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Ab stract This pa per pro vides new data on the min er al ogy and min eral chem is try of the Czarnów ore de posit, a polymetallic vein
that oc curs within the east ern en ve lope of the Karkonosze Pluton (West Sudetes). New data are also pro vided on the de -
pos its’ geothermometry, min eral suc ces sion, and or i gins.

The Czarnów ore vein is about 500 m long, strikes SW–NE, dips 80° SE and con tin ues to a depth of 200 m. It is
hosted within the al bite-mica schists, quartzofeldspathic rocks and striped am phi bo lites that com prise the Czarnów
Schist For ma tion (CSF); its west ern part is com posed of al most monomineral ar seno py rite, whereas the south west ern
part lo cally con tains a pyrrhotite lens that ex tends down wards. Al though many types of sulphides, sulphoarsenides,
sulphosalts and na tive phases ac com pa nied by ox ides and ar se nates have been pre vi ously re ported, this pa per de scribes
four min er als that have not been pre vi ously iden ti fied from the Czarnów de posit: ferrokësterite, ikunolite, bismite and
pentlandite. Geothermometry data sug gest for ma tion tem per a tures of ar seno py rite be tween 551 °C and 420 °C and
that of sphale- rite be tween about 400 °C to about 200 °C. Fluid in clu sion data from vein quartz gave ho mog e ni za tion
tem per a tures be tween 430 °C and 150 °C. Integrat on of tex tural and other data sug gests the fol low ing pri mary min eral
suc ces sion: early ar seno py rite and cas sit er ite as the high-tem per a ture phases; then com bi na tions of pyrrhotite, py rite,
chal co py rite and sphalerite, all of which formed over a wide tem per a ture range; fi nally, low tem per a ture ga lena and Bi
phases. Sec ond ary weath er ing prod ucts over print the pri mary se quences. Cataclasis of the first-formed ar seno py rite im -
ply that min er al iza tion was re lated to at least one tec tonic event in the re gion. The Czarnów ore de posit prob a bly re -
sulted from hy dro ther mal ac tiv ity as so ci ated with the near Karkonosze gran ite.
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IN TRO DUC TION

Czarnów is a small vil lage lo cated on the south east ern
slopes of the Rudawy Janowickie moun tain range in the
West Sudetes. In the vi cin ity of the vil lage are two lo cal i -
ties that con tain ore min er al iza tion: the his tor i cal ore de -
posit in Czarnów; and the newly dis cov ered, un eco nomic
ore min er al iza tion in the ad ja cent dolomitic mar ble
quarry in Rêdziny (Fig. 1).

Min ing of polymetallic vein-type ores (dom i nated by
As min er als and con tain ing traces of Au) at Czarnów has
started dur ing the first half of the 18th cen tury and has
con tin ued pe ri od i cally up un til 1925 (Dziekoñski, 1972).
Be tween 1952 and 1955 there was in ten sive, but ul ti mately 
un suc cess ful, ex plo ra tion of the area. A re as sess ment of
the ex ist ing ore re serves by K³os (1955) dem on strated that
proven re serves were low and, as a re sult, the Czarnów

mine was not re opened (Banaœ, 1967). To day, one can still
find rel ics of pre vi ous min ing op er a tions: old shafts, adits
and dumps, and ore min er als can still be safely col lected
from the dumps.

De scrip tions of the ge ol ogy of the Czarnów ore de -
posit date back to the mid-19th cen tury and have con tin -
ued spo rad i cally into the pres ent millenium (Websky,
1853; Fiedler, 1863; Berg, 1913; Petrascheck, 1933;
Hoehne, 1934, 1941; Banaœ, 1967; Zimnoch, 1985; and as -
pects of the gold min er al iza tion by Mikulski, 1997, 2001).

The pres ent pa per pro vides new data on the min eral
and chem i cal com po si tion of the Czarnów ores, dis cusses
as pects of their geothermometry and min eral suc ces sion,
and of fers fur ther in sight into the or i gin of this ore de -
posit.



MA TE RI ALS AND METH ODS

This study is based on the anal y sis of ap prox i mately
50 hand spec i men sam ples that were col lected from two
dis cused mine dumps in Czarnów and on Czarnów sam -
ples that were orig i nally col lected dur ing the 1980s by K.
Mochnacka.

Some 50 pol ished thin sec tions were pre pared from
rep re sen ta tive sam ples and these were ex am ined us ing a
NIKON ore mi cro scope. Af ter mi cro scopic ex am i na tion,
a sub set of these sec tions were se lected for elec tron
microprobe (EMP) anal y sis.

Min eral chem i cal com po si tions were an a lyzed us ing
the CAMECA SX 100 microprobe at the Inter-in sti tute
An a lyt i cal Com plex for Min er als and Syn thetic Sub -
stances at the Uni ver sity of War saw; work ing con di tions
were as fol lows: ac cel er a tion volt age 15 kV, beam cur rent

20 nA, count ing time 20 s and back ground time 10 s. The
raw re sults were pro cessed us ing PAP soft ware (Pouchou
& Pichoir, 1985). El e men tal anal y ses em ployed the fol -
low ing stan dards, an a lyt i cal lines and crys tals: S (sphale-
rite, Ká, PET); Ti (rutile, Ká, PET); Cr (Cr2O3, Ká, PET);
Mn (rhodo nite, Ká, LIF); Fe (he ma tite, Ká, LIF); Co (Co
metal, Ká, LIF); Ni (NiO, Ká, LIF); Cu (chal co py rite, Ká,
LIF); Zn (sphalerite, Ká, LIF); As (GaAs, Lá, TAP); Se
(ZnSe, Lá, TAP); Nb (LiNbO3, Lá, PET); Ag (Ag metal, Lá,
PET); Cd (CdS, Lá, PET); In (InAs, Lá, PET); Sn (cas sit er -
ite, Lá, PET); Sb (InSb, Lá, PET); Te (PbTe, Lá, LIF); Ta
(tantalite, Má, TAP); W (schee lite, Má, TAP); Pb (ga lena,
Má, PET); Bi (Bi2Te3, Má, PET).

Geothermometry of the ore min er als was de ter mined
us ing ar seno py rite and sphalerite chem i cal com po si tions

44 K. MOCHNACKA et al.

Fig. 1. Geo log i cal sketch map of the Karkonosze–Izera Mas sif (af ter Chaloupský et al., 1989; Mazur, 1995; Mazur & Aleksandrowski,
2001; Oberc-Dziedzic, 2003). In set map: EFZ (Elbe Fault Zone), ISF (Intra-Sudetic Fault), MGH (Mid-Ger man Crys tal line High), MO
(Moldanubian Zone), MS (Moravo-Silesian Zone), MT (Moldanubian Thrust), NP (North ern Phyllite Zone), OFZ (Odra Fault Zone),
RH (Rhenohercynian Zone), SBF (Sudetic Bound ary Fault), SX (Saxothuringian Zone), TB (Teplá–Barrandian Zone). Rect an gle shows
the po si tion of the Karkonosze–Izera Mas sif within the Bo he mian Mas sif



de ter mined by EMP anal y sis and ver i fied by tex tural ob -
ser va tions. The com po si tions of ar seno py rite crys tals
were plot ted on a sul phur fugacity (log fS2) vs. tem per a ture 
(T) di a gram for the Fe–As–S sys tem (Kretschmar & Scott,
1976, as mod i fied by Sharp et al., 1985), cor rect ing for ar -
seno py rite inhomogeneities (Kerestedjian, 1997). Pres sure
plays an in sig nif i cant role in ar seno py rite com po si tions in
low-pres sure hy dro ther mal de pos its (Sharp et al., 1985),
there fore, the ef fect of pres sure on ar seno py rite com po si -
tion, as buf fered by pyrrhotite and py rite, was not cal cu -
lated.

Fluid in clu sion (FI) stud ies were car ried out at the De -
part ment of Min eral De pos its and Min ing Ge ol ogy, Fac -
ulty of Ge ol ogy, Geo phys ics and En vi ron ment Pro tec -
tion, AGH-Uni ver sity of Sci ence and Tech nol ogy in
Kraków on sam ples of vein quartz col lected from waste
dumps. Dou bly pol ished thin sec tions (200 µm-thick)

were ex am ined us ing the 50× and 100× lenses of the
Linkam THMS 600 heat ing–freez ing stage and a Nikon
Eclipse E6000 mi cro scope that had at tached to it a TMS 93 
mod ule and a Linkam LNP pump. Fluid in clu sion im ages
were re corded with an Ikegami videocamera and a Linkam 
VTO 232 video panel; the FI sys tem was cal i brated us ing a 
spe cial thin sec tion that con tained in clu sions of pure CO2.
Fluid in clu sion sec tions were very rap idly frozen down to
–120 °C (oc ca sion ally down to –198 °C) so as to avoid the
for ma tion of metastable phases: this en abled the pres ence
of gases other than car bon di ox ide to be re vealed. The
heat ing rates for the FI thin sec tions were as fol lows: 5–10
°C/min to room tem per a ture (re duced to 0.5 °C close/
min to phase trans for ma tion points), then 20 °C/min to
100 °C, and 5–10 °C/min for higher tem per a tures. For
low tem per a tures, the ac cu racy of mea sure ment was
0.1–0.2 °C.

GEO LOG I CAL SET TING

The Karkonosze–Izera Mas sif (KIM, Fig. 1) is the larg -
est-scale geo log i cal fea ture in the West Sudetes, SW Po -
land. It con sists of four struc tural units (Mazur & Ale-
ksandrowski, 2001): the Izera–Kowary Unit, the Ještìd
Unit, the South Karkonosze Unit and the Leszczyniec
Unit. These four units are in ter preted as el e ments of a
nappe struc ture for the KIM (Mazur & Aleksandrowski,
2001). In ad di tion, there is the Variscan Karkonosze gran -
ite, whose age has been cal cu lated to be be tween 304 Ma
and 328 Ma (Pin et al., 1987; Duthou et al., 1991; Kröner et
al., 1994; Machowiak & Armstrong, 2007).

The Izera–Kowary Unit is the unit that hosts the
Czarnów de posit, and it is com posed of ~500 Ma ortho-
gneiss es and mica schists (Oberc-Dziedzic et al., 2010).

The east ern part of the Izera–Kowary Unit (Fig. 1)

com prises the Czarnów Schist For ma tion (CSF) of Teis-
seyre (1973). Its south ern part is com posed of chlorite–al -
bite–mus co vite–quartz schists and of phyllites, both of
which can have in ter ca la tions of mar bles, graph ite phy-
llites, quartzitic schists, quartzofeldspathic rocks and
greenschists. Fur ther to the north, the CSF is com posed of 
al bite–mica schists, quartzofeldspathic rocks and striped
am phi bo lites. These lat ter am phi bo lites show a within-
plate geo chem i cal sig na ture (Winchester et al., 1995) and
pos sess a higher grade of meta mor phism than do the rocks 
of the south ern part of the CSF. This is prob a bly due to
the ther mal in flu ence of the Karkonosze gran ite.

The Czarnów ore de posit it self is sit u ated in the mid -
dle part of the CSF, some 200–300 m east of the Karko-
nosze gran ite.

THE CZARNÓW ORE DE POSIT

The aban doned Czarnów de posit com prises a sin gle
ore vein about 500 m long, strik ing SW–NE, dip ping at
80° to SE and con tin u ing down to a depth of 200 m or
more (K³os, 1955). The av er age thick ness of the vein is
about 40–50 cm, but lensoidal swells can lo cally in crease
the thick ness to 3–4 m (Banaœ, 1967; Zimnoch, 1985). Ac -
cord ing to Banaœ (1967), the ore vein is lo cated at the con -
tact be tween schists and si lici fied dolomitic mar bles, and
was con cor dant with the strike of host rocks. K³os (1955)
and Zimnoch (1985), how ever, re ported that the vein is
hosted within calc-sil i cate rocks em bed ded in mica schists.
Al though the vein is en vel oped by a zone of dis sem i nated
ore min er al iza tion (Banaœ, 1967), the vein it self con tains
three par al lel zones of eco nomic-grade min er al iza tion
(K³os, 1955). The con tacts be tween the vein and its host
rocks are, ac cord ing to Banaœ (1967) and Zimnoch (1985),
tec tonic. At its south west ern edge, the ore vein is cut by
the so-called South ern Fault; the vein is also cut and dis -
placed by sev eral, small, transversal faults (Banaœ, 1967).

Three types of sul fide ore are known from the
Czarnów de posit: first, and pre dom i nant, is an al most
monomineral ar seno py rite ore that oc curs mostly in the
west ern part of the de posit; sec ond, a pyrrhotite ore lens
that is en coun tered at greater depth in the south west ern
part of the de posit; and third, a ga lena ore lens that is
found in the main adit, close to a fault zone (Zimnoch,
1985). In ad di tion, Banaœ et al. (1996) re ported ar seno py -
rite ore with sub stan tial ad mix tures of pyrrhotite and
chal co py rite, which per haps rep re sents a type of in ter me -
di ate-style de po si tion be tween that of the ar seno py rite and 
pyrrhotite ores.

The min er al ogy of the Czarnów ore de posit has been
stud ied for over 150 years, each au thor suc ces sively ex -
tend ing the list of min er als as so ci ated with the de posit.
Websky (1853) de scribed ar seno py rite, pyrrhotite, py rite,
black sphalerite, covel lite, cas sit er ite and tyrolite. Fiedler
(1863) added he ma tite, and Traube (1888), when de scrib -
ing Czarnów ore spec i mens in pos ses sion of the Wroc³aw
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(Breslau) Mu seum, men tioned chal co py rite, löllingite, ga -
lena, marcasite and chrysocolla. Berg (1913) iden ti fied
bornite, tetrahedrite and erythrite. Berg (1923) also iden ti -
fied anti mo nite (stibnite). Schneiderhoehn & Ramdohr
(1931) found stannite; Petrascheck (1933) iden ti fied na tive
Bi; Hoehne (1936) noted mag ne tite, na tive Cu, mo lyb de -
nite and anisotropic chalcocite (digenite?) and, later, de -
scribed na tive Sb and berthierite (Hoehne,1941). Af ter
World War II, Banaœ (1967) added rodochrosite and
Fe-sphalerite (the more ac cu rate de ter mi na tion of the
“black sphalerite” of Websky, 1853), while Zimnoch
(1985) added many new phases: Bi-sulphosalts, ten nan tite,
valeriite, cubanite, goethite, skorodite, rutile and leu co -
xene. In an un pub lished re port, Banaœ et al. (1996) iden ti -
fied bour no nite, boulangerite and pyrargyrite. Fi nally,
Mikulski (1997) dis cov ered na tive Au, electrum and schee -
lite, all from sam ples of the Czarnów ar seno py rite–
pyrrhotite ore.

De ter min ing the chem i cal com po si tion of the
Czarnów min er als has also had a long his tory. Prob a bly
the first anal y sis was by Traube (1888) and was of an ar -
seno py rite crys tal: 19.77 wt.% S; 44.02 wt.% As; 34.83
wt.% Fe and 0.92 wt.% Sb. Micha³ek (1962) used tra di -

tional wet chem i cal meth ods to ana lyse py rite from quartz 
veins in the Czarnów de posit and found the fol low ing
trace el e ment con cen tra tions: Mo (2 ppm), Ni (12 ppm),
Co (15ppm), Mn (60 ppm), Cu (66 ppm), Pb (55 ppm) and
As (4,960 ppm). Mikulski (1997) ana lysed the com po si -
tions of arsenopyrites and found Fe + Co + Ni (33.98–
34.97 wt.%), As (44.10–45.66 wt.%) and S (20.34–21.46
wt.%). Mikulski (1997) also ana lysed na tive gold (Au
79–81 wt.%, Ag 18–23 wt.%) and electrum (61.7–63.9
wt.% Au, and 36.6–37.7 wt.% Ag).

From old Ger man data, Krajewski (1947) no ticed that
the av er age grade of ar seno py rite ore was 10 wt.% As,
from which a con cen trate was pro duced grad ing 25–32
wt.% As, 2–4 ppm Au and 60–80 ppm Ag.

In his de posit as sess ment re port, K³os (1955) noted As
con tents in the ore ranged from 0.16 wt.% to 30.17 wt.%,
ac com pa nied by 0.1 wt.% Zn, 0.5 wt.% Pb, <0.1 wt.% Ni
and 0–41 ppm Ag. The proven re serves quoted by K³os
(1955) amounted to about 8,000 met ric tons at a cut off
grade of 2 wt.% As and a min i mum ore thick ness of 15 cm, 
with a fur ther 11,000 t of prob a ble re serves at deeper lev -
els.

OP TI CAL MI CROS COPY, MIN ERAL TEX TURES AND MIN ERAL CHEM IS TRY

Pol ished sec tions of both the ar seno py rite and pyr-
rhotite ore (Fig. 2A, 2B) were ex am ined and the re sul tant
ob ser va tions con firmed many of the min eral iden ti fi ca -
tions made by pre vi ous work ers. New to this study, how -
ever, are four min er als not pre vi ously iden ti fied for
Czarnów: pentlandite (Fe,Ni)9S8; ferrokësterite
Cu2(Fe,Zn)SnS4; low-Se ikunolite Bi4(S,Se)3 and bismite
Bi2O3.

The ore min er als form a va ri ety of struc tures, such as
spots, nests, streaks and pseudolayers, as well mas sive ac -
cu mu la tions and thin veinlets that cut through other ore
struc tures and host rocks. In most of the sam ples ex am -
ined herein, the ore min er als are hosted in coarse- or me -
dium-crys tal line quartz that is intergrown with chlorite,
rare feld spars and car bon ates (cal cite). Dis sem i nated min -
er al iza tion was found in only one pol ished thin sec tion
from a mica schist that con tained cor di er ite?, feld spar and
tour ma line.

Ar seno py rite
Op ti cal mi cros copy on the arsenopyrites gen er ally

con firmed ear lier ob ser va tions (e.g., Zimnoch, 1985). Ar -
seno py rite is the main com po nent of the Czarnów ore de -
posit, and it was iden ti fied in al most all the pol ished sec -
tions. Usu ally, it forms al most monomineralic spots or
veinlets and oc curs as coarse, euhedral to subhedral crys -
tals up to sev eral mil li me ters across (Fig. 2A, C). Sim i lar,
but finer-grained, crys tals are dis sem i nated in the ore
vein’s host rocks. Com monly, ag gre gates of ar seno py rite
are cracked and these cracks are filled with quartz and/or
chal co py rite, the lat ter some times host ing in clu sions of
ga lena and Bi phases. Some ag gre gates, or even in di vid ual

crys tals, con tain fine inter growths of chal co py rite and/or
pyrrhotite. Pyrrhotite veinlets may cut ar seno py rite crys -
tals.

Lo cally, ar seno py rite ag gre gates form microbreccias
(Fig. 2D). Within these microbreccias are oc ca sion ally
found euhedral ar seno py rite crys tals that can vary in size
from a few mi crom e ters to nearly 1 mm and that are ce -
mented to gether with quartz. Brecciated ar seno py rite and
quartz some times fill the cracks in large ar seno py rite crys -
tals or its ag gre gates. More over, ar seno py rite brec cias with 
sin gle pyrrhotite frag ments can fill frac tures in quartz.
Such brec cias are ce mented with quartz with lo cal ad mix -
tures of Fe hy drox ides.

Ar seno py rite can also form inter growths with ga lena
(Fig. 2C), chal co py rite (Fig. 3A, C) pyrrhotite (Fig. 3B),
cas sit er ite (Fig. 4A) and, lo cally, py rite (Fig. 4C). Large ar -
seno py rite crys tals nor mally con tain only traces of other
ore min er als; but some times, ga lena, chal co py rite and
Bi-min er als fill cracks within large ar seno py rite crys tals
(Fig. 4C). Some pyrrhotite and chal co py rite inter growths
sug gest re place ment of the host ar seno py rite, which pro -
ceeded from crys tal bound aries and from cracks (Fig. 3A).

Mi cro scopic stud ies in di cate the pres ence of two gen -
er a tions of ar seno py rite, al though pre cise cat e go ri za tion is 
im pos si ble due to the vari abil ity of the ore struc tures and
tex tures. Nev er the less, a seem ingly early ar seno py rite (I)
forms large, lo cally cracked and/or brecciated ac cu mu la -
tions of monomineralic crys tals. A later ar seno py rite (II)
is mostly euhedral and/or subhedral, unbrecciated and
usu ally con tains pyrrhotite, chal co py rite and ga lena inter -
growths. These ob ser va tions roughly cor re spond to the
ar seno py rite va ri et ies of Zimnoch (1985).
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The chem i cal com po si tion of the arsenopyrites is
shown in Ta ble 1. There are very con sis tent Fe val ues
(33.65 ± 0.21 at.%) but some what more vari able amounts
of As (32.79 ± 0.44 at.%) and of S (33.45 ± 0.48 at.%). Al -
though ar seno py rite ag gre gates do not re veal ad mix tures
of Co, Ni and Ag above microprobe de tec tion lim its (Ta -
ble 1), an ad mix ture of Se was de tected (0.16 wt.% av er -
age).

Pyrrhotite
In the pyrrhotite ore, pyrrhotite crys tals can form

spotty, nest-like and mas sive struc tures (Fig. 2B). Pyrrho-
tite is com monly ac com pa nied by euhedral ar seno py rite
crys tals and can con tain anhedral inter growths of chal co -
py rite and py rite. Large pyrrhotite ag gre gates some times
host flame-like struc tures of pentlandite. Lo cally, py rite
forms euhedral crys tals within pyrrhotite. In the mono-
mineralic ar seno py rite ore, pyrrhotite oc curs as inter -
growths with ar seno py rite I and with chal co py rite (Fig.
3B) and is here termed pyrrhotite I. Some pyrrhotite
grains, how ever, fill cracks in ar seno py rite I ag gre gates
and clearly re place pre ex ist ing ar seno py rite I ag gre gates
along crys tal planes and crys tal edges (Fig. 3A): these are

termed pyrrhotite II. The re place ment of ar seno py rite by
pyrrhotite (and chal co py rite) is a com mon pro cess in the
pyrrhotite ore (Fig. 3) how ever, the re la tion ship be tween
pyrrhotite II and ar seno py rite II is un clear.

Microprobe anal y ses (Ta ble 1) did not re veal any sig -
nif i cant ad mix tures of trace el e ments, al though the num -
ber of anal y ses was low.

Chal co py rite
Chal co py rite was ob served in al most all of the pol -

ished sec tions, al though in highly vari able amounts. Chal -
co py rite usu ally forms spots, veinlets and dis sem i nated
crys tals. Some chal co py rite veinlets show fault dis place -
ments (Fig. 4C). Monomineralic chal co py rite ac cu mu la -
tions were rare, chal co py rite usu ally oc cur ring as inter -
growths with ar seno py rite (Fig. 3), pyrrhotite, na tive Bi
(Fig. 4C) and py rite. Some pol ished sec tions showed that
chal co py rite formed the ma trix for ar seno py rite brec cias
and such ocurrences are here termed chal co py rite I. A
clearly later generaton of chal co py rite oc cur as exsolu-
tions in sphalerite ag gre gates and are here termed chal co -
py rite II. Sec ond ary covellitization has also af fected some
of the chalcopyrites (Fig. 3C).

MIN ER AL IZA TION OF THE CZARNÓW ORE DEPOSITS 47

Fig. 2. (A) Ar seno py rite ore with nest-like ar seno py rite (Apy) ag gre gates in quartz. Sam ple no. 1. (B) Pyrrhotite (Po) ore. Sam ple no.
Cz-5/3. (C) Euhedral ar seno py rite (Apy) crys tals with ga lena (Gn) inter growths. Back scat tered elec tron im age. (D) Ar seno py rite
(Apy) ma trix-type brec cia ce mented with quartz. Re flected light, 1N. Sam ple no. Cz.1. Min eral sym bols af ter Ca na dian Min er al o gist



The chem i cal com po si tion of the chalcopyrites is
shown in the Ta ble 1. Small amounts of Sn (0.16 wt.%)
were the only de tect able ad mix tures.

Sphalerite
Sphalerite usu ally oc curs as inter growths with chal co -

py rite and ferrokësterite (Fig. 4B) and with cas sit er ite.
Only some times does it oc cur as in de pend ent ag gre gates
of anhedral grains. Some crys tals con tain min ute exsolu-
tions of chal co py rite.

Mi cro scopic ob ser va tions did not pro vide clear ev i -
dence for dis tin guish ing dif fer ent gen er a tions of sphale-

rite. How ever, three groups of sphalerites could be dis tin -
guished based on sphalerite geothermometry (see be low).
Thus, we ten ta tively sug gest that there are three gen er a -
tions of sphalerite.

The chem i cal com po si tion of the sphalerites (Ta ble 1)
show a highly vari able Fe con tent, rang ing from be low 1
wt.% to 10 wt.%. Sphalerites intergrown with chal co py -
rite have high amounts of Cu (up to 2.5 wt.%). All the ana -
lysed sphalerite grains had high Cd con tents at the level of
0.8–0.9 wt.%, ex cept for a sin gle, low-Fe grain which had
only 0.17 wt.% Cd but in creased amounts of In (0.22
wt.%).
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Ta ble 1
Av er aged elec tron microprobe chem i cal com po si tions of ore min er als from the Czarnów de posit (in vol.%)

Element
Arseno-
py rite*

Pyrr-
hotite*

Sphalerite
Ferrkös-

terite
Chalco-
pyrite

Cuba-
nite

Ikunolite
Bismu-
thinite

Na tive
Bi

Galena

n=20 n=2 n=2 n=2 n=3 n=1 n=1 n=10 n=8 n=3 n=1 n=2 n=13 n=10

S 19.80 39.01 33.58 33.35 33.13 32.92 32.83 29.44 35.01 35.90 10.07 18.22 0.04 13.22

Mn 0.02 0.04 0.03 0.02 0.02

Fe 34.70 59.85 1 8.57 6.31 4.35 0.77 8.99 30.46 40.80 0.36

Co

Ni

Cu 0.25 0.03 2.19 2.50 0.53 29.02 34.44 22.94 0.14

Zn 54.86 56.94 56.34 58.33 65.40 4.95

As 45.35 0.07 0.04 0.01 0.02 0.03 0.02 0.02

Se 0.16 0.07 0.06 0.07

Ag 0.03 0.03 0.13 0.43

Cd 0.88 0.91 0.89 0.84 0.17 0.15 0.02 0.05

In 0.06 0.02 0.06 0.03 0.22 0.09

Sn 26.86 0.16

Sb 0.04

Te 0.24 0.12

Pb 85.79

Bi 89.52 81.20 99.79 0.05

To tal 100.01 98.93 99.68 99.83 98.98 99.00 99.92 99.61 100.12 99.72 100.02 99.53 100.38 99.63

Apfu

S 1.003 0.999 1.016 1.007 1.015 1.009 0.998 3.983 2.005 3.075 2.946 2.967 3 0.985

Mn 1 1 1 1

Fe 1.010 0.880 0.174 0.149 0.111 0.077 0.013 0.698 1.002 2.006 0.013

Cu 4 0.034 0.039 8 1.981 0.995 0.992 5

Zn 0.814 0.843 0.846 0.877 0.975 0.328

As 0.984 1 1 1 1 1

Se 3 4 7 2

Ag 1 1 0.011 0.010

Cd 8 8 8 7 1 6

In 1 2 4

Sn 0.982 2

Sb 1

Te 0.018 5

Pb 0.989

Bi 4.017 2.029 0.981 1

* – Ni and Co con tents be low MPA de tec tion limit
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Fig. 3. (A) Ar seno py rite (Apy) re placed by pyrrhotite (Po) and
chal co py rite (Ccp). Re flected light, 1N. Sam ple no. Cz.A-6. (B)
Ar seno py rite (Apy) re placed by pyrrhotite (Po) and pyrrhotite–
chal co py rite (Ccp) inter growths. Re flected light,1N. Sam ple no.
Cz.A-6. (C) Chal co py rite (Ccp) re plac ing subhedral crys tals of
ar seno py rite (Apy); covel lite (Cv) forms in clu sions in chal co py -
rite. Re flected light, 1N. Sam ple no. Cz.E-2.

Fig. 4. (A) Cas sit er ite (Cst) and ar seno py rite (Apy) inter -
growths. Re flected light, 1N. Sam ple no. Cz 1. (B) Sphalerite (Sp) 
and ferrokësterite (Fkt ) inter growths. Back scat tered elec tron
im age. Sam ple no. Cz.7-1. (C) Na tive bis muth (Bi) and ga lena
(Gn) in chal co py rite (Ccp) veinlet cut ting ar seno py rite (Apy) ag -
gre gate. On the right py rite (Py) and gangues veinlet cuts ar seno -
py rite. Back scat tered elec tron im age. Sam ple no. Cz.A4-7.



Py rite
Py rite pre dom i nantly oc curs as dis sem i nated crys tals

or as inter growths with al most all other ore min er als, with 
the ex cep tion of ga lena and the Bi phases. To gether with
quartz, it also forms rare veinlets cut ting ar seno py rite I ag -
gre gates (Fig. 4C). Mi cro scopic ob ser va tions re vealed two
gen er a tions of py rite: py rite I is con tem po ra ne ous with
chal co py rite, as both min er als form inter growths; py rite
II is youn ger than pyrrhotite, as re vealed by pyrrhotite
grains re placed by py rite and ac com pa ny ing marcasite (see 
also Zimnoch, 1985).

Ga lena
Small amounts of ga lena were ob served as min ute

inter growths with ar seno py rite (Fig. 2C) and with na tive
Bi (Fig. 4C), the lat ter en coun tered in chal co py rite vein-
lets cut ting ar seno py rite I.

In all the ana lysed ga lena grains, Ag was pres ent (0.43
wt.% in av er age, Ta ble 1) to gether with traces of Se and Bi, 
both of which were close to the EMP de tec tion limits.

Cas sit er ite
Cas sit er ite usu ally oc curs as ag gre gates of subhedral to 

euhedral crys tals or, rarely, as sin gle crys tals. In ter nal re -
flec tions re vealed that some crys tals were zoned. Cas sit er -
ite also forms inter growths with ar seno py rite (Fig. 4A).

The chem i cal com po si tions (Ta ble 2) show that the
cas sit er ite crys tals are quite pure. Only a few anal y ses in di -
cated ad mix tures of TiO2 (0.2 wt.% max.), Nb2O3 (0.17
wt.% max.) and WO3 (0.13 wt.% max.).

Ferrokësterite
In two pol ished sec tions, ferrokësterite oc curred as

min ute inter growths within both sphalerite (Fig. 4B) and
chal co py rite. Its crys tals are whit ish, with mod er ate reflec- 
tance (lower than chal co py rite, but higher than spha-
lerite). Other op ti cal fea tures could not be ef fec tively eval -
u ated due to the small crys tal size. Ferrokësterite had not
been pre vi ously iden ti fied in the Czarnów de posit, though 
it had been de scribed from the ad ja cent Rêdziny mar ble
quarry (Pieczka et al., 2006).

The chem i cal anal y ses (Ta ble 2) re vealed sig nif i cant
amounts of Zn (4.95 wt.% av er age), which cor re sponds to
a com po si tion of ferrokësterite of [Cu2(Fe,Zn)SnS4]. Ad -

mix tures of Cd (0.24 wt.% max.), In (0.22 wt.% max.), Se
(0.1 wt.% max.) and Ag (0.69 wt.% max.) were detected.

Bi min er als
Four Bi phases were iden ti fied in the stud ied sam ples:

na tive Bi, bis muthi nite, ikunolite and bismite.
Na tive Bi and bis muthi nite were rare spe cies ob served 

in only a few sam ples of ar seno py rite ore. Both min er als
usu ally oc cur to gether and form inter growths with ga lena
when they oc cur in chal co py rite veinlets that cut large,
strongly crushed ar seno py rite ag gre gates (Fig. 4C). The
na tive Bi con tained a small quan tity of Se (0.06 wt.% max.) 
(Ta ble 1). Anal y ses of bis muthi nite re vealed Te con cen tra -
tions be tween 0.12 wt% and 0.24 wt.% (Ta ble 1). The
traces of Fe (0.36 wt.%) in the na tive Bi may be a back -
ground effect of the accompanying minerals.

Microprobe anal y ses also re vealed the pres ence of a Bi
min eral with a com po si tion close to the low-Se mem ber of 
the ikunolite Bi4(S, Se)3–laitakarite (Bi4Se3) se ries (Ta ble 1). 
This Bi min eral, con sid ered here to be ikunolite, oc curs as
very fine inter growths with na tive Bi and, prob a bly, with
bis muthi nite: hence its op ti cal prop er ties could not be un -
am big u ously de ter mined. Ikunolite has not pre vi ously
been ob served in the Czarnów de posit, but it has been
identified in the ad ja cent Rêdziny mar ble quarry (Parafi-
niuk et al., 2008).

Bismite (Bi2O3) oc curs as min ute crys tals ac com pa ny -
ing na tive Bi ag gre gates, and, thus, its op ti cal prop er ties
could not be re li ably de ter mined. Bismite is ac com pa nied
by sev eral un iden ti fied Bi-ar se nate phases. Chem i cal com -
po si tion of the bismites is shown in Ta ble 3. Like ikuno-
lite, bismite has not pre vi ously been iden ti fied in Czar-
nów ores, but it has been found in the Rêdziny marble
quarry (Parafiniuk, 2003).

Pentlandite
Pentlandite is a rare phase in the Czarnów de posit. It

oc curs as char ac ter is tic, flame-like inter growths of var i ous
size that are ran domly dis trib uted at the edges of large
pyrrhotite crys tals, and some times also within py rite crys -
tals. Pentlandite was identified by op ti cal mi cros copy, but
its pres ence has not been con firmed with chem i cal anal y -
ses.

Cubanite
A few cubanite grains were found as inter growths

with na tive Bi. Its iden ti fi ca tion was con firmed by
microprobe anal y ses (Ta ble 1).
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Ta ble 2
Chem i cal elec tron microprobe com po si tion of cas sit er ite

(num ber of sam ples n = 90)

Con tent
range[wt.%]

Mean Apfu

Fe2O3 0.00–2.20 0.36 0.007

MnO 0.00–0.07 0.01

WO3 0.00–0.56 0.06

Nb2O5 0.00–0.42 0.06

Ta2O5 0.00 0.00

TiO2 0.00–1.36 0.37 0.007

SnO2 95.43–100.81 98.16 0.985

To tal 99.01

Ta ble 3
Chem i cal elec tron microprobe com po si tion of bismite

(two anal y ses)

wt.% Apfu

Fe2O3 0.21 0.01

CuO 0.29 0.02

Sb2O3 0.05 0.00

Bi2O3 99.89 1.97

To tal 100.44



Marcasite
Marcasite was ob served as nar row rims on, and inter -

growths with, py rite on pyrrhotite ag gre gates.

Ti-min er als
Small, dis sem i nated crys tals of ti tan ite and rutile oc -

curred within all the sam ples but were not stud ied in de -
tail.

GEOTHERMOMETRY

The re sults of EMP anal y sis al lowed us to de ter mine
the crys tal li za tion tem per a tures of some of the ore min er -
als from the Czarnów de posit (Fig. 5).

Ar seno py rite has sta ble Fe con tents (33.65 ± 0.21
at.%), but is some what vari able in S (33.45 ± 0.48 at.%)
and As (32.79 ± 0.44 at.%). Sub sti tu tion of As for S in di -
cates that ar seno py rite crys tal lized un der evolv ing ther mal 
con di tions. In the ory, the ini tial crys tal li za tion tem per a -
ture of ar seno py rite con tain ing 33.7 at.% As and re main -
ing in equi lib rium with pyrrhotite should be 515 °C or
less: how ever, such equi lib rium with pyrrhotite could not
be dem on strated for the Czarnów ar seno py rite. Nev er the -
less, given that ar seno py rite and pyrrhotite are the two
main min er als of the Czarnów ore, it is rea son able to sug -

gest that at least part of ar seno py rite crys tal lized close to
equi lib rium with pyrrhotite at tem per a tures some what
lower than 515 °C. Dur ing the crys tal li za tion of ar seno py -
rite, equi lib rium for the pyrrhotite–py rite pair was ex -
ceeded and late-stage ar seno py rite crys tal lized un der con -
di tions of py rite sta bil ity. The fi nal crys tal li za tion tem per -
a ture of ar seno py rite con tain ing 31.9 at.% As can be es ti -
mated as about 420 °C, as sum ing equi lib rium with py rite.
This seems rea son able be cause if equi lib rium had not been 
reached, ar seno py rite for ma tion would have ceased at
some what higher tem per a ture. The lack of other As-rich
ore min er als may sug gest that the end of arsenopyrite
crystallization was due to exhaustion of As in solution,
and this took place slightly above 420 °C.
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Fig. 5. Sul phur fugacity (log fS2) ver sus tem per a ture (T) di a gram (af ter Kretschmar & Scott, 1976 and Sharp et al., 1985) for ar seno py rite
from the Czarnów ore de posit. Min eral sym bols: Apy (ar seno py rite), Bn (bornite), Ccp (chal co py rite), Enr (en ar gite), Fe (me tal lic
iron), Lo (löllingite), Po (pyrrhotite), Py (py rite), Tn (ten nan tite).



Sphalerite sam ples had vari able Fe con tents: from
over 17 mol.% to about 1 mol.% FeS. The ear li est sphale-
rites are those with the high est Fe con tents, and these
must have crys tal lized un der con di tions of py rite sta bil ity, 
not pyrrhotite, i.e., dur ing the fi nal stage of ar seno py rite
crys tal li za tion. Crys tal li za tion of sphalerite from me -
dium- tem per a ture hy dro ther mal so lu tions (about 320 °C) 
is con firmed by exsolution tex tures of ferrokësterite and
chalcopyrite.

Ferrokësterite crys tal lizes as min ute in clu sions in
sphalerite. Ap ply ing the stannite–sphalerite geothermo-
me ter (Nakamura & Shima, 1982) and con sid er ing the
chem i cal com po si tions of co ex ist ing crys tals, the crys tal li -
za tion tem per a ture of this as sem blage was cal cu lated as
320 ± 5 °C. Tak ing into ac count FeS mol. con tents, spha-
lerite crys tal lized over a wide tem per a ture range, from
over 400 °C to be low 200 °C. It must be em pha sized that
the sphalerite in this study con tains a low, but sta ble,
amount of Cd (0.8–0.9 wt.%), which de creases with de -
creas ing Fe con tents, and it is prac ti cally Ag-free. This lat -
ter fea ture may sug gest a def i cit of Ag in the hy dro ther mal 

so lu tions at about 300 °C. More over, sphalerite with in -
clu sions of chal co py rite and ferrokësterite shows some en -
rich ment in Cu (2.5 wt.% max.) and traces of Sn (usu ally
be low EMP de tec tion lim its). The pres ence of both Cu
and Sn trace el e ments sug gests that the sphalerite–chal co -
py rite–ferrokësterite as sem blage re sulted from decompo-
sition of a higher-temperature mineral of general formula
(Zn, Cu, Sn)S.

As sum ing that the Czarnów ore min er al iza tion is
com pa ra ble to that at Rêdziny, the ap prox i mate tem per a -
ture of ga lena crys tal li za tion was about 300 °C or more
(Pieczka et al., 2009). This lower-tem per a ture ga lena con -
tained only in sig nif i cant admixtures of Ag..

Cas sit er ite, formed at tem per a tures be low 400 °C be -
cause it crys tal lized af ter the ar seno py rite. This agrees
with tem per a ture de ter mi na tions of 412–285 °C for cassi-
terites from the Rêdziny quarry (Mochnacka et al., 2001).
Con tem po ra ne ous crys tal li za tion of ferrokësterite and
sphalerite at tem per a tures around 320 °C in di cates that
there was equlibrium of SnS/SnO2 be tween the ac tiv ity of
sul phur and the ac tiv ity of ox y gen in the mineralizing hy -
drother mal solutions.

FLUID IN CLU SIONS

Fluid in clu sion ther mom e try was ap plied to sam ples
of quartz that had been taken from ore veins frag ments
col lected from the waste dumps. Three types of in clu sions
were iden ti fied.

Type 1: these in clude large (up to 30 µm), mostly ir -
reg u lar, in clu sions that may be ei ther sin gle or clus ters of
two to three in di vid u als. In clu sions can be two-phase (V + 
L) or three-phase (L1 + V1 + V2) (liq uid and gas eous
CO2, and H2O vapour). Large in clu sions are ac com pa nied
by small, oval in di vid u als that are less than 10 µm in di am -
e ter, two-phase and rich in CO2. Small in clu sions oc cur as
short rows or cel lu lar forms. The Type 1 rep re sent pri -
mary in clu sions (as de fined by Roedder,1984), are the old -
est in the stud ied set, and pos sess CO2 melt ing tem per a -
tures from –56.9 °C to –60.7 °C. The de crease in this tem -
per a ture sug gests the pres ence of meth ane. Ice melt ing
starts be tween about –23 °C and –8 °C, with full melt ing
occuring be tween –6.8 °C and –0.2 °C. Gas hy drate dis -
solves be tween 6.3 °C and 13.8 °C. Ho mog e ni za tion of
CO2 to wards the gas eous phase was no ticed at tem per a -
tures rang ing from 8.5 °C to 26.3 °C. The tem per a ture of
full ho mog e ni za tion fell into a wide range (be tween 300

°C and 430 °C) but a large number of inclusions did
homogenize towards liquid between 350 °C and 370 °C.

Type 2: these com prise sin gle, iso lated in clu sions cor -
re spond ing in size to those of Type 1 but are two-phase,
rich in H2O. Gas eous com po nents con sti tute 30–35% of
in clu sion space. Rarely, Type 2 in clu sions ac com pany
those of Type 3 (be low). Type 2 in clu sions are also pri -
mary but youn ger than those of Type 1. Some of them can 
be cat e go rized as syngenetic. Type 2 in clu sions re veal ice
melt ing tem per a tures from –2.9 °C to –0.4 °C. Full ho -
mog e ni za tion occured between 150 °C and 330 °C.

Type 3: these are small, sin gle- or two-phase in clu -
sions, rang ing in di am e ter from a few to a dozen mi crom e -
ters. They are dis trib uted in rows or cover larger sur faces
and are re lated to cracks within crys tals. Type 3 in clu sions 
are mostly sec ond ary, though some can be re garded as
syngenetic, and dis play the low est range of ho mog e ni za -
tion tem per a tures (126 °C to 209 °C). Ice melt ing was ob -
served at tem per a tures be tween –13 °C and 0 °C. As these
are sec ond ary in clu sions, their ho mog e ni za tion tem per a -
tures were excluded from interpretations.

MIN ERAL SUC CES SION

Min eral paragenetic (crys tal li za tion) se quences have
only rarely been at tempted in the lit er a ture on the
Czarnów ore de posit.

Petrascheck (1933) pro posed the se quence ar seno py -
rite + py rite, then pyrhotite + sphalerite, then chal co py -
rite, and fi nally galena.

A much more de tailed paragenesis was pro posed by
Zimnoch (1985): cas sit er ite – coarse-crys tal line ar seno py -

rite – coarse-crys tal line pyrrhotite – py rite I – chal co py rite 
I – sphalerite I – na tive Bi + Bi-sulphosalts – ga lena – ten -
nan tite – finely crys tal line ar seno py rite – prod ucts of solid 
so lu tion de com po si tion (chal co py rite II, sphalerite II, pyr- 
rhotite II, cubanite, valeriite) – marcasite + py rite (formed 
by de com po si tion of pyrrhotite) – supergene min er als
(chalcocite, covel lite, goethite, skorodite, digenite, sec ond -
ary chalcopyrite, pyrite “rosettes”).
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The pres ent au thors herein pro pose an ore min eral
suc ces sion for the Czarnów ore de posit that is based upon
op ti cal mi cros copy of min eral inter growths and ag gre ga -
tions and sup ported by geothermometry data (Fig. 6).

The old est min eral in the suc ces sion is ar seno py rite I.
Tex tures within ar seno py rite ag gre gates sug gest there are
two gen er a tions: a higher-tem per a ture (515 °C) ar seno py -
rite I, and a lower-tem per a ture (420 °C) ar seno py rite II
(see above). An older gen er a tion of py rite (py rite I)
preceeds pyrrhotite but its re la tion ship to ar seno py rite is
un clear. These three old est min er als are fol lowed by
pyrrhotite, chal co py rite and sphalerite. The cataclastic
struc tures shown by ar seno py rite sug gest the im por tance
of tec tonic events coeval with the crystallization process.

Pyrrhotite I forms inter growths with ar seno py rite
and prob a bly formed at early stage of ore for ma tion when
both min er als were in equi lib rium. Pyrrhotite II fills
cracks in ar seno py rite I ag gre gates and re places ar seno py -
rite I. The re la tion ship be tween pyrrhotite II to ar seno py -
rite II is unclear.

Py rite I is enig matic be cause al though it fills cracks in
ar seno py rite, and so seems to be later than the cataclastic
event, it also forms euhedral crys tals within pyrrhotite II,
which sug gests that it is some what ear lier. Py rite II crys tal -
lized in equi lib rium with ar seno py rite II at the end of
FeAsS crys tal li za tion stage.

Chal co py rite I formed some what af ter the cataclastic
event as it fills cracks cut ting ar seno py rite I ag gre gates.
Chal co py rite II oc curs as an exsolution phase in sphalerite.

Cas sit er ite seems to be later than ar seno py rite I be -
cause no traces of cataclasis were ob served. Un for tu nately, 
the rel a tive scar city of this min eral pre cludes more de -
tailed ob ser va tions of its re la tion ships to ar seno py rite and
pyrrhotite. If one ex trap o lates from the na ture of the cas -
sit er ite that oc curs in the ad ja cent Rêdziny mar ble quarry,
then it can be hy poth e sized that this min eral crys tal lized
at about 400 °C (Mochnacka et al., 2001).

Sphalerite crys tal lized over a wide range of tem per a -
tures, from over 400 °C for the high-Fe sphalerites – con -
sis tent with the end of ar seno py rite II crys tal li za tion when 
pre sum ably some Fe was re leased af ter ex haus tion of As in 
the sys tem – through to about 320 °C for the sphalerite–
chal co py rite–ferrokësterite as so ci a tion, and down to
about 200 °C.

Ga lena crys tal li za tion tem per a tures at Czarnów are
in ferred from anal o gous galenas that were an a lyzed from
the Rêdziny quarry (Pieczka et al., 2009): these galenas
prob a bly crys tal lized at only about 300 °C. Nev er the less,
ga lena ap par ently con tin ued to crys tal lize at still lower
tem per a tures, as de duced from inter growths of ga lena
with pri mary, low-tem per a ture na tive Bi, bismuthinite
and ikunolite.

DIS CUS SION

Re search on the Czarnów ore de posit can be di vided
into the two groups based on in situ ver sus loose sam ple
col lec tion. The older re search, which was car ried out by
Ger man ge ol o gists, as well as the later in ves ti ga tions by
Banaœ (1967) and, partly, by Zimnoch (1985), were based
upon sam ples col lected di rectly from the op er at ing mine.
Sub se quent re search ers, how ever, in clud ing the au thors of 
this pa per, have had to be con tent with study ing loose
sam ples col lected from waste dumps: hence, de tailed lo cal -
ity data re mains un known or hy po thet i cal (e.g., ar seno py -
rite ore ver sus pyrrhotite ore, ore vein ver sus con tact-
metasomatic rocks).

About 150 years of stud ies on the Czarnów ores has
dem on strated the pres ence of an abun dant as sem blage of
sulphides, sulphoarsenides, sulphosalts and na tive phases.
This pa per adds four more, hith erto un re cog nised, phases
from the Czarnów ores: pentlandite, ferrokësterite,
ikunolite and bismite.

The op ti cal fea tures and chem i cal com po si tion of

ferrokësterite gen er ally agrees with data pub lished by
Kissin & Owens (1989) and with data on ferrokësterite
from the Rêdziny quarry (Pieczka et al., 2006) but de tailed 
mea sure ments of op ti cal prop er ties could not be made.
Data for ikunolite were con sis tent with that pub lished by
Parafiniuk et al. (2008).

Mi cro scopic ob ser va tions, sup ported by geo chem i cal
data, pro vide ev i dence for a di verse as sem blage of ore min -
er als and also of fers in sight into their suc ces sion (Fig. 6).

The old est min er als in suc ces sion is ar seno py rite I
which crys tal lized at about 515 °C and was ac com pa nied
by small amounts of pyrrhotite I when both min er als
were in equi lib rium. These min er als formed the early,
high-tem per a ture pulse of min er al iz ing so lu tions and were 
fol lowed by an un iden ti fied tec tonic event that caused the
cataclasis of ar seno py rite I. In sig nif i cant amounts of py rite 
I and chal co py rite I, al though later than the brecciation,
can also be as cribed into this early pulse. How ever, de -
tailed re la tion ships be tween ar seno py rite I and py rite I re -
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Fig. 6. Suc ces sion of ore min er als from the Czarnów ore de posit 
(ex clud ing weath er ing phases). Crys tal li za tion tem per a tures 
[°oC] are given in Arab nu mer als. Sep a rate gen er a tions of min er als 
are given in Ro man nu mer als. Not to scale.



main un clear. The mineralizing solutions were rich in Fe,
As and S.

The next min er al iz ing pulse, at the tem per a ture about 
400 °C, in cluded lower-tem per a ture ar seno py rite II,
pyrrhotite II, py rite II, chal co py rite, higher-tem per a ture
sphalerite and traces of cas sit er ite. It seems that ar seno py -
rite II and py rite II crys tal lized in equi lib rium. The po si -
tion of chal co py rite at this stage is doubt ful, as the au thors 
did not find suf fi cient ev i dence for dis tin guish ing sep a rate
gen er a tions of CuFeS. At the end of this pulse the min er al -
iz ing so lu tions became depleted in As but enriched in Zn
and Sn.

The fi nal min er al iz ing pulse (from about 320 °C
down to 200 °C) pre cip i tated me dium- and low-tem per a -
ture sphalerites with some exsolution of chal co py rite II,
ga lena, Bi min er als and ferrokësterite. Late cal cite veinlets
might have formed from even lower tem per a ture so lu -
tions (Hoehne, 1941; Banaœ et al., 1996). At this stage the
min er al iz ing so lu tions be came enriched in Bi and Pb.

The two lat ter stages of min er al iza tion were ac com pa -
nied by quartz, which crys tal lized over a wide tem per a -
ture range, from about 430 °C down to about 150 °C.

The min eral suc ces sion shown above doc u ments
more gen er ally the evolv ing na ture of the min er al iz ing so -
lu tions from an early, high tem per a ture Fe–As–S as so ci a -
tion, through a me dium-tem per a ture Fe–Cu–As–S as so ci -
a tion, to a low-tem per a ture Zn–Pb–Bi–Sn association.

The crys tal li za tion tem per a tures de ter mined herein
are con sis tent with data by Mikulski (2001) for both the
ore min er als and for the quartz. Fur ther more, the crys tal -
li za tion tem per a ture of na tive Bi (about 270 °C) re ported
by Zimnoch (1985) fits with our data.

Mikulski (1997) raised some doubts con cern ing the ap -
pli ca bil ity of the ar seno py rite geothermometer when ar -
seno py rite was intergrown with other min er als: we an a -
lyzed ar seno py rite ag gre gates that were ei ther free from
inter growths or that had only min ute in clu sions of other
sulphides which them selves were out side the an a lyt i cal
zone of the EMP beam. The chem i cal data con firmed the
pu rity of the ar seno py rite grains (ad mix tures of Se only),
and dem on strated that the Czarnów ar seno py rite grains
met the cri te ria set out in Kretschmar & Scott (1976) for
accurate geothermometry.

The or i gin of the Czarnów de posit is still a mat ter of
de bate. Berg (1913) in ter preted it as a skarn de posit, not ing 
the de posit’s lo ca tion in the con tact au re ole of the Karko-
nosze gran ite where there are known skarns. Petrascheck
(1933, 1934) and Zimnoch (1985) con sid ered Czarnów to
be a hy dro ther mal vein de posit, still re lated to the Karko-
nosze gran ite. Banaœ (1967) sug gested that the Czarnów
ore re sulted from “com pli cated polymetamorphic pro -
cesses”. Later, Banaœ et al. (1996) pro posed a two-stage for -
ma tion pro cess in which most of the ore formed via con -
tact meta mor phism by the Karkonosze gran ite, fol lowed

by later hy dro ther mal de po si tions. Fi nally, Mikulski
(1997) com pared the Czarnów ores to anal o gous ores from 
the Bo he mian Mas sif and pro posed that the met als of the
Czarnów de posit re sulted from primary, vol cano-sed i -
men tary processes.

Be cause it was im pos si ble to ex am ine in situ ore–host
rock re la tion ships and, equally, ar seno py rite ore–pyrrho-
tite ore–ga lena ore re la tion ships, only the most gen eral ge -
netic con sid er ations can be drawn. Based on the to tal ity of 
the ev i dence to date – ore struc tures seen in hand spec i -
men; ore tex tures in pol ished thin sec tions; ore min er al -
ogy; and min eral geo chem is try – we pro pose that the
Czarnów ores were formed by hy dro ther mal so lu tions.
Ore for ma tion ap par ently started just prior to an un iden ti -
fied tec tonic ep i sode, as doc u mented by the cataclasis of
the older ar seno py rite I, and lasted un til the fi nal low-tem -
per a ture quartz (and/or cal cite) pre cip i tated from residual
solutions depleted in base metals, sulphur and arsenic.

In the mar ble quarry at Rêdziny, about 2 km away
and which also be longs to the Izera-Kowary Unit, is a sim -
i lar, yet more di verse, ore min eral as sem blage (Pieczka &
Go³êbiowska, 1997 and ref er ences therein). Whereas the
Czarnów de posit is dom i nated by ar seno py rite, the
Rêdziny de posit con tains cas sit er ite and Bi min er als, a fact
that may re flect a lo cal vari abil ity in the chem is try of the
base ment rocks from which the met als and other el e ments 
might have been hy dro ther mally scavanged, as pro posed
by Mikulski (1997). Per haps both the Czarnów and the
Rêdziny ore de pos its be long to the same hy dro ther mal
cell sys tem, which was driven by the ther mal en ergy of the 
Karkonosze gran ite and was struc tur ally con trolled both
by lo cal tec ton ics on the scale of de posit it self (K³os, 1955;
Banaœ, 1967; Zimnoch, 1985) and by the re gional- scale
Leszczyniec shear zone (Mikulski, 2001).

Ac cord ing to the lo cal cat e go ri za tion of ore de pos its
that are hosted within the meta mor phic en ve lope of the
Karkonosze gran ite (Mochnacka, 2000), the Czarnów de -
posit be longs to the so-called stage III, i.e., vein- or stock-
work-type de pos its that have a strong tec tonic signature.

The age of ore for ma tion is con tro ver sial. The only
iso to pic age de ter mi na tions are from Czarnów ore min er -
als (Legierski, 1973) us ing the Pb–Pb model ap plied to ga -
lena, which gave ages of 250 Ma and 210 Ma. How ever,
these re sults were crit i cized by Vanìèek et al. (1985) as too
young. In fact, the time gap be tween the iso to pic age of
crys tal li za tion of the Karkonosze in tru sion (328–305 Ma;
Pin et al., 1987; Duthou et al., 1991; Kröner et al., 1994;
Machowiak & Armstrong, 2007) and the ga lena ages
(250–210Ma; Legierski, 1973) may rise some doubts con -
cern ing the du ra tion of hy dro ther mal cell. Per haps a long
cir cu la tion pe riod for the min er al iz ing so lu tions could
pro duce a much larger ore de posit than those known from 
the gran ite itself and from its metamorphic envelope.

CON CLU SIONS
New min eral, tex tural, geo chem i cal, fluid in clu sion,

and geothermometric data on the Czarnów ore de posit al -
low for some gen eral state ments.

First, the min er als pentlandite, ferrokësterite, ikuno-
lite and bismite are re ported for the first time from Czar-
nów. Sec ond, thermochemical anal y sis re vealed that crys -
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tal li za tion tem per a tures of the ore min er als were within
the range of 515 °C down to about 200 °C; fluid in clu sion
anal y sis showed that the quartz crys tal lized be tween 430
°C to 150 °C. Third, mi cro scopic ob ser va tions of ore
struc tures and tex tures al lowed a min eral suc ces sion to be
con structed that de vel oped from a high-tem per a ture arse-
nopyrite I–pyrrhotite I as so ci a tion down to the low-tem -
per a ture crys tal li za tion of ga lena, (low-tem per a ture) spha-
lerite, ferrokësterite and Bi min er als. Fourth, the high-

tem per a ture min er al iza tion stage was fol lowed by an un -
iden ti fied tec tonic event that re sulted in the cataclasis of
early ar seno py rite ag gre gates. Fifth, ore min er al iza tion
likely orig i nated from hy dro ther mal so lu tions that were
driven by the ther mal en ergy of the Karkonosze gran ite:
the lo cal hy dro ther mal cell in cluded both the Czarnów
ore de posit and the Rêdziny min er al iza tion site. Sixth, tec -
tonic con trol of min er al iza tion is ev i dent, both on a lo cal
and a re gional scale.
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