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The min er al og i cal and geo chem i cal char ac ter is tics of cala mines de vel oped from chem i cal weath er ing within two dif fer ent
tec tonic set tings (tec tonic horst and graben) are de scribed. Cala mines col lected from the Olkusz-Pomorzany and the
Boles³aw zinc and lead mines were ana lysed geochemically by means of EMP and SEM-EDS and their min er al og i cal com -
po si tion was iden ti fied by us ing re flected light mi cros copy and XRD anal y sis. The cala mines from the Olkusz-Pomorzany
mine are com posed of marcasite, ga lena, cerussite, sphalerite, hemimorphite, smithsonite and goethite. Hemimorphite pre -
vails over smithsonite and oc curs in the vi cin ity of pri mary sulphides. The min er al og i cal com po si tion of the cala mines from
the Boles³aw area is less di verse. These are pri mar ily com posed of goethite and smithsonite, with a mi nor con tent of
marcasite and rem nant sphalerite. The min eral com po si tion of weath er ing sites in the Olkusz-Pomorzany and Boles³aw ar -
eas may re flect dif fer ent geo chem i cal con di tions (from slightly acidic to al ka line pH val ues, from lower to higher CO2 par tial
pres sure and so lu tions of dif fer ent sil ica sat u ra tion) that could have changed over time. The min er al og i cal com po si tions of
the cala mines dif fer quan ti ta tively and this could re flect the tec tonic set ting of the pri mary ore af fect ing the rate of chem i cal
weath er ing.
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INTRODUCTION

Silesia–Kraków red cala mines are clas si fied as supergene
min er ali sa tion, pri mar ily by di rect re place ment and partly by
wall-rock re place ment, of an MVT type zinc and lead de posit
(Hitzman et al., 2003; Coppola et al., 2009). In the first case,
sec ond ary zinc and lead min er als re place pri mary sulphides in
situ, with out or with only in sig nif i cant re moval of zinc. In the sec -
ond case, a more sig nif i cant amount of zinc is re moved from the 
de pleted protore ore and then fur ther re de pos ited. The main
fac tors caus ing this sub di vi sion of supergene zinc and lead ore
in clude the amount of sulphides, par tic u larly the con tent of iron
sulphides in the pri mary ore, as well as the tec tonic struc ture.
Iron sulphides catalyse ox i da tion, mainly of sphalerites from
which zinc ions are re leased and re moved in acid so lu tion. Sec -
ond ary zinc min er als pre cip i tate as a re sult of grad ual buff er ing
of the acid so lu tion by car bon ate rocks which are the dom i nant
hostof the MVT type zinc and lead de posit (Leach et al., 1992;
Hitzmanet al., 2003). In the Olkusz min ing dis trict, which is part
of the Silesia–Kraków zinc and lead prov ince, the tec tonic fac tor 

sig nif i cantly in flu enced non-sul phide min er ali sa tion (Caba³a,
2000, 2001, 2009; Coppola et al., 2009; Boni and Mondillo,
2015). Tec tonic el e ments such as fis sures, horsts and grabens
may fa cil i tate the ox i da tion of sul phide min er als. Tec tonic
horsts and grabens are fea tures char ac ter is tic of the geo log i cal
struc ture of the Olkusz ore dis trict. In the vi cin ity of the Boles³aw 
site, part of the pri mary ore is ex posed within the tec tonic horst,
while the north ern part of the zinc and lead ore is bur ied within
the tec tonic graben. Pre vi ous in ves ti ga tions re vealed the oc -
cur rence of non-sul phide zinc and lead min er ali sa tion in both
these tec tonic struc tures (Radwanek-B¹k, 1985; Caba³a, 2000;
Coppola, 2007; Coppola et al., 2009). Due to the dif fer ent ex po -
sure of the pri mary ore to weath er ing, the physicochemical con -
di tions should be dif fer ent and sec ond ary zinc and lead min er -
ali sa tion might re flect these dif fer ences. In ves ti ga tions re -
vealed that the Pol ish cala mines from the Olkusz ore dis trict are 
com posed mainly of smithsonite, Zn-do lo mite, cerussite and
hemimorphite to a lesser de gree (¯abiñski, 1960, 1964;
Radwanek-B¹k, 1985; Sutley et al., 1999; Boni and Large,
2003; Coppola, 2007; Coppola et al., 2009;
Strzelska-Smakowska, 2010; Boni and Mondillo, 2015;
Jerzykowska et al., 2014). Smithsonite and hemimorphite pre -
cip i tate in slightly dif fer ent physicochemical con di tions; there -
fore, de tailed min er al og i cal stud ies of cala mines from two dif -
fer ent weath er ing zones could help to re con struct their geo -
chem i cal en vi ron ment. This type of in ves ti ga tion is es sen tial for
en vi ron men tal geo chem is try, be cause in these spe cific
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physicochemical con di tions, the sec ond ary phase of zinc is re -
sis tant. Change in this, how ever, could re lease heavy met als to
the geo chem i cal cy cle. The pri mary goals of our in ves ti ga tions
were as fol lows:

– min er al og i cal and geo chem i cal com par i son of cala -
mines de vel oped within tec tonic struc tures, based on
pri mary sul phide min er ali sa tion;

– an at tempt to re con struct weath er ing in dif fer ent
physicochemical con di tions based on the min er al og i cal
and geo chem i cal com po si tion of the cala mines in ves ti -
gated;

– de ter mi na tion of the dis tri bu tion of zinc, lead, iron and
ar senic in the cala mines col lected from the weath er ing
sites.

GEOLOGICAL SETTING OF THE STUDY AREA

The study area is lo cated in the Olkusz ore dis trict (Fig. 1),
ap prox i mately 30 km north-west of Kraków. Pri mary and sec -
ond ary supergene Zn-Pb min er ali sa tion oc curs in the lithotypes 
of the Permo-Me so zoic Silesia-Kraków monocline that un con -
form ably over lie Pa leo zoic rocks and form the up per part of the
Up per Silesia Coal Ba sin and the Kraków–Myszków Zone
(Górecka, 1993; Bu³a et al., 2008). The main zinc and lead min -
er ali sa tion is con cen trated in the Muschelkalk ore-bear ing
dolomites. In the Boles³aw area, a cer tain amount of pri mary
ore oc curs within Roethian and Diplopora dolomites (Nieæ et al., 
1993). Cala mines formed where Al pine tec tonic move ments
ex humed and ex posed the pri mary ore, fa cil i tat ing its chem i cal
weath er ing (Fig. 2; ¯abiñski, 1960; Caba³a, 2001; Boni and
Large, 2003). In the Olkusz ore dis trict, pri mary min er ali sa tion
oc curs within the tec tonic graben un der a thin cover, mostly
con sist ing of Mid dle Tri as sic Diplopora dolomites, Up per Tri as -

sic non-ma rine Keuper claystones, Paleogene claystones,
siltstones and Qua ter nary flu vio gla cial sed i ments
(Radwanek-B¹k, 1985; Fig. 2). The min er al og i cal com po si tion
of the pri mary zinc-lead Silesia-Kraków ores is rel a tively sim ple. 
These con tain sphalerite, ga lena and marcasite, the lat ter more 
wide spread than py rite. The min er al og i cal com po si tion is typ i -
cal of an MVT type de posit of Zn and Pb ores
(Sass-Gustkiewicz et al., 1982; Sass-Gustkiewicz and
D¿u³yñski, 1998; Sutley et al., 1999; Kucha, 2003; Coppola et
al., 2009), al though ac cord ing to some au thors, cer tain geo log i -
cal, min er al og i cal and geo chem i cal fea tures of the
Silesia-Kraków zinc and lead de posit are sig nif i cantly dif fer ent
from the clas si cal MVT type ore model (Koz³owski et al., 1996;
Górecka et al., 1996). Based on iso to pic in ves ti ga tions of Zn-Pb 
sul phide min er als, some au thors es ti mated the time of the pri -
mary min er al is ing event to be Early Cre ta ceous (Heijlen et al.,
2003) or Mid dle Ter tiary (Leach and Viets, 1992; Boni and
Large, 2003). Ac cord ing to Sass-Gustkiewicz and D¿u³yñski
(1998), though, ore-form ing pro cesses took place ear lier, in the
Late Tri as sic. Ac cord ing to Szuwarzyñski (1996), the pre dom i -
nance of tab u lar forms of the ores, con cor dant with the Tri as sic
bed ding, dem on strates that the li thol ogy of the host rocks was
an im por tant ore-form ing fac tor. The al ka line en vi ron ments of
the host rocks and the fault net works, which were prob a bly old
Pa leo zoic faults re ju ve nated dur ing the Al pine orog eny, pro -
moted pre cip i ta tion of sul phide min er als (Ga³kiewicz and
Œliwiñski, 1985; Górecka, 1993; Górecka et al., 1996;
Szuwarzyñski, 1996; Sass-Gustkiewicz and D¿u³yñski, 1998;
Heijlen et al., 2003). Mix ing of as cend ing ore flu ids with low sa -
line me te oric wa ters may have also pro moted min eral pre cip i ta -
tion (Koz³owski, 1995). Ac cord ing to Heijlen et al. (2003),
Koz³owski (1995) and Koz³owski et al. (1996) the hy dro ther mal
so lu tions were mod er ate to highly sa line (20–23%), dom i nated
by Na-Ca-Cl ions with a tem per a ture from 70 to 160°C.
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Fig. 1. Geo log i cal set ting of the study area (mod i fied from Caba³a, 2000; Caba³a et al., 2004)
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The study of sec ond ary Zn-Pb min er als showed a sig nif i cant
con tent of smithsonite, monheimite, Zn-do lo mite, Fe-hy drox ides, 
cerussite, hydrozincite and a lower con tent of hemimorphite
(¯abiñski, 1960, 1964; Ga³kiewicz and Œliwiñski, 1985;
Radwanek-B¹k, 1985; Osman, 1989; Sutley et al., 1999; Caba³a, 
2000, 2009; Boni and Large, 2003; Coppola et al., 2009;
Strzelska-Smakowska, 2010; Boni and Mondillo, 2015).
Supergene min er ali sa tion oc curs as len tic u lar, nest and tab u lar
forms (Radwanek-B¹k, 1985; Coppola et al., 2009). Pri mary
sulphides were re placed by supergene min er als formed through
weath er ing pro cesses (weath er ing metasomatism of car bon ate
rocks), as a re sult of buff er ing of acidic so lu tions by car bon ate
host rocks (¯abiñski, 1960, 1964; Boni and Large, 2003; Hitzman 
et al., 2003; Reichert and Borg, 2008; Coppola et al., 2009). A
cer tain amount of the smithsonite, zincian do lo mite and cerussite 
could have crys tal lised partly dur ing the pri mary ore-form ing pro -
cesses (¯abiñski, 1960, 1964; Osman, 1989). The most fa vour -
able con di tions for weath er ing of pri mary min er als oc curred from
the Late Cre ta ceous to the Mid dle Mio cene, when the Al pine tec -
tonic move ments ex posed a cer tain vol ume of pri mary ores to
the sur face (Coppola et al., 2009; Strzelska-Smakowska, 2010).

METHODS AND MATERIALS

Eight non-sul phide zinc and lead ore sam ples were col -
lected from the surficial heaps in the west ern part of the re -

claimed Boles³aw open-pit (level +323.5 m a.s.l.) and seven
from the op er at ing zinc and lead Pomorzany un der ground mine 
(level +251.0 m a.s.l.; Figs. 1 and 2). Cal a mine sam ples in the
un der ground mine were col lected from the sites where the
Keuper bed does not oc cur. The chem i cal analysisof the cala -
mines was con ducted by means of scan ning elec tron mi cros -
copy (SEM-EDS, Hitachi S–3700N) at the Fac ulty of Geo -
graph ical and Geo log i cal Sci ences of the Adam Mickiewicz
Uni ver sity in Poznañ and by elec tron microprobe (EMP,
Cameca SX100) at the Fac ulty of Ge ol ogy of the Uni ver sity of
War saw.

The min eral com po si tion of the sam ples in ves ti gated was
de ter mined by X-ray dif frac tion (XRD, Thermo Elec tron model,
ARL X’tra) at the Fac ulty of Geo graph ical and Geo log i cal Sci -
ences of the Adam Mickiewicz Uni ver sity in Poznañ.

RESULTS

The min er al og i cal in ves ti ga tions iden ti fied pri mary (in or -
der of in creas ing fre quency): marcasite, ga lena, sphalerite
and bar ite and sec ond ary min er als (goethite, smithsonite,
hemimor phite, cerussite and gyp sum) in both study ar eas.
Min er al og i cal and geo chem i cal de scrip tions are pro vided sep -
a rately for the Boles³aw open-pit and the Olkusz-Pomorzany
un der ground mine.
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Fig. 2. Geo log i cal cross-sec tion of the ac tive Olkusz-Pomomorzany and the
aban doned Boles³aw zinc and lead mine (mod i fied from Caba³a et al., 2004)



BOLES£AW OPEN-PIT

MINERALOGY

The min eral com po si tion of the sam ples from the Boles³aw
open-pit is less dif fer en ti ated than that of the sam ples from the
Olkusz-Pomorzany weath er ing sites. The most abun dant
among the pri mary ore mineralsis marcasite, fol lowed by rare
sphalerite. Marcasite oc curs as rem nants within goethite and
was dis tin guished only by means of mi cro scope and SEM anal -
y ses. Sphalerite is less wide spread and forms im preg na tions
with partly etched sur faces. The most abun dant sec ond ary min -
eral in the in ves ti gated cal a mine was goethite, ob served by mi -
cro scope and con firmed by XRD anal y ses (Fig. 3A). Goethite
oc curs in the en tire sam ple as amor phous, rarely in crys tal line,
phases, for mingearthy and collomorph ag gre ga tions. The XRD 
anal y sis re vealed smithsonite as the sec ond most wide spread
min eral af ter goethite (Fig. 3A). Smithsonite oc curs as fi brous
crys tals, fill ing spaces be tween hemimorphites which form of

platy crys tals (Fig. 4). Hemimorphite was de tected here in sig -
nif i cantly lower amounts than smithsonite. The cala mines are
highly po rous. Gangue min er als are mainly com posed of do lo -
mite and quartz.

GEOCHEMISTRY

Semi-quan ti ta tive chem i cal anal y ses of the sec ond ary min -
er als, based on SEM-EDS, re vealed a high con tent of iron, pre -
dom i nant among other tran si tion met als (Fig. 5 and Ta ble 1).
Most of the iron oc curs as ox ides (Fig. 5 and Ta ble 1), with
lesser amounts as iron sulphides or as traces in sphalerite. Zinc
is the sec ond most wide spread metal in the in ves ti gated sam -
ples (Ta ble 1). The high est zinc con tent (48.88 wt.%) was re -
corded in the sul phide form. How ever in most cases, zinc was
de tected in the sec ond ary iron phases, where it reached rel a -
tively high val ues (6.31 wt.%). Sim i larly to zinc, lead is con cen -
trated only within sec ond ary iron ox ide min er als, but un like zinc, 
it reaches only small amounts (in most anal y ses it did not
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Fig. 3. Rep re sen ta tive XRD pat terns of the cala mines from the Boles³aw (A) and the Olkusz-Pomorzany area (B)

Cer – cerussite, Dol – do lo mite, Gth – goethite, Hmr – hemimorphite, Q – quartz, Sm – smithsonite
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Fig. 4. Pri mary (Gn – ga lena, Mrc – marcasite, Sph – sphalerite) and sec ond ary min er als 
(Cer – cerussite, Gth – goethite, Hmr – hemimorphite, Sm – smithsonite) dis tri bu tion

within cal a mine from the Olkusz-Pomorzany un der ground mine

Fig. 5A, B – SEM-BSE im ages of cal a mine from the Boles³aw open-pit

Em place ment of chem i cal anal y sis shown in Ta ble 1; stars – points of semi-quantitative chemical analysis



reach 1 wt.%; Ta ble 1). No lead sulphides were de tected at this
site. A rel a tively high con tent of sil i con was re corded, with the
high est value of 6.86 wt.%. Sul phur oc curred as traces within
sec ond ary iron min er als (<1 wt.%), and as the main el e ment
with zinc and iron com pounds.

OLKUSZ-POMORZANY UNDERGROUND MINE

MINERALOGY

This un der ground mine is char ac ter ized by the pres ence of
both pri mary and sec ond ary min er ali sa tion. The pri mary ore as -
sem blage mainly con sists of well-crys tal lised marcasite,
sphalerite and ga lena. Sphalerite oc curs in sig nif i cantly low
amounts. Mar ca sites oc cur in brecciated struc tures (Fig. 5A)
and traces of ga lena were found within cerussite in the EMP
stud ies. Among gangue min er als, do lo mite and bar ite pre vail
(Fig. 5A). The tex ture of the cala mines is rather mas sive and
sig nif i cantly less po rous than in the Boles³aw open pit.  Cor ro -
sive and skel e tal tex tures oc cur in the vi cin ity of pri mary
sulphides. Bot ry oi dal tex ture was per va sive in the vi cin ity of pri -
mary sulphides. Among the sec ond ary zinc min er als,
hemimorphite and smithsonite pre vail in the in ves ti gated cala -
mines: hemimorphite sig nif i cantly dom i nates over smithsonite
(Figs. 3B and 4). The SEM and EMP anal y ses re vealed the
co-oc cur rence of those two zinc min er als, com monly as inter -
growths (Fig. 6B). Hemimorphite and smithsonite oc cur only in
the di rect vi cin ity of pri mary sulphides (Fig. 4). In the in ves ti -
gated sam ples, the amount of smithsonite in creases with in -
creas ing dis tance from the pri mary sul phide min er ali sa tion and
pre vails over hemimorphite in the zones with a high con tent of
goethite. The XRD anal y ses showed that both these sec ond ary 
zinc min er als oc cur as crys tal line phases. Next to
hemimorphite and smithsonite, cerussite was also con firmed
(Figs. 4 and 6B, C), occuring within veinlets in ga lena and on
the rims of the ga lena crys tals (Fig. 6C).

In most cases, cerussite has been ob served as anhedral
crys tals, al though cerussite pseudo morphs af ter ga lena were
some times also ob served. Cerussite was de tected only in the
zones where non-weath ered pri mary lead min er ali sa tion oc -
curs and hemimorphite is the most abun dant sec ond ary zinc
min eral. In com par i son to the cala mines from the Boles³aw
area, a sig nif i cantly lower amount of goethite was ob served in
this un der ground mine. Goethite forms earthy ag gre ga tions

and oc curs mainly in the vi cin ity of marcasite (Fig. 6A), its
amount be ing higher in the zones where lower amounts of ga -
lena and sphalerite were de tected. Gyp sum, con firmed by XRD
anal y ses, forms efflorescences on the walls of the un der ground
work ings.

GEOCHEMISTRY

Sil i cates and car bon ates were the main zinc min eral phases 
in the in ves ti gated cala mines. The high est val ues of zinc
(68.74 wt.%) were found in hemimorphite (Ta ble 2). De spite
that, iron was pres ent in sphalerites (Ta ble 4) and the
microprobe anal y ses (EMP) re vealed a small con tent of that
metal in the sec ond ary zinc min er als as well (Ta bles 2 and 3).
Cad mium was found only in smithsonites (1.69 wt.%), where its
val ues are higher than in sphalerites (0.1 wt.%; Ta bles 3 and 4). 
In com par i son to hemimorphite, smithsonite ac cu mu lated a
higher amount of lead. In both these sec ond ary min er als the
con tent of sul phur from rem nant sulphides is very low
(<1 wt.%). Sulphides and car bon ates are the most com mon
chem i cal forms of lead (Ta ble 5). High lead val ues (4.52 wt.%)
were de tected in the sec ond ary iron min er als (Ta ble 7).
Sulphides and ox ides are the pri mary chem i cal forms of iron in
the stud ied cala mines (Ta bles 6 and 7). In the vi cin ity of
marcasite, the chem i cal com po si tion of goethite is more dif fer -
en ti ated (Ta ble 7). The goethites are par tic u larly en riched in
zinc (8.61 wt.%), sil i con (5.26 wt.%) and lead (4.52 wt.%).
A char ac ter is tic fea ture of these goethites is their sig nif i cantly
high con tent of ar senic, which can reach a value of 4.50 wt.%
(Ta ble 7). A sig nif i cantly lower con tent of ar senic (0.06 wt.%)
was de tected in the ga lena.

DISCUSSION

In the cal a mine sam ples from the Olkusz-Pomorzany un -
der ground mine, sil i cates were the most abun dant chem i cal
form of zinc with a mi nor share of car bon ates (Fig. 3B). The
prev a lence of hemimorphite over smithsonite was prob a bly
caused by al ter ation of marcasite, abun dant in the vi cin ity of the
weath er ing site. Un like smithsonite, hemimorphite is sta ble in
the con di tions of a lower pH and lower CO2 par tial pres sure
(Fig. 7; Takahashi, 1960; Osman, 1989; Hitzman et al., 2003).
Lower pH was en sured by ox i da tion of marcasite, which re -
leased iron to the en vi ron ment as sul phate ions [1] (Plumlee.
1999; Lara et al., 2015):

FeS2 + 7/2O2 + H2O = Fe2+ + 2SO4
2 -  + 2H+ [1]

Sphalerites were oxi dised di rectly by ox ide ions [2] or, more
ef fec tively, in di rectly by fer ric ions [3]:

ZnS + 2O2 = Zn2+ + SO4 [2]

ZnS + 8Fe3+ + 4H2O = Zn2+ + 8Fe2+ + SO4
2 -  + 8H+ [3]

A small con tent of sphalerites in the in ves ti gated cal a mine
sam ples from the Boles³aw open-pit and the Olkusz-
 Pomorzany un der ground mine may have re sulted from con sid -
er able ad mix tures of fer rous ions in the sphalerite crys tal struc -
ture (Ta ble 5). Low pH con di tions pro moted sol u bil ity of zinc
and lead. Hemimorphite was a sta ble form of zinc within slightly
acidic sil ica-sat u rated so lu tions (Fig. 7). Sil i con ions could have
been sup plied from sil i cate ad mix tures in car bon ate rocks
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Num ber of anal y ses

1 2 3 4 5 6

Na2O 1.74 1.39 3.24 1.36 1.54 n.d.

MgO n.d. n.d. n.d. n.d. 0.73 n.d.

Al2O3 n.d. 0.28 0.37 0.3 n.d. 0.19

SiO2 4.06 2.59 4.41 3.78 3.83 6.43

SO3 0.76 0.64 n.d. n.d. n.d. 0.23

CaO 0.13 0.15 0.24 0.22 n.d. 0.36

Fe2O3 88.65  91.19  84.55  91.68  91.03  85.86  

ZnO 3.07 3.76 6.31 2.25 2.08 5.34

PbO 1.58 n.d. 0.88 0.40 0.78 1.59

n.d. – not de ter mined

T a  b l e  1

Re sults of SEM-EDS chem i cal in ves ti ga tions of cal a mine
sam ples from the Boles³aw area (in wt.%)
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Fig. 6. EMP-BSE im ages of cal a mine from the Olkusz-Pomorzany study area

A – tec toni cally crushed marcasite crys tals (Mrc) en riched in ar senic, goethite (Gth) infills the spaces be tween marcasite, in the sam ples in -
ves ti gated bar ite (Brt) oc curs in the vi cin ity of marcasite; B – smithsonite (Sm) and hemimorphite (Hmr) over growth ad ja cent to pri mary ga -
lena crys tals re placed by cerussite (Cer); C – ga lena crys tals (Gn) re placed by cerussite (Cer) within cleav ages and edges; D – acicular
smithsonites (Sm) infill space be tween hemimorphite (Hmr) and partly al tered marcasite (Mrc) as sem blages

Hemimorphite

Num ber of anal y ses

1 2 3 4 5 6 7 8

SiO2 23.461 26.122 26.285 24.933 24.951 24.805 24.301 25.129

ZnO 68.744 69.151 70.139 71.563 72.462 70.971 73.719 73.111

MnO n.d. n.d.   0.064   0.041 n.d. n.d. n.d. n.d.

Fe2O3   0.137   0.434   0.652   1.404   1.399   0.776   0.935   0.717

CuO n.d. n.d.    0.097   0.013   0.007 n.d. n.d.   0.088

PbO   0.409 n.d.   0.014   0.129 n.d.   0.257   0.107   0.264

CdO   0.007 n.d. n.d. n.d. n.d. n.d. n.d. n.d.

SO3 n.d.   0.028   0.031 0.04   0.041   0.035   0.007   0.054

To tal 92.76  95.73  97.28  98.12  98.86  96.85  99.07  99.36  

n.d. – not de ter mined

T a  b l e  2

WDS geo chem i cal anal y ses of hemimorphite from the Olkusz-Pomorzany
weath er ing sites (in wt.%)



(¯abiñski, 1960) or by the Keuper claystones layer that lies
above. Neu tral and ba sic pH con di tions of car bon ate rocks pro -
moted sol u bil ity of sil i con, which prob a bly oc curred as weak
silicic acid (Reichert and Borg, 2008). The sup ply of sil i con to
the so lu tion could have been caused by in con gru ent buff er ing
re ac tions be tween acid so lu tions and sil i cate rock-form ing min -
er als, where hy dro gen ions were in cor po rated into weak silicic
acid [4] (Plumlee, 1999; Lottermoser, 2010):

2MeAlSi3O8 + 2H+ + 4H2O = 2Me + Al2Si4O10(OH)2 +
2H4SiO4 

[4]

where: Me – Na, K, Ca

The oc cur rence of hemimorphite may have sug gested that
the acid pro duc tion was slightly higher than the buff er ing ca pa -
bil i ties of the car bon ate rocks in the im me di ate vi cin ity of the
mar ca sites. The dom i nance of smithsonite in the cala mines
from the Boles³aw open-pit and some amounts of it in the
Olkusz-Pomorzany un der ground mine in di cates that this was
the most com pre hen sive prod uct of buff er ing acid so lu tions by
car bon ate rocks within these MVT type zinc and lead de pos its.
Smithsonite pre cip i tates as a re sult of bond ing zinc ions with
car bon ate or bi car bon ate ions (Reichert and Borg, 2008). Bi car -
bon ate ions were a prod uct of a re ac tion of do lo mite with hy dro -
gen ions [5] (Blowes et al., 1994; Reichert and Borg, 2008):

CaMg(CO3)2 + 2H+ = Ca2+ + Mg2+ + 2HCO3
- [5]
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Smithsonite

Num ber of anal y ses

1 2 3 4

SiO2   0.034   0.014   1.068 n.d.

ZnO 59.249 60.184 66.737 69.095

FeO 0.03 n.d.   1.087 1.05

CaO   0.636   0.623   0.416   1.352

PbO   1.129   0.996   0.812   1.277

SO3 0.02   0.088   0.539   0.028

As2O3 n.d.   0.058 n.d. n.d.

CdO   1.688   1.562 n.d. n.d.

Cl  n.d. n.d.   0.043   0.007

MgO n.d.   0.123 n.d. n.d.

To tal 62.786 63.647 70.702 72.809

n.d. – not de ter mined

T a  b l e  3

WDS geo chem i cal anal y ses of smithsonite
from the Olkusz-Pomorzany weath er ing

sites (in wt.%)

Sphalerite

Num ber of anal y ses

1 2

S 32.253  32.632  

Zn 63.74   61.925  

Fe  2.894 3.028

Co 0.051 n.d.

Cu 0.132 0.052

Ga 0.11 n.d.

As 0.012 n.d.

Se n.d. 0.057

Cd 0.002 0.1

Ag n.d. 0.028

Sn 0.009 0.006

Pb n.d. 0.254

Sb 0.015 0.009

Mn n.d. 0.031

To tal 99.218  98.122  

n.d. – not de ter mined

T a  b l e  4

WDS geo chem i cal anal y ses
of sphalerite from

 the Olkusz-Pomorzany ²
weath er ing sites (in wt.%)

Cerussite

Num ber of anal y ses

1 2 3 4

As2O3 n.d. 0.02  n.d. 0.021

MnO   0.006 0.112 n.d. 0.045

Fe2O3 n.d. 0.12  n.d. 0.022

SiO2 n.d. n.d. n.d. 0.019

PbO 85.045 82.748  83.446  83.79    

CaO   0.048 0.341 0.122 0.36  

ZnO n.d. n.d. n.d. 1.566

To tal 85.099 83.341  83.568  85.823  

n.d. – not de ter mined

T a  b l e  5

WDS geo chem i cal anal y ses of cerussite from
 the Olkusz-Pomorzany weath er ing sites (in wt.%)

Marcasite

Num ber of anal y ses

1 2 3

S 50.935 52.615 52.448

Fe 46.504 47.23  47.141

Co n.d. n.d.   0.047

Ni   0.114 n.d.   0.039

Cu n.d.   0.061 n.d.

Zn n.d. n.d.   0.055

As   2.713  0.007   0.734

Pb n.d. n.d. n.d.

Cd n.d.   0.074 n.d.

Sb n.d. n.d.   0.002

Ag   0.083   0.087   0.058

Au   0.129 0.06   0.078

To tal 100.477  100.134  100.602  

n.d. – not de ter mined

T a  b l e  6

WDS geo chem i cal anal y ses of marcasite
from the Olkusz-Pomorzany weath er ing

sites (in wt.%)



The car bon ates were a prod uct of bi car bon ates hy dro ly sis.
Zinc ions in so lu tions mi grated as sul phate ions, which re acted
with bi car bon ate or car bon ate acid [6] and pre cip i tated as
smithsonite:

ZnSO4 + H2CO3 = ZnCO3 + SO4
2 -  + H2

+ [6]

Gyp sum, ob served in the weath er ing sites within the
Olkusz-Pomorzany un der ground mine, is a wide spread
by-prod uct of smithsonite crystallisation. The above chem i cal
re ac tions im ply that in the sil ica-free so lu tion, the most sta ble
con di tions for smithsonite in cluded pH val ues from neu tral to
ba sic and high CO2 par tial pres sures (Fig. 8; Takahashi, 1960;
Hitzman et al., 2003; McPhail et al., 2003; Reichert and Borg,
2008). The co-oc cur rence of two dif fer ent types of chem i cal
zinc phases in the sam ples from the Olkusz-Pomorzany un der -
ground mine (Figs. 4 and 6B, D) sug gests that the con di tions of
crystallisation (CO2 par tial pres sure, pH val ues, SO4 ac tiv ity, sil -
ica sat u ra tion) may have been chang ing over time. Dif fer ent
chem i cal re ac tions that oc curred in the ox i da tion pro cess within 
the cala mines from the Boles³aw open-pit, where the con tent of
pri mary sul phide min er als, es pe cially of marcasite, was sig nif i -
cantly lower, did not con trib ute to a de crease in pH. The prev a -
lence of smithsonite over hemimorphite in the Boles³aw
open-pit may also have been caused by a sig nif i cantly lower
con tent of sil i cate min er als above the ore-bear ing do lo mite,
con sid ered the main source of sil i con ions, in this area. In this
case, only smithsonite could have crys tal lised as the main sec -
ond ary zinc phase. Zinc ions lib er ated from pri mary ore could
have partly re placed mag ne sium ions within do lo mite, form ing
zincian do lo mite (¯abiñski, 1960, 1964, 1986; Garavelli et al.,
1982; Boni et al., 2011). As op posed to ga lena, sphalerite at
both the in ves ti gated sites was al most com pletely re placed by
sec ond ary zinc forms. Dom i na tion of iron-rich sphalerite
(marmatite) could have pro moted its chem i cal weath er ing as a
re sult of ad mix ture of iron, which cat a lyzed the ox i da tion of
sulphides (Plumlee, 1999). Ga lena and cerussite were found
only in the Olkusz-Pomorzany un der ground mine. No pri mary
or sec ond ary lead min er als were de tected in the Boles³aw
open-pit, where lead oc curred in sig nif i cantly lower con tent as
an ad sorbed form within sec ond ary iron min er als. Sim i larly to
smithsonite, cerussite can form as a re sult of buff er ing of the
acid so lu tions by car bon ate rocks [7] (Reichert and Borg, 2008;
Szczerba and Saw³owicz, 2009; Lara et al., 2011).

PbSO4 + H2CO3 = PbCO3 +  SO4
2 -  + 2H+ [7]
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Goethite

Num ber of anal y ses

1 2 3

Na2O 0.407 n.d. n.d.

As2O3 4.499 n.d. n.d.

SiO2 3.988 5.257 4.915

MgO 0.045 n.d. n.d.

Fe2O3 66.242  67.737  63.037  

MnO 0.026 0.069 0.015

NiO 0.025 n.d. n.d.

SO3 0.286 0.31 0.413

K2O 0.018 n.d. n.d.

TiO2 0.024 n.d. n.d.

CaO 0.54  n.d. 0.157

PbO 1.273 4.515 4.288

P2O5 0.052 n.d. n.d.

ZnO 8.471 7.601 8.612

To tal 85.896  85.49    81.437  

n.d. – not de ter mined

T a  b l e  7

WDS geo chem i cal anal y ses of sec ond ary
iron min er als from the Olkusz-Pomorzany

weath er ing sites (in wt.%)

Fig. 7. Sta bil ity field of smithsonite, hemimorphite,
hydrozincite and zinc hy drox ide in sil ica-sat u rated so lu tion 

at 25°C (Takahashi, 1960)

Fig. 8. Sta bil ity field of smithsonite, hydrozincite and zinc
hy drox ide in sil ica-free so lu tions at 25°C (Takahashi, 1960)



The weath er ing of ga lena un der cal car e ous con di tions in
soils was sim u lated by Lara et al. (2011). ¯abiñski sug gested
that cerussite within the Silesia-Kraków zinc and lead de pos its
(¯abiñski, 1960) could have been pre ceded by angle site that is
the sta ble sec ond ary form of lead in an acidic en vi ron ment
(pH < 6) in the ox i da tion zone. Min er al og i cal stud ies de scribed
in this work did not con firm the pres ence of angle site, which
could show that cerussite crystallises with out angle site tran si -
tion forms in al ka line con di tions. Sim i lar con clu sions were al -
ready made by Szczerba and Saw³owicz (2009). Cerussite, as
the main sec ond ary lead min eral, is as so ci ated with con di tions
of high CO2 par tial pres sure and neu tral to al ka line pH con di -
tions with low sul phate ion ac tiv ity (Fig. 9; Caba³a, 1996;
Reichert and Borg, 2008; Szczerba and Saw³owicz, 2009).
Cerussite oc curred as ga lena coat ings, pre vent ing fur ther ox i -
da tion (Fig. 6C).

A lesser amount of pri mary min er als within the cala mines in
the Boles³aw open-pit was prob a bly caused by a lon ger ex po -
sure of the ore sam ples to surficial con di tions fa cil i tat ing chem i -
cal weath er ing. How ever, a lack of hemimorphite and the the
prev a lence of smithsonite as the main sec ond ary zinc phase
could have been re lated to a low con tent of marcasite in the de -
posit. Un like in the Olkusz-Pomorzany area, sec ond ary iron
min er als (mainly goethite) pre vail in the min eral com po si tion of
cala mines sam pled in the Boles³aw open-pit. Sec ond ary iron
phases were en riched in el e ments such as zinc, lead and ar -
senic. The con cen tra tion of these el e ments was as so ci ated
with sorp tion prop er ties of the sec ond ary iron phases, which
cap tured zinc, lead and ar senic from the geo chem i cal cy cle, as
pre vi ously ob served within other supergene zones (e.g.,
Jerzykowska et al., 2014; Swêd and Niedzielski, 2018). Higher
con cen tra tions of ar senic in the sec ond ary iron min er als, ad ja -
cent to marcasite, sug gest that the above sul phide was the
main source of As (Fig. 6A).

The lack of any traces of pri mary and sec ond ary lead min er -
als and the reg u lar oc cur rence of smithsonite in the Boles³aw
open-pit, sug gest that the non-sul phide zinc and lead min er als
par tially orig i nated as wall-rock re place ments. In this type of
non-sul phide zinc and lead de posit, smithsonite is the dom i nant 
sec ond ary min eral (Hitzman et al., 2003). Zinc, as sol u ble sul -
phate ions, may have mi grated from the oxi dised pri mary ore
and pre cip i tated as a re sult of buff er ing so lu tions by car bon ate
rocks. Ga lena, of ten coated by cerussite, was a more re sis tant

sul phide min eral and might have re mained within the pri mary
ore (e.g., in the Olkusz-Pomorzany un der ground mine).

Al though the min er al og i cal com po si tion of the cala mines
from the Kraków-Silesia zinc and lead ore de posit is rel a tively
well known, this study re veals that the quan ti ta tive share of the
non-sul phide zinc and lead min er als might have been in flu -
enced by the tec tonic struc ture. Within the Pomorzany trough of 
the Olkusz-Pomorzany un der ground mine, a lower rate of
chem i cal weath er ing pre served a higher con tent of marcasite.
This was caused by in sig nif i cant ex po sure of the pri mary ore to
weath er ing fac tors such as ox y gen and wa ter. The al ter ation of
marcasite partly con trib uted to a change in the physicochemical 
con di tions, re flected in the sec ond ary zinc and lead as sem -
blages. The al ter ation of pri mary min er als within the Pomorzany 
trough oc curs in a tec toni cally dis turbed ore de posit, where
frac tures fa cil i tate per co la tion of me te oric wa ters down to
greater depths. Ac cord ing to pre vi ous in ves ti ga tions,
hemimorphite is char ac ter is tic of the fi nal weath er ing stages
(¯abiñski, 1960, 1964), dur ing which dis solved sil ica ions had
been de liv ered by buf fered so lu tions. Hemimorphite, found
within weath er ing sites of the Olkusz-Pomorzany un der ground
mine in very high con cen tra tions, may also be re lated to the ini -
tial weath er ing stages, where high con cen tra tions of
unweathered or partly al tered pri mary sul phide min er als were
ob served. Sil ica ions may have been sup plied by de scend ing
so lu tions, which did not in ter act with the ore body. The con fir -
ma tion of which sec ond ary zinc min eral pre cip i tates first
(hemimorphite or smithsonite?) re quires fur ther in ves ti ga tion. In 
the Boles³aw open-pit, the pri mary ore within the tec tonic horst
was ex posed dur ing the Al pine orog eny. There fore, the rate of
chem i cal trans for ma tion of the pri mary ore was faster than
within the Pomorzany trough (Caba³a, 2001, 2009). This hy -
poth e sis may be sup ported by the abun dance of goethite, the
low amount of rem nant pri mary sulphides min er als and by the
oc cur rence of smithsonite as the main non-sul phide zinc min -
eral. Traces of hemimorphite were prob a bly the ef fect of a low
con tent of marcasite, whose chem i cal weath er ing could have
low ered the pH val ues.

Based on the above dis cus sion, the dif fer ences in the min -
eral com po si tion re flect dif fer ent geo chem i cal con di tions of
weath er ing within the Boles³aw and Olkusz-Pomorzany min ing
lo cal i ties: these are di rectly re lated totectonic struc ture, which
can ei ther pro mote or in hibit the al ter ation of the pri mary ore.

CONCLUSIONS

1. The min er al og i cal and geo chem i cal in ves ti ga tions of
cala mines from both the supergene sites con firm that the pri -
mary ore con sisted mainly of marcasite, sphalerite and ga lena,
whereas the sec ond ary ore con tains cerussite, hemimorphite,
smithsonite and goethite. The pri mary ore col lected from the
tec tonic graben was less weath ered and con tained more
sulphides than the ore within the tec tonic horst.

2. In the tec tonic graben, hemimorphite pre vailed over
smithsonite, while within the tec tonic horst smithsonite was the
dom i nant zinc phase. A sig nif i cantly higher con tent of
hemimorphite was ob served within the supergene zone of the
Olkusz-Pomorzany un der ground mine, com pared with a pre vi -
ously con ducted study of cala mines from this mine. Lead
formed sec ond ary cerussite, which oc curred only within this un -
der ground mine.

3. The pre dom i nance of hemimorphite over smithsonite, the 
con tent of cerussite and gyp sum, as well as the lack of angle site 
within the Olkusz-Pomorzany area sug gest slightly dif fer ent
physicochemical con di tions at the in ves ti gated weath er ing
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Fig. 9. Sta bil ity field of angle site and cerussite rel a tive 
with ref er ence to sul phate ion ac tiv ity, CO2 par tial pres sure

and pH val ues (Reichert and Borg, 2008)



sites, these be ing prone to changes in weath er ing char ac ter is -
tics over time.

4. The only pri mary iron min eral which was found in both
min ing ar eas is marcasite, whereas sec ond ary goethite, de vel -
oped from marcasite, pre vails within the Boles³aw site. Zinc,
lead and ar senic com monly ac cu mu lated in goethite at higher
con cen tra tions than in the other min er als. The pri mary source
of these met als was in sulphides and – as re vealed at the
microscale – ar senic was un doubt edly de rived from marcasite.

5. The pre dom i nance of smithsonite over hemimorphite
within the Boles³aw open-pit may have been caused by the lack
of siliciclastic rocks in the up per part of the suc ces sion, which
has been al ways con sid ered as the main source of sil i con ions.
More over, the pos si bil ity of dif fer ent weath er ing con di tions and
times should be con sid ered a pos si ble cause of such quan ti ta -
tive di ver si fi ca tion in the sec ond ary min er als.

6. Cala mines from the tec tonic horst and graben ar eas may
rep re sent di rect re place ment of the pri mary ore with a mi nor
share of wall-rock re place ment within the horst struc tures.
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