4B, D).
This sit u a tion is ob served within both gen er a tions of gersdor -
ffite, so it is pre sumed that they are as so ci ated with the
remobilization pro cess, though from dif fer ent parts of the veins 
(Fig. 2). Un for tu nately, as men tioned ear lier, no sam ples were
found where the two parageneses in ter sected or oc curred to -
gether. In ad di tion, the pres ence of a wide range of As«S
sub sti tu tion in the gersdorffite is due to the non- stoichio metric
na ture of the Ni-dom i nant sulpharsenide with higher ar senic
con tent, as well as its wider sta bil ity field in the hy dro ther mal
en vi ron ment (Scharrer et al., 2019). Con se quently, in ad di tion
to high As con tents in many ini tial sulpharsenide -gersdorffites
from Che³miec, a few anal y ses fall within kruto vite fields with
high As con tents (up to 1.55 apfu).

The or i gin and source of the hy dro ther mal vein min er al iza -
tion at Che³miec is not fully known. Ac cord ing to Paulo (1973)
the quartz and quartz-sid er ite veins are post-orogenic, and the
min er al iza tion was formed af ter meta mor phism of the sur -
round ing rocks. This is in di cated by the lack of ma jor dy namic
de for ma tion of the veins, which are of ten found in the host rocks 
(Paulo, 1973). Metal prov e nance may be re lated to youn ger
tec tonic pro cesses and leach ing of Ni and Co from diabase oc -
cur ring in this area (Wajsprych, 1974) and from mafic and ultra -
mafic rocks ly ing deeper. The for ma tion of Ni-Co min er al iza tion
is re lated to the re duc tion of Ni- and Co-bear ing flu ids by e.g.,
meth ane, graph ite, or ganic mat ter or sid er ite (Markl et al., 2016; 
Burisch et al., 2017; Scharrer et al., 2019). In the Che³miec de -
posit, graph ite schists are the main host rocks, and graph ite
may act as a re duc ing agent. Un doubt edly, the or i gin of Ni-Co
ores at Che³miec is re lated to hy dro ther mal flu ids with high sul -
phur ac tiv ity, and thus they are not dom i nated by di- or tri-ar se -
nide ores as in many other hy dro ther mal Ni-Co de pos its
(Scharrer et al., 2019). 
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TETRAHEDRITE GROUP MINERALS

Tetrahedrite group min er als are wide spread in many dif fer -
ent ge netic types of hy dro ther mal min er al iza tion in the Sudetes
Moun tains (Paulo and Salamon, 1974a, b; Mochnacka et al.,
2012; Siuda, 2012). Among them, sil ver-rich TGM in clud ing
mem bers of the tetrahedrite and freibergite se ries are typ i cal of
pre cious and base metal hy dro ther mal min er al iza tion, are com -
monly as so ci ated with Ag-Sb sulphosalts, and oc cur in the
Rêdziny polymetallic de posit (Go³êbiowska et al., 2012), Prze -
cznica and Gierczyn polymetallic de pos its (Piestrzyñski and
Mochnacka, 2003), Grudno quartz-sul phide-vein-type de posit
(Paulo and Salamon, 1974a), Dzieæmorowice-Stary Julianów
hy dro ther mal polymetallic-baryte-quartz-cal cite vein de posit
(Petrascheck, 1933), Bystrzyca Górna baryte-quartz-vein de -
posit (Pršek et al., 2019), and Boguszów baryte-vein-type de -
posit (Mederski et al., 2020). These de pos its have dif fer ent
mineralogies, this de pend ing on the com po si tion of th hy dro -
ther mal so lu tion as well as on min eral paragenesis and tem per -
a ture of crys tal li za tion. Us ing the graph drawn by Sack et al.
(2005), the crys tal li za tion tem per a ture of argentotetra hedrite-
 (Fe) was de ter mined in the Che³miec de posit (Fig. 7F) at
170–200°C. How ever, val ues of Ag/(Ag+Cu) ra tio for all tetra -
hedrite group min er als are too low to show them on this graph
(be low 0.25 apfu). In con trast to Che³miec, Ag-rich tetrahedrites 
from Rêdziny oc cur mostly in ga lena in the form of small in clu -
sions and crys tal lized at higher tem per a tures of –250–~320°C
(Go³êbiowska et al., 2012). In ad di tion, mem bers of the freiber -
gite se ries were also dis tin guished, oc cur ring within pyrrhotite
and Fe-rich sphalerite (Go³êbiowska et al., 2012). More over,
the Rêdziny de posit con tains more di verse sil ver and bis muth
as so ci a tions than does Che³miec, in clud ing berryite, gustavite,
cosalite and wittichenite (Go³êbiowska et al., 2012). On the
other hand, the TGM from Bystrzyca Górna show many sim i lar -
i ties to the TGM from Che³miec. In both de pos its higher
amounts of Ag were re ported on rims of TGM grains (be long ing
to the freibergite se ries field) while cores have lower con tents of
Ag (Pršek et al., 2019). Ac cord ing to Pršek et al. (2019) the for -

mer Ag-bear ing tetrahedrite was cor roded by sil ver-rich flu ids of 
youn ger paragenesis which led to the re place ment of tetra -
hedrite by mem bers of the freibergite se ries. How ever, mem -
bers of the freibergite se ries which oc cur as elon gated and fine
in clu sions in ga lena are char ac ter is tic of the Boguszów baryte
de posit (Mederski et al., 2020). The Ag-rich est argento tetra -
hedrite-(Fe) over grows pyrargyrite and reaches up 5.78 apfu of
Ag while zoned Ag-rich TGM form ir reg u lar ag gre gates up to
0.5 mm across. At both Boguszów and Che³miec the tex tural
fea tures of ores in di cate an in crease in the share of Ag-phases
dur ing youn ger stages of crys tal li za tion. How ever, in con trast to
Che³miec, at Boguszów Hg-rich tetrahedrite was ob served. An -
other dif fer ence be tween these de pos its is the As-con tent of
tetrahedrite group min er als, be cause at Che³miec the amount
of As reaches 2.52 apfu while at Boguszów it is 1.74 apfu only
(Mederski et al., 2020). By con trast, mem bers of the freibergite
se ries from both lo cal i ties are As-poor. 

CONCLUSIONS

1. Two stages of min er al iza tion are de scribed in the
Che³miec hy dro ther mal car bon ate-sul phide de posit: Ni-Co±Bi
which oc curs in quartz ores and Cu-Zn-Pb±Sb±Ag which is re -
lated to quartz-sid er ite ores.

2. At Che³miec two gen er a tions of gersdorffite were dis tin -
guished: mas sive gersdorffite-cobaltite I ag gre gates and os cil -
la tory zoned gersdorffites II. This chem i cal zon ing is re lated to
As«S sub sti tu tion. 

3. The pres ence of krutovite in di cates the higher ac tiv ity of
ar senic in the ini tial stages of sulpharsenide crys tal li za tion and
a de crease in the ac tiv ity of As in later stages, in which only
gersdorffite pre cip i tated. 

4. Tetrahedrite group min er als are com mon in the Che³miec 
de posit. The EPM anal y ses show a wide range of Zn«Fe sub -
sti tu tion.

5. Sil ver in the Che³miec de posit oc curs mainly in tetra -
hedrite group min er als, es pe cially in mem bers of the freibergite
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Fig. 8. The Ni-Co-Fe ra tio (apfu) in sulpharsenides from Che³miec, Jáchymov, Zálesí,
Boguszów, Ciechanowice, Przecznica and the Krobica-Gierczyn de posit

Gdf – gersdorffite, Cbt – cobaltite, Apy – ar seno py rite, Gl – glaucodot, Acl – alloclasite
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se ries: [argentotetrahedrite-(Fe) and tetrahedrite-(Fe)], less in
matildite. Higher amounts of sil ver oc cur in outer zones of
tetrahedrite crys tals. 

6. Ac cord ing to the graph pro posed by Sack et al. (2005),
the crys tal li za tion tem per a ture of argentotetrahedrite-(Fe) in
Che³miec was 170–200°C.

7. The Che³miec de posit is the sec ond lo ca tion in the Su -
detes, apart from Dzieæmorowice, where the pres ence of mas -
sive Ni-Co sulpharsenides was con firmed. The other lo cal i ties
show only ac ces sory and dis sem i nated-type min er al iza tion.
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