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Due to a low level of ero sion the Variscan (Carboniferous–Mississippian) K³odzko–Z³oty Stok (KZS) granitoid pluton and its
meta mor phic rock cover are unique ex am ples of the ore min er ali sa tion dis tri bu tion pat tern around a pluton. The KZS pluton
formed from I-type mag mas. It is com posed mostly of high-K, metaluminous, bi o tite- and hornblende-rich granitoids of var i -
ous com po si tions rang ing from granodiorite to monzonite. The ore min er alisation in the KZS shows spe cific zonation that re -
flects in ter ac tion be tween post-mag matic min er al is ing flu ids and coun try rocks of dif fer ent com po si tion. In the KZS pluton
and its sur round ings the min er alisation re veals high-tem per a ture Ti-W ox ides and As-Fe sul phide-ar sen ides plus Fe-ox ides
which are re placed out wards by Cu-Fe-Pb-Zn sulphides and sub se quently, in the mar ginal parts of the pluton, by the
Pb-Sb-Fe sul phide min er alisation. The spe cific el e ments and the iso to pic com po si tion of sul phur in ore min er als in di cate that 
the metal-bear ing postmagmatic-meta mor phic hy dro ther mal flu ids, de spite their strong af fin i ties to the KZS hy brid mag matic 
flu ids, show also an in flu ence of vari able com po si tion of coun try rocks. Vari able al ter ation pro cesses: hornfelsitisation,
skarnisation, dolomitisation, serpentinitisation, pyroxenisation, biotitisation, K-feldspatisation, sili ci fi ca tion, berezitisation,
carbonatisation, prehinitisation, chloritisation, epidotisation, sericitisation, albitisation and sulphidisation de vel oped along
con tacts of var i ous rock types within the coun try rocks. In more frac tured zones, trans ported el e ments were pref er en tially
trapped by cal car e ous (Ca-rich) meta mor phic rocks. More over, along the di rect con tact be tween granitoids and cal car e ous
rocks a high tem per a ture au rif er ous skarns with mag ne tite-pyrrhotite or/and löllingite-ar seno py rite min er alisation were
formed. There are pos i tive cor re la tions be tween or ganic mat ter and Fe2O3 and MgO con tents in skarns, sug gest ing
remobilization of or ganic mat ter by hy dro ther mal flu ids re leased dur ing serpentinisation. The or ganic mat ter and car bon ate
sam ples have very vari able d13C and d18O val ues. Most prob a bly these are the re sult of iso to pic re-equil i bra tion be tween
min er als un der high tem per a tures. On the in ti mate con tact of granitoids with less per me able amphibolitic hornfelses a high
tem per a ture ti tan ite-schee lite min er alisation of veinlet-im preg na tion type oc curred, while ther mal and metasomatic al ter -
ation of the en vel op ing more per me able sand stones de vel oped away from di rect con tact with gran ites, caus ing the for ma tion 
of py rite-rich beresites. As a rule, dif fer ent types of sul phide ore min er alisation con tain re frac tory gold cap tured by ar seno py -
rite, löllingite and/or py rite. More over, the for ma tion of con tact-metasomatic ore min er alisation was ac com pa nied by ore pre -
cip i ta tion in veins and stockworks at a wide tem per a ture range from 480 to 150°C dur ing early and late frac tur ing stages. The
youn ger stages also re vealed vari able con cen tra tion of gold. All those ob ser va tions strongly in di cate that the whole KZS
pluton and its au re ole was fer tile in gold.
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INTRODUCTION

The pa per fo cuses on min er al og i cal and geo chem i cal char -
ac ter iza tion of the au rif er ous ore min er ali sa tion which re flects
spe cific zonal dis tri bu tion rel a tive to the core of the Variscan
K³odzko–Z³oty Stok granitoid pluton (KZS) and its meta mor phic
au re ole. The study area is lo cated in the NE part of the Bo he -
mian Mas sif in the Sudetes, Cen tral Eu rope. The first writ ten re -

cord about the fa mous gold mines near Reichenstein (Ger man
name; Pol ish name – Z³oty Stok) in the in ti mate vi cin ity of the
KZS pluton is dated back to 1341 (Dziekoñski, 1972). Gold pro -
duc tion was the only type of ex plo ra tion that took place un til the
end of the 17th cen tury. In 1701, the world’s first ar senic smelter 
was built and pro duc tion of ar senic con cen trate started
(Wiencke, 1907). The to tal gold pro duc tion from the Z³oty Stok
de posit (14–20th cen tu ries) is roughly es ti mated for at least 15 t
and that of the ar senic tri ox ide at around 130,000 t. The gen e sis 
of the Z³oty Stok Au-As de posit was com monly linked with KZS
pluton and the ore de pos its were  clas si fied as of the con -
tact-metasomatic or the skarn-type de pos its (e.g., Kowalski,
1963, 1969; Budzyñska, 1971; Mikulski, 1996, 2011, 2015;
Muszer, 1997, 2011). How ever, the pre-Variscan meta mor -
phosed ore min er ali sa tion was also rec og nized within the meta -
mor phic au re ole of the KZS pluton (Muszer, 1997).
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The Eu ro pean Variscan orogenic gold de pos its formed at
ca. 350–280 Ma in up lift ing mas sifs along the ac tive west ern
edge of the Palaeo-Tethys Ocean (Goldfarb et al., 2000;
Groves et al., 1998a, b, 2005). Those de pos its are now ex -
posed mainly in the South ern and Cen tral Eu rope. Pro cesses of 
gold min er ali sa tion rec og nized in the Sudetes are quite sim i lar
to gold-min er ali sa tion pro cesses de scribed from the other ar -
eas of the Eu ro pean Variscan Belt. How ever, the age of the
gold ore for ma tion is vari able. The sim i lar fea tures in clude
geotectonic evo lu tion, two- or three-stage evo lu tion of fluid
com po si tions and min eral pre cip i ta tion, char ac ter is tic min eral
parageneses and tex tures (e.g., Morávek et al., 1996;
Zachariáš et al., 2013, 2014; Noronha et al., 2000; Cathelineau
et al., 2003). Gold for ma tion, ex hu ma tion of host rocks,
extensional tec tonic set ting and in tru sion of lam pro phyre dykes
ap pear co eval in the Mas sif Cen tral, Cen tral Bo he mian Prov -
ince (Bouchot et al., 1989, 2000, 2003) and in the KZS pluton as 
well (Mikulski et al., 2013). In the Pol ish part of the Bo he mian
Mas sif four main stages of gold for ma tion (Au1 to Au4) dur ing
Car bon if er ous–Perm ian times have been rec og nized (Mikulski, 
2007a, b). In the KZS the ear li est stage (Au1) as so ci ated with
the em place ment of syn-collisional gran ites (Visean) has been
iden ti fied. The next stages (Au2 and Au3) were con nected with
geodynamic tran si tion from post-collisional to within-plate set -
ting. These stages im ply a change from mesothermal to epi -
ther mal con di tions of gold pre cip i ta tion dur ing post-mag matic
and vol ca nic pro cesses re lated to orogenic up lift and deep frac -
tur ing (Up per Namurian–Stephanian–Autunian). The youn gest
stage (Au4) was the re sult of low-tem per a ture hy dro ther mal
pro cesses dur ing the Late Perm ian and/or Tri as sic ba sin evo lu -
tion. Some gold de pos its from the other parts of the Sudetes
were clas si fied by Mikulski (2007a) as orogenic-type
(Klecza–Radomice Au de posit) ac cord ing to the clas si fi ca tion
of Groves et al. (1998a, b, 2005; Goldfarb et al., 2000), and
other Au de pos its as tran si tional from the por phyry- to epi ther -
mal-type (Radzimowice Au,Cu de posit; Mikulski, 2005a). Ac -
cord ing to the mod els pro posed by Thomp son et al. (1999),
Lang et al. (2000), and Lang and Baker (2000) some of the ore
man i fes ta tions found in the KZS pluton and in its meta mor phic
au re ole can be clas si fied as in tru sion-re lated gold de posit type.
More over, calc-al ka line and al ka line mag mas were con sid ered
as a pos si ble source of gold in nu mer ous gold de pos its (Rich -
ards, 1995; Spiridonov, 1996; Sillitoe, 1991, 2000; Sillitoe and
Thomp son, 1998; Thomp son and Newberry, 2000; Jensen and
Barton, 2000; Müller and Groves, 2000). The geotectonic set -
ting of dif fer ent Cu-Au and Mo-Cu mineralisations and gold de -
pos its re lated to al ka line magmatism are tra di tion ally ex plored
in arc-zone accreted ter ranes and in ar eas of extensional tec -
ton ics (Sillitoe, 2000; Jensen and Barton, 2000; Müller and
Groves, 2000). On the multi-com po nent dis crim i na tion di a gram 
R1 vs. R2 (Bat che lor and Bowden, 1985), most of the KZS
granitoids are lo cated within the pre-plate-col li sion group. The
re main der of the KZS granitoids is tran si tional to the post-col li -
sion up lift group (Mikulski et al., 2013).

Mod ern mod els of the gold de pos its clas si fi ca tion (e.g.,
Jensen and Barton, 2000; Müller and Groves, 2000) does not
strongly in di cate sig nif i cant zonal dis tri bu tions of de pos its in re -
la tion to the source acidic (gra nitic) mag mas. Be side the KZS,
in the Sudetes the zonal dis tri bu tion of ore de pos its was also
rec og nized around the Variscan Karkonosze Mas sif
(Petrascheck, 1933; Neuhaus, 1933; Mochnacka, 2000;
Mikulski, 2010). In this pa per we would like to pres ent new data
and sum ma rize our pre vi ous re sults to dem on strate a model of
such spe cific dis tri bu tion of the ores in the KZS pluton and its
meta mor phic au re ole.

GEOLOGICAL SETTING 
OF THE K£ODZKO–Z£OTY STOK GRANITOID

PLUTON AND ITS SURROUNDINGS

The K³odzko–Z³oty Stok granitoid pluton (KZS) is lo cated in
the Sudetes Block that con sti tutes the north east ern part of the
Saxothuringian Zone of the Eu ro pean Variscan Belt (Fig. 1).
The base ment of the Sudetes is built of Neoproterozoic and Pa -
leo zoic rocks af fected by Cadomian and Variscan meta mor -
phism (Franke and ¯elaŸniewicz, 2000). In the Sudetes, sev -
eral large gra nitic plutons, in clud ing the KZS, were emplaced in
the Car bon if er ous (e.g., Mazur et al., 2007, and ref er ences
therein). The up per limit of the Variscan tectonometamorphic
and mag matic ac tiv ity was dated at 314–312 Ma
(Namurian/Westphalian bound ary) by 40Ar/39Ar method
(Marheine et al., 2002) and by SHRIMP method for youn ger
Perm ian ages (Awdankiewicz et al., 2014; Mikulski and Wil -
liams, 2014b; Oberc-Dziedzic et al., 2015). The granitoids in -
truded be tween dif fer ent tectonostratigraphic units which have
been in ter preted as terrane as sem blages (Matte et al., 1990).
The Variscan geo log i cal struc tures are over lain by the Perm ian, 
Tri as sic, Cre ta ceous and Ce no zoic plat form sed i men tary cover 
(Oberc, 1972).

The KZS is bor dered on the NW by the Bardo Unit, on the
E and S by the Œnie¿nik Mas sif, and on the SW by the K³odzko
Unit. The KZS pluton crops out over an area of 120 km2 and
rep re sents a de pres sion be tween the Bardo Mts. on the NW
and the Góry Z³ote and Krowiarki Range on the SE and S. The
KZS pluton em place ment was in flu enced to var i ous de grees
by older tec tonic-lithological struc tures in the Cam brian to Mis -
sis sip pian sed i men tary and meta mor phic rocks
(Wojciechowska, 1975). To the north the KZS pluton is sep a -
rated from the Fore-Sudetic Block by a ma jor dis lo ca tion, the
Mar ginal Sudetic Fault Zone. The main de for ma tion in the
KZS pluton sur round ings oc curred dur ing the Mid dle to Late
De vo nian, to be soon fol lowed by a re gional up lift and a suc -
ces sion of over print ing Car bon if er ous tec tonic pulses (Mazur
et al., 2006). The col li sion of the Cen tral Sudetes orogenic
wedge with the Bruno-Vistulian terrane com menced dur ing
the ear li est Mis sis sip pian and lasted un til the turn of the Mis -
sis sip pian and Penn syl va nian (Schulmann and Gayer, 2000;
Jastrzêbski, 2009; Cho pin et al., 2012; Mazur et al., 2015).
The KZS was emplaced at ca. 344-330 Ma (Mikulski et al.,
2013). The roof of KZS is com posed of ir reg u larly dis trib uted
rel ics of Lower Pa leo zoic meta mor phic rocks cor re spond ing to 
the Orlica–Œnie¿nik Dome. These rocks com prise sed i men -
tary rocks with in ter ca la tions of mafic and fel sic volcanites re -
gion ally meta mor phosed in the am phi bo lite fa cies and then af -
fected by con tact meta mor phism of the KZS in tru sion. They
are now rep re sented mainly by hornfelses and am phi bo lites,
which may sug gest a shal low ero sion level of the in tru sion. In
de tail, the con tact-metasomatic au re ole of the KZS pluton
con sists of gar net-cor di er ite hornfelses, hercynite-co run dum
hornfelses, skarns, skarnoids, mar bles, re ac tion granitoids
and var i ous pyroxene-plagioclase rocks (Wierzcho³owski,
1976). The ther mal and metasomatic in flu ence of the KZS
pluton is es pe cially well-pro nounced on its con tacts with the
rocks of the K³odzko Meta mor phic Unit and with the Bardo
Unit. The SE and NE bor ders with the rocks of the
L¹dek–Œnie¿nik Meta mor phic Unit are in flu enced mostly by
ther mal and to a lesser de gree by metasomatic ac tiv ity. Along
the Mar ginal Sudetic Fault, up to a 70 m zone of cataclastic
brec cias is rec og nized (Cwojdziñski, 1974). Along the east ern
lim its of the KZS pluton the re gional Z³oty Stok–Skrzynka
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Shear Zone, up to 4 km wide, de vel oped dur ing Variscan de -
for ma tion (Cymerman, 1996). Metasomatic pro cesses are
best de vel oped on the E and SE bor ders of the KZS pluton on
con tacts with meta mor phic rocks of the Z³oty Stok–Skrzynka
Shear Zone that de forms the Stronie Se ries rocks.

The mag matic suite of the KZS pluton is com posed of
metaluminous calc-al ka line ig ne ous rocks rich in bi o tite and
hornblende, with rare xe no liths of meta mor phic rocks and nu -

mer ous mafic en claves (Wierzcho³owski, 1976). The K³odz -
ko– Z³o ty Stok pluton is a syn-collisional I-type in tru sion
(Mikulski et al., 2013). It con tains, how ever, an ex traor di nary
range of lithologies, with of ten rapid tran si tions be tween
granodiorite (the main type), monzodiorite, quartz monzonite,
tonalite, monzodiorite, syenite and diorite. Small ultrabasic and
gabbroic bod ies of un cer tain form are found through out the in -
tru sion. Dyke rocks, es pe cially por phy ritic microgranodiorites
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Fig. 1. Geological map of the K³odzko–Z³oty Stok Granite Pluon environs (acc. to Sawicki, 1980) with the sketch of the
Bohemian Massif in the lower left

EFZ – Up per Elbe Fault Zone; ISF – Intra-Sudetic Fault; JG – Jawornik granitoids; KZS – K³odzko–Z³oty Stok Gran ite Pluton; MGH –
Mid-Ger man Crys tal line High; MO – Moldanubian Zone; MS – Moravo-Silesian Zone; MSF – Mar ginal Sudetic Fault; NP – North ern Phyllite
Zone; OFZ – Mid dle Odra Fault Zone; OG – Odra granitoids; RH – Rhenohercynian Zone; SX – Saxothuringian Zone; black rect an gles in the
main map show lo ca tion of the more de tailed fig ures



and other fine-grained types of granitoids, syenitoids and
dioritoids, are very sim i lar in their chem i cal and min eral com po -
si tion and pe trog ra phy to the granitoids of the KZS pluton
(Wierzcho³owski, 1977; Bachliñski and Bagiñski, 2007).
Pegmatites, aplites and quartz veins rep re sent leucocratic dif -
fer en ti a tion prod ucts of the granodioritic magma. Lamprophyric
dykes (spessartite, vogesite) oc cur com monly in the KZS
pluton. The lam pro phyre mag mas were prob a bly one of the
main mafic com po nents that mixed with fel sic mag mas within
the KZS pluton (Lorenc, 1994; Bagiñski et al., 2014). The
hornblende-dom i nated frac tional crystallisation of wet mag mas
led to spessartitic com po si tions, while plagioclase-dom i nated
frac tional crystallisation from vol a tile-de pleted magma batches
re sulted in the for ma tion of monzodioritic mag mas (Awdan -
kiewicz, 2007). A SHRIMP zir con age of ca. 333 Ma was
reported from spessartite dyke in the M¹kolno Quarry (Mikulski
et al., 2013).

MATERIAL AND METHODS

More than 200 rock sam ples with ore min er ali sa tion were
col lected for gold in ves ti ga tion from the whole area of the
K³odzo–Z³oty Stok granitoid pluton. Most of the re sults are pre -
sented for the Z³oty Stok de posit and the Bardo Œl¹skie,
Ptasznik and Dêbowinka pros pects (see Fig. 1 and Ap pen di -
ces* 1–12). Gold con tents were ana lysed at the Chem i cal Lab -
o ra tory of the Pol ish Geo log i cal In sti tute – Na tional Re search
In sti tute (PGI-NRI). Rock sam ples, af ter cal ci na tion at the tem -
per a ture range of 450–640°C, were di gested with aqua regia.
The re sulted gold-bear ing chlo ride com plex was ex tracted to
the MIBK (methyl isobutyl ketone) form. The MIBK frac tion was
ana lysed by the Graph ite Fur nace Atomic Ab sorp tion method
(GF-AAS) us ing a Perkin Elmer model 4100 ZL spec trom e ter.
Us ing this tech nique, gold con tents were mea sured with a de -
tec tion limit of 1 ppb.

Ma jor el e ments and trace met als were mea sured at the
PGI-NRI lab o ra tory by wave-length dispersive X-ray flu o res -
cence and/or by di ges tion-In duc tively Cou pled Plasma
(ICP-AES) tech niques. Ma jor el e ments were mea sured on
glass beads, and mi nor and trace el e ments on pow der pel lets
us ing a PW-2400 Philips WD-XRF sys tem. Mea sure ment con -
di tions were as fol lows: ra di a tion - X-ray tube with rho dium an -
ode (3 kW); crys tals – LiF 200, PE, Ge, PX1; collimators:
0.15 mm, 0.30 mm; de tec tors: scin til la tion coun ter, flow pro por -
tional coun ter (Ar/CH4) and Xe-sealed pro por tional coun ter.
To tal un cer tainty of the whole pro ce dure ap plied dur ing the
XRF anal y ses was es ti mated to be ± 5% for ma jor ox ides and
±8% for trace el e ments.

De tailed mi cro scopic stud ies in re flected light were car ried
out on the NIKON ECLIPSE LV100 POL type. Pho to mi cro -
graphs were taken us ing the NIS El e ments AR 2.20 soft ware.
Scan ning elec tron mi cro scope (SEM) im ages and qual i ta tive
chem i cal anal y ses were per formed on ore min er als at the Pol -
ish Geo log i cal In sti tute – Na tional Re search In sti tute on the
Jeol JSM-6380LA elec tron mi cro scope in en ergy-dispersive
mode (EDS Link An a lyt i cal ISIS). Op er at ing con di tions were:
20kV ac cel er at ing volt age, 5 µm spot size, and 6 nA sam ple
cur rent. The ZAF-4 cor rec tion pro gram was ap plied. Ap pli ca tion 
of the ar seno py rite geothermometer, de spite its lim i ta tions, al -
lowed the de ter mi na tion of crystallisation tem per a tures of
arsenopyrites from the Z³oty Stok de posit and the Bardo Œl¹skie 
and M¹kolno pros pects. The As/S ra tio of the ar seno py rite co -
ex ist ing with other phases in the sys tem As-S-Fe has been pro -
posed as a geothermometer (e.g., Kretschmar and Scott, 1976; 

mod i fied by Sharp et al., 1985). The ap pli ca tion of the elab o -
rated di a grams re quires the use of the in ter na tional ar seno py -
rite stan dards (asp 57 and/or asp 200) and a very pre cise se lec -
tion of ma te ri als be fore the microprobe mea sure ments.

Quan ti ta tive chem i cal anal y ses (EPMA – Elec tron Probe
Mi cro-Anal y sis) of gold and tel lu ride grains were made us ing
the CAMECA SX100 elec tron microprobe in PGI-NRI. Op er at -
ing con di tions for EPMA were: 25kV ac cel er at ing volt age,
20 nA, pri mary beam cur rent, 25 sec count ing time, and de tec -
tion lim its (wt.%) for Au – 0.121 and for Ag – 0.033.

Geobarometric mea sure ments on sam ples sup plied by the
au thors were made by Prof. A. Koz³owski (un pub lished re -
ports). Fluid in clu sion stud ies were car ried out on spec i mens
from schee lite-bear ing quartz veins, from the Ptasznik pros pect 
and from quartz veinlets from the Dêbowinka pros pect. The
rou tine heat ing-freez ing mi cro scope runs were per formed
(Roedder, 1984). In all sam ples, only pri mary in clu sions were
con sid ered for this study. ho mogeni sa tion tem per a tures were
mea sured with use of mi cro scopic thermocamera made by
Fluid Co. This al lowed for a very high ac cu racy of tem per a ture
de ter mi na tion of ±1°C. The ho mogeni sa tion tem per a ture (Th)
of car bon di ox ide in clu sions used for P de ter mi na tion was
made with ac cu racy of ± 0.1°C. In clu sions in schee lite were
small, usu ally not ex ceed ing 10 mm in length. They were fre -
quently euhedral (neg a tive crys tals) of iso met ric and tab u lar
hab its. The re sults of the fluid in clu sion stud ies of quartz and
schee lite from quartz-feld spar veinlets hosted by vari able rocks
are given in Ap pen di ces 7 and 9.

RESULTS – ORE MINERALISATION 
AND METASOMATIC PROCESSES

The vari able types of ore min er ali sa tion that oc cur in dif fer -
ent re gions of KZS and its con tact au re ole will be dis cussed on
the best-doc u mented ex am ples. They in clude (1) the Z³oty
Stok–Skrzynka Shear Zone (east ern and south east ern au re -
ole; Z³oty Stok and Lutynka aban doned de pos its and out crops
near Droszków–Skrzynka–O³drzychowice), (2) the north ern
part of the KZS pluton rep re sented by the Bardo Œl¹skie and
Dêbowinka pros pects; the Podzamek Quarry, and (3) meta -
mor phic roof blan kets patchily dis trib uted on the KZS granitoid
pluton (M¹kolno and Ptasznik pros pects) and (4) the cen tral
and south ern parts of the KZS pluton rep re sented by the
Jaszkowa Górna pros pects and the ¯elazno area (Fig. 1).

Z£OTY STOK–SKRZYNKA SHEAR ZONE (STRONIE SERIES)

The Stronie Se ries is com posed of Pa leo zoic
metasedimentary rocks in ter ca lated with var i ous amounts of
metavolcanites. Typ i cal pro file in cludes: mica schists, two-mica 
paragneisses, quartzites, mar bles, erlanes, am phi bo lites and
am phi bo lite schists. The Stronie Se ries rep re sents mostly a
low-tem per a ture sec tor of the am phi bo lite min eral fa cies
(Smulikowski, 1979). Close to the in ves ti gated area, the meta -
mor phic com plex con tains also two small granitoid bod ies:
granodiorite and tonalite from Bielice and tonalite and
granodiorite of Jawornik (Bia³ek and Werner, 2004).
Post-mylonitic evo lu tion of the Stronie Se ries is closely re lated
to KZS pluton em place ment (Mazur et al., 2015 and ref er ences
therein). Its con tact-meta mor phic in flu ence has been su per im -
posed on the pre ced ing re gional meta mor phism. The de gree of 
this in flu ence de pended on the rank of ear lier re gional meta -
mor phic trans for ma tions. The Z³oty Stok–Skrzynka re gional
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Shear (dis lo ca tion) Zone and re lated faults were the es pe cially
ac tive lines for the ther mal and metasomatic ac ti va tion
(Cymerman, 1996). Metasomatic pro cesses are marked by in -
creas ing amounts of di op side, tremolite, almandine, cor di er ite,
vezuvianite, quartz, flu o rite, cal cite and adu laria
(Wierzcho³owski, 1976). How ever, the most im por tant signs of
metasomatic pro cesses are dif fer ent types of ore min er ali sa -
tion. They in clude com mer cial ore bod ies; vein type min er ali sa -
tion; small stockworks and encrustations; as well as dis sem i -
nated ac ces sory ore min er als com mon in some coun try rocks.
The ex am ples of this vari able ore min er ali sa tion will be dis -
cussed be low.

Z£OTY STOK Au-As DEPOSIT

The Z³oty Stok Au-As de posit is lo cated on the east ern
exocontact zones of the KZS granitoid pluton (Fig. 1). The
Z³oty–Stok con tact-metasomatic au re ole is com posed mainly of
gar net-cor di er ite hornfelses, hercynite-co run dum hornfelses,
skarns, skarnoids, mar bles, re ac tion granitoids and var i ous
pyroxene-plagioclase rocks (Wierzcho³owski, 1976). The Z³oty
Stok ores oc cur in four sep a rate fields known as the West ern,
East ern Krzy¿owa Hill (Fig. 2), So³tysia Hill and Bia³a Hill, which
cover about 3 km2 (un pub lished min ing ma te ri als; Ba³dys, 1947). 
Three prin ci pal ore types are rec og nized: (1) löllingite-ar seno py -
rite rich skarns which en ve lope lenses of dolomitic mar bles
(Fig. 3A, B); (2) elon gated ledges of di op side-tremolite
pyrrhotite-mag ne tite ores with thick spots and nests of ore min er -
als (Fig. 3C, E); and (3) dis sem i nated ar senic ores re lated mainly 
to slightly serpentinized dolomitic mar bles and strongly
serpentinised black ultra mafic rocks (Fig. 3F, H). The vein-type
ore min er ali sa tion is less abun dant and oc curs lo cally in quartz
and peg ma tite veins (Mikulski and Speczik, 2008).

The ores dif fer in grade and com po si tion. Mas sive
skarn-type ores (35–40% As) very rich in löllingite dom i nate at
the West ern Ore Field. They form zones of skarns that en ve -

lope stocks or lenses of dolomitic mar bles. The lenses of
dolomitic mar bles are on av er age 100–130 m in length and
from 15 to 25 m in thick ness (Kowalski, 1963). Dolomitic mar -
bles are en vel oped with a black ser pen tin ite crust that grades
out wards into a green one and then into grey-green calc-sil i cate 
rocks, 1–3 m thick. The rich est min er ali sa tion is pres ent in black 
serpentinites where the av er age con tent of As-bear ing min er als 
var ies from 30 to 40 wt.% with as so ci ated Au en rich ment that
reaches up to ca. 30 ppm (Mikulski, 1996a). Green
serpentinites have poorer Au grades and con tain mas sive
löllingite ag gre gates with the As con tent that vary from 7 to
20 wt.%. Rich lam i nated ores (7–10% As) as so ci ated with
zones of serpentinisation are ma jor ore types in the East ern Ore 
Field, where, in con trast to the West ern Ore Field, ar seno py rite
and Cu-sulphides dom i nate over the löllingite.

The So³tysia Hill Ore Field con sti tutes one elon gated ledge
of di op side-tremolite rocks with thick spots and nests of ore
min er als. Low-grade dis sem i nated type min er ali sa tion dom i -
nate the Bia³a Hill Ore field, which is a large stock of dolomitic
mar bles with week symp toms of serpentinisation. In calc-sil i -
cate rocks the min er ali sa tion is mostly of im preg na tion type with 
the As con tents not ex ceed ing 7 wt.%. Dis sem i nated low-grade
ores as so ci ated with the most ex ten sively mined dolomitic mar -
bles were found oc ca sion ally in non-ex ca vated coun try rocks,
mainly in the mica schists con tain ing zones of graph ite, gar net
and As-Au min er ali sa tion. Ar senic-bear ing min er als are also
com mon in aplite, peg ma tite, and other vein-type rocks in clud -
ing quartz and spessartite veins, which oc cur through out the
area. The ex plo ra tion re sults from the 1990s showed that Au
oc curs also in sig nif i cant quan ti ties (from 0.5 to 5 ppm) in
pyrrhotite and mag ne tite-type min er ali sa tion that is com monly
as so ci ated as in de pend ent lenses (Muszer, 1992). These
works also show that the löllingite/ar seno py rite min er ali sa tion
dom i nates also in peg ma titic stocks of the Golden Creek (Z³oty
potok) Quarry and in the West ern Ore Field.
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Fig. 2. Schematic cross-section through the Krzy¿owa Hill Ore Field of the Z³oty Stok Au-As deposit 
(modified after unpublished mining materials)
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Fig. 3. Photograps of characteristic arsenic and magnetite ores from the Z³oty Stok deposit

A – gold-bear ing löllingite-ar seno py rite ore hosted by calc-sil i cate rocks; B – typ i cal “fluidal tex ture” of ar senic ores and
black ser pen tin ite in calc-sil i cate rocks; C – mag ne tite ore sur rounded by ser pen tin ite in dolomitic mar ble; D – cal cite-do lo -
mite mar ble with mag ne tite min er ali sa tion; E – ar senic ore along con tact of dolomitic mar bles with calc-sil i cate rock; F –
mas sive ar seno py rite ore hosted by cataclased calc-sil i cate rock; G – black ser pen tin ite laminas with ar seno py rite in
calc-sil i cate rocks; H – recrystallised cal cite with ar seno py rite ores and black ser pen tin ite laminas; Asp – ar seno py rite,  Cc
– cal cite, C-Sil – calc-sil i cate rock, Dol – do lo mite, Lo – löllingite, Mge – mag ne tite, Sep – ser pen tin ite



The main ore min eral in Z³oty Stok is löllingite ac com pa nied
by var i ous amounts of ar seno py rite, mag ne tite, pyrrhotite, and
py rite (Fig. 4A–D). Both löllingite and pyrrhotite of ten bear
symp toms of de sul phuri sa tion. Other ore min er als, such as
chal co py rite, ga lena, sphalerite, he ma tite, schee lite and
glaucodote were re ported in smaller quan ti ties (Kowalski, 1963, 
1969; Budzyñska, 1971; Mikulski, 1996a; Muszer, 1997). Sec -
ond ary min er als are: goethite, scorodite, jarosite, mal a chite,
az ur ite, covel lite, chalcocite and asbolane.

Ar senic ore is dom i nated by large löllingite crys tals
(2–4 mm) elon gated along the z-axis, which form pina coids and 
prisms. These crys tals usu ally form par al lel-ori ented ag gre -
gates com posed of sev eral to tens of in di vid ual crys tals. There
were three ar seno py rite gen er a tions rec og nized at Z³oty Stok.
The first one (Asp I) is strongly cor re lated with the löllingite
crystallisation. BSE im ages indentified vari able zon ing pat terns
of ar seno py rite due to changes in As/S ra tios. Ar seno py rite
(Asp I) oc curs as inter growths with löllingite that fill fis sures and
voids in cracked grains of löllingite, and in youn ger ar seno py rite 
(Asp II) grains that of ten host rel ics of löllingite in their cen tral
parts (Fig. 4E, F). Within this gen er a tion of ar seno py rite (Asp I),
na tive gold in clu sions are ob served. Scan ning elec tron mi cro -
scope stud ies of arsenopyrites al low de tect ing compositional
dif fer ences among them, which are shown on the ter nary
As-Fe-S phase di a gram in Fig ure 5A (see also Ap pen dix 1). Ar -
seno py rite I could have orig i nated at high tem per a tures of
>550°C as es ti mated us ing the ar seno py rite geothermometer
(löllingite-ar seno py rite buff er ing curve) af ter Kretschmar and
Scott (1976). The As/S ra tio of the ar seno py rite co ex ist ing with
other phases in the sys tem As-S-Fe has been ex per i men tally
cal i brated as a geothermometer, how ever, the ap pli ca tion is
lim ited mostly by the wide spread pres ence of sig nif i cant
amounts of other el e ments within ar seno py rite. Fur ther more,
ar seno py rite is very of ten zoned with re spect to As con tent, and
true buf fered as sem blages are of ten hard to find. Within the
stud ied sam ples from the KZS area, only some of the ar seno -
py rite grains dis sem i nated in calc-sil i cate rocks from the Z³oty
Stok de posit seem to be suit able for the As/S ra tio
geothermometry; the ma jor ity be ing ex cluded be cause of high
Co con tents. The ar senic atomic con tent of Asp I is typ i cal for
the west ern part of the de posit di rectly along the con tacts with
the KZS granitoids. Arsenopyrites of the sec ond gen er a tion
(Asp II) have lower ar senic con tents (~34.5 to ~36 a.p.f.u. –
at.% As). They oc cur more com monly in si lici fied zones and in
quartz veins and they formed in the tem per a ture range of ca.
470–530°C us ing löllingite-ar seno py rite buff er ing curve. The
3rd gen er a tion of arsenopyrites (Asp III) oc curs in quartz
veinlets as sep a rate in di vid ual crys tals as so ci ated with py rite.
Asp III is char ac ter ized by low As con tent (~32 a.p.f.u. As) and
may have crys tal lised at ca. 450 ± 30°C.

Paragenetic as so ci a tion of mag ne tite, py rite and pyrrhotite
oc curs as ei ther monomineral or poly-min eral mas sive im preg -
nated and cataclased ores. Ar seno py rite is gen er ally youn ger
than löllingite, which to gether with com monly ori ented inter -
growths of chal co py rite in pyrrhotite may sug gest high (>400°C) 
tem per a tures of metasomatic pro cesses dur ing the for ma tion
of the pyrrhotite-as so ci ated min er als (Mikulski, 1996a). Mag ne -
tite-rich min er ali sa tion in dolomitic mar bles is char ac ter ized by
in creased amounts of or ganic ma te rial, while in the sam ples
with rich ar senic ore the con tent of or ganic mat ter is lower
(Mikulski and Speczik, 2008). At the Z³oty Stok de posit the main 
mag ne tite gen er a tion oc curs to gether with pyrrhotite. Such
mag ne tite-pyrrhotite ores were the sub ject of ex ploi ta tion. This
mag ne tite is of metasomatic or i gin.

Gold in the Z³oty Stok de posit. In the Z³oty Stok de posit,
four gen er a tions of gold are rec og nized: re frac tory (chem i cally

bound – Au I), nonrefractory (vis i ble un der mi cro scope – Au II,
Au III and Au IV; Muszer, 1992; Niczyporuk and Speczik, 1993;
Mikulski, 1996a). The main gold-bear ing min er als are löllingite,
which con tains on av er age about 30 ppm of Au, and ar seno py -
rite (with el e vated Co ad mix ture). Co-ar seno py rite con tains
from 5.2 to 34.8 ppm Au. Gold oc curs as finely dis persed sub -
mi cro scopic par ti cles within these ore min er als that were
formed at a high-tem per a ture stage of ore pre cip i ta tion. Gold
ad mix tures range from 0.72 wt.% in löllingite to 0.8–1.4 wt.% in
ar seno py rite and from ca. 0.4 wt.% in arsenian sulphosalts of
Ni-Fe-Co to 0.9–2.2 wt.% in bis muthi nite. Non-re frac tory gold of 
the 2nd and 3rd gen er a tions has dif fer ent forms (in clu sions,
veinlets, inter gra nu lar – “free-gold”) and is rep re sented mostly
by electrum and mi nor maldonite. In clu sions of (0.5–15 mm) Au
II have been found in löllingite, ar seno py rite, pyrrhotite, mag ne -
tite, Ni-Co sulphoarsenides, li mo nite, quartz and gar net
(Fig. 4G). Au II gen er a tion con tains sil ver ad mix tures (up to
27 wt.% in löllingite and up to 13 wt.% in ar seno py rite). Bis muth
(7–35 wt.%) and cop per (up to 18.5 wt.%) ad mix tures were also
de tected in gold. Gold in clu sions in ar seno py rite (up to 10 mm in
size) are as so ci ated pre dom i nantly with na tive bis muth. The
com mon as so ci a tion be tween gold and bis muth has been seen
in many ore de pos its, and re sults from the scav eng ing of gold
from hy dro ther mal flu ids by liq uid bis muth (e.g., Ciobanu et al.,
2006; Cockerton and Tomkins, 2012).

Sil ver con tents in gold vary in a wide range and may reach
ca. 32 wt.% in di cat ing electrum. The most com mon form of in di -
vid ual Au III oc cur rences in ar senic ore are el lip soi dal Au in clu -
sions in quartz that heals cataclased löllingite grains. More over, 
nu mer ous grains of na tive gold were also ob served in
quartz ± cal cite veinlets. They are from 5 to 50 mm in size,
mostly have el lip soi dal shape with more or less reg u lar edges
and are char ac ter ized by more in tense yel low col our and lower
ad mix ture of sil ver and other el e ments. It is sug gested that gold
orig i nally dis persed in löllingite was remobilized and con cen -
trated in min ute quartz/car bon ate veins dur ing the later
metasomatic stages, or as a re sult of hy dro ther mal ac tiv ity
within shear zones, dur ing post-Variscan times. Gold mo bi li za -
tion from pri mary ore min er als is a well known pro cess (e.g.,
Möller and Kersten, 1994). The lat est gen er a tion of gold (Au IV)
at the Z³oty Stok de posit (gold grains with 4.5–7 wt.% of Ag ad -
mix ture) was also found in goethite veinlets that cut weath ered
ar senic ores.

Geo chem i cal fea tures of gold ores. Gold con tents in ores 
show a strong cor re la tion with As con tents (cc = 0.57; n = 73),
what is con firmed by min er al og i cal and microprobe stud ies,
which show that gold as so ci ates with löllingite and ar seno py rite
min er ali sa tion (Mikulski, 2001). Gold con cen tra tions ranged
from 0.073 ppm to 40.0 ppm (n = 88; arith me tic av er age =
3.91 ppm Au; Fig. 6A; Ap pen di ces 2–4). The high est gold con -
cen tra tion oc curred in ar senic ores (10–40 ppm) and the low est
one in mag ne tite ± pyrrhotite ± py rite ores (usu ally <1 ppm). If
mag ne tite-pyrrhotite ore is over printed by ar senic min er ali sa -
tion, the con tents of gold are in creased at least sev eral times.
There is a pos i tive cor re la tion of gold with Bi (cc = 0.92; n = 21;
Fig. 6B), Y (cc = 0.87; n = 29) and weaker with V (cc = 0.44;
n = 50), Cd (cc = 0.35; n = 50), SiO2 (cc = 0.35; n = 65) and MgO 
(cc = 0.22; n = 29). Re cent stud ies in the Z³oty Stok de posit re -
vealed that the con tent of or ganic car bon (TOC – To tal Or ganic
Car bon) de creased in zones of gold en rich ment (Mikulski and
Speczik, 2008). Sim i lar re la tion ship was also re ported from
other de pos its (Gize, 1999). There is a pos i tive cor re la tion be -
tween TOC and MgO and Fe2O3 (cc = 0.54 and 0.52; n = 50)
(Fig. 6C, D). In con trast, the cor re la tion of TOC with SiO2 and
CaO (cc = –0.58 and –0.28) is neg a tive. This sug gests that in -
creased amount of MgO has been con nected with serpentini -
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Fig. 4. Microphotographs in reflected light (A–D) of ore minerals from the Z³oty Stok deposit

A – inter growths of pyrrhotite with chal co py rite; B – skel e tal crys tals of löllingite re placed by ser pen tine min er als; C – ar seno py rite
overgrowths on mag ne tite; BSEI – Back scat tered Elec tron Im age; D – euhedral crys tals of ar seno py rite and frac tured löllingite; E –
BSEI of frac tured löllingite crys tals; F – map of sul phur dis tri bu tion with bright colours in di cat ing the pres ence of ar seno py rite within
large löllingite crys tals; G – BSEI of Ni-Co sulphosalts with electrum in clu sions; H, I – gar net inter growths with schee lite cut by cal cite
microveinlets, im age in the cathodoluminescence (H) and trans mit ted light (I); Cp –  chal co py rite, El – electrum, Po – pyrrhotite, Sch –
schee lite, other ex pla na tions as in Fig ure 3
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Fig. 5. Arsenopyrite geothermometer

A – ar seno py rite com po si tions (at.%) from the KZS in the ter nary sys tem Fe-As-S; co ex ist ing phases shown in pa ren the ses (acc. to Sharp et
al., 1985); B – phase di a gram show ing the de pend ence of As (at. %) in ar seno py rite from sul phur fugacity and tem per a ture dur ing ar seno py -
rite pre cip i ta tion in the KZS area; phase bound aries and ar senic iso pleths based on data of Kretschmar and Scott (1976); L – sul phur-ar senic 
liq uid, Py – py rite, As – at.% As in ar seno py rite; other ex pla na tions as in Fig ures 3 and 4

Fig. 6. Logarithmic plots of Au against As (A) and Bi (B) for the Z³oty Stok deposit and Bardo Œl¹skie prospect, 
and logarithmic plots of TOC (Total Organic Carbon) versus MgO (C) and Fe2O3 (D); for the same samples



sation pro cesses of dolomitic mar bles. Serpentinisation caused 
decalcification of car bo na ceous rocks. Sub se quent pro cesses
of car bon ate rocks sili ci fi ca tion as so ci ated with the KZS gran ite
in tru sion caused remobilization of or ganic mat ter and its re dis -
tri bu tion within brecciated rocks. Geo chem i cal stud ies in di cate
that the Au/Ag ra tio in ore-grade ma te ri als (>1 ppm Au) av er -
ages at 6:1 (n = 47).

Gen e sis of ore min er ali sa tion at the Z³oty Stok de posit.
Min eral paragenesis of gold-bear ing ore min er ali sa tion at the
Z³oty Stok de posit formed dur ing two main sep a rate stages.
Stage I of skarn-like min er ali sa tion was due to metasomatic
pro cesses de vel oped in the exocontact zone of the Variscan
KZS pluton. Fluid in clu sion stud ies dem on strate that the ear li -
est phase of this stage, char ac ter ized by crystallisation of
pyroxene, gar net and schee lite, were re lated to low sa lin ity flu -
ids (4.9–5.2 wt.% NaCl equiv.) at tem per a tures be tween 464
and 480°C and pres sure <1.4 kbar (Mikulski, 1996a). Dur ing
later phases of this stage, wide spread gold-bear ing ore min er -
ali sa tion (löllingite-ar seno py rite) was formed. The ma jor ity of
gold oc curs as fine-dis persed sub mi cro scopic par ti cles within
ore min er als in black ser pen tin ite, skarns and calc-sil i cate
rocks. The d18O val ues of do lo mite of non-min er al ised and
slightly min er al ised dolomitic mar ble range from +13.6 to
+15.2‰ SMOW, while min er al ised sam ples of cal cite-do lo mite
mar ble and calc-sil i cate rock have val ues from +13.7 to +20.3‰ 
SMOW (Fig. 7A; Mikulski and Speczik, 2009). A sim i lar dif fer -
ence be tween sam ples was found for the d18O val ues of cal cite.
This im plies the d18O val ues of all in ves ti gated sam ples from the 
ore zone area were af fected by the ore-form ing events. The
d18O val ues of car bon ates (+13.6 to +21.1‰ SMOW; Fig. 7 and
Ap pen dix 5) are gen er ally com pa ra ble with those from other

skarn-type de pos its (Kwak, 1987). The d13Cdo lo mite/cal cite val ues of 
in ves ti gated cal cite and do lo mite (from –12.4 to –10.4 and from
–13.2 to –10.7‰ VPDB, re spec tively; Fig. 7A, B) from do lo mite
mar bles with mag ne tite-rich ores are more char ac ter is tic of hy -
dro ther mal flu ids. These val ues were ex plained as a re sult of
com bined in ter ac tion of sev eral pro cesses, in clud ing
dolomitisation, serpentinitisation, de-dolomitisation and iso tope 
ex change re ac tions be tween min er als and flu ids, due to ther -
mal and sub se quent hy dro ther mal in flu ence of Variscan
granitoids with par tial ox i da tion and mo bi li sa tion of or ganic mat -
ter (Mikulski and Speczik, 2008). More over, an in flux of fresh -
wa ter dur ing the later phases of skarn for ma tion can not be ex -
cluded, as min er al ised sam ples are re lated to a frac ture zone
where the in flu ence of such flu ids is al ways pos si ble. The sul -
phur iso tope com po si tion of ar seno py rite ranges from –3.05 to
3.68‰ d34S CDT and of pyrrhotite from –4.27 to 0.35‰ d34S
CDT. This sug gests a mag matic source of sul phur with con tri -
bu tion from coun try rocks (Fig. 8 and Ap pen dix 6).

The brit tle de for ma tion and hy dro ther mal infill by min er al is -
ing flu ids re lated to the de vel op ment of shear zones was re -
spon si ble for the youn ger stage (II) with sev eral phases of
veinlet-im preg na tion type of mi nor ore min er ali sa tion. Fluid in -
clu sion stud ies of quartz veinlets in the au rif er ous sam ples in di -
cated clearly the pres ence of three quartz gen er a tions which
crys tal lised in dif fer ent tem per a ture ranges. Pri mary fluid in clu -
sions ho mogen ised in the liq uid phase. The high-tem per a ture
quartz crys tal lised at tem per a tures from 384 to 429°C from
high-sa lin ity flu ids con tain ing from 13.1 to 14.5 wt.% NaCl
equiv a lent of to tal salts (Fig. 9 and Ap pen dix 7) un der pres sure
of 0.9 to 1.1 kbar. It may con tain au rif er ous As min er ali sa tion
(ar seno py rite). The me dium tem per a ture quartz re vealed
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Fig. 7. Binary plots of d18Odolomite SMOW versus d13Cdolomite PDB (A) and of d13CTOC PDB versus d13Cdolomite PDB (B); 
modified after Mikulski and Speczik (2008)

Fig. 8. The d34S value histograms (in ‰) for
arsenopyrite and pyrrhotite from gold-bearing

arsenic polymetallic ores in the Z³oty Stok deposit
and the Bardo Œl¹skie prospect
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crystallisation tem per a tures from 230 to 346°C and crys tal lised
from me dium-sa lin ity flu ids from 5 to 9.1 wt.% NaCl equiv a lent
when pres sure dropped from 1.2 to 0.5 kbar. It is as so ci ated by
au rif er ous ar seno py rite min er ali sa tion. The low-tem per a ture
quartz gen er a tion is in ti mately as so ci ated with late car bon ates.
Tem per a ture of crystallisation of this quartz based on fluid in -
clu sion stud ies is from 141 to 231°C, low-sa lin ity flu ids (2.1 to
5.2 wt.% NaCl equiv a lent) of pres sure from 0.4 to 0.9 kbar are
the par ent me dium for this min eral as so ci a tion.

Pro cesses of re dis tri bu tion of pri mary gold from löllingite-ar -
seno py rite min er ali sa tion were widely de vel oped. Pre cip i ta tion of 
vis i ble gold within sulphoarsenides and sulphides was car ried
out by sul phur-bear ing so lu tions at 350–250°C and near-neu tral
to al ka line en vi ron ments, with the dom i nant role of hydrosulphide 
com plexes e.g., Au(HS)2

–. Main pri mary sources of met als for
both stages were prob a bly the metal preconcentrations in vol -
cano-sed i men tary rocks with man tle con tri bu tion (Ni, Cr, Pt and
Pd), which later un der went mo bi li sa tion due to the for ma tion of
hy brid granitoid in tru sions and de vel op ment of shear zones.
How ever, the REE-pat terns of the min er al ised sam ples point to a 
gra nitic source of the stud ied orebodies (Mikulski and Speczik,
2008). More over, the cor re la tion co ef fi cients are very high for
REE and As, Au, Bi, Fe and Mn ox ides (r = 0.95–0.85), in di cat ing 
strong af fin i ties of gold- and metal-bear ing postmagmatic hy dro -
ther mal flu ids with pa ren tal granitoids mag mas.

ABANDONED LUTYNKA Pb-Zn DEPOSIT

The Lutynka Pb-Zn vein de posit is sit u ated ca. 8 km SE
from KZS out crops within the L¹dek–Œnie¿nik meta mor phic
rocks, namely the Stronie Se ries (Fig. 1). The ores at Lutynka
are con nected with a zone of ce mented tec tonic brec cia that is
as so ci ated with a large frac ture trending to wards the NE. The
thick ness of brec cia var ies from 20 cm to 4 m. The wall rocks
are mostly quartz-mus co vite-graph ite schists with mi nor lenses
of am phi bo lite and am phi bo lite schists. The brec cia is ce -
mented with skarn-type min er als, quartz and mi nor cal cite. In -
side the in ner parts of the brec cia zone, gangue min er als form
in di vid ual veins, veinlets, len tic u lar bod ies and druses. Two
stages of ore for ma tion were rec og nized at Lutynka. The
first-stage min er als oc cur in wall rocks and in their frag ments
locked within the brec cia zone (Olszyñski and Speczik, 1993).

They con sist of pyrrhotite, pentlandite, mag ne tite, il men ite,
ilmenorutile and py rite with mi nor chal co py rite. Min er als of this
paragenesis are ori ented par al lel to the lam i na tion and are un -
evenly dis persed. The mode of oc cur rence of the min er ali sa tion 
sug gests its or i gin due to re gional meta mor phism of a sed i men -
tary-vol ca nic se quence. Min er als of the youn ger stage oc cur
within the veins and in side the ma trix of the brec cia zone
(salbands). They are di vided into two gen er a tions. The first one
with higher tem per a tures of for ma tion (from 260–220°C based
on fluid in clu sion in quartz) is rep re sented by ar seno py rite, py -
rite and chal co py rite; the sec ond one with lower tem per a tures
(180–150°C) con sists of ten nan tite, sphalerite and ga lena
(Olszyñski and Speczik, 1993). Drop of tem per a ture was as so -
ci ated with re lax ation of ten sion which re sulted in cataclasis of
older min er als and their heal ing by min er als of youn ger gen er a -
tion. The most plen ti ful ore min eral is ga lena with some crys tals
reach ing up to 2 cm across.

DROSZKÓW–SKRZYNKA–O£DRZYCHOWICE PROSPECTS

Along the south ern con tact of the out crops of the
K³odzko–Z³oty Stok granitoids and meta mor phic rocks of the
Stronie Se ries from Droszków to O³drzychowice, traces of au rif -
er ous ore min er ali sa tion have been found in the Z³oty
Stok–Skrzynka re gional Shear Zone (Fig. 1). Near Droszków,
some out crops of strongly si lici fied am phi bo lite as well as large
quartz boul ders con tain schee lite min er ali sa tion with traces of
gold (Mikulski, 2000). Gold as says in sam ples of schee -
lite-bear ing rocks re vealed a wide range of Au con tents due to
the na ture of inhomogenous gold oc cur rence in quartz veins.
Usu ally, sam ples are bar ren but rarely may show an in creased
gold con cen tra tion up to a few ppm. Gold was found un der mi -
cro scope in the form of ir reg u lar sin gle micrograins from 5 to
25 µm (<15 wt.% Ag ad mix ture) and as electrum (<30 wt.% Ag)
in clu sions in frac tured ar seno py rite. Ore min er als oc cur as infill
in the inter gra nu lar space and as im preg na tion in quartz
veinlets, and are rep re sented by ar seno py rite, py rite, schee lite
and ti tan ite. In par ent rocks, il men ite, pyrrhotite, chal co py rite
and mag ne tite oc cur. Gold-bear ing ar seno py rite min er ali sa tion
was also found in this area in an out crop of a few metres thick
leptynite and blastomylonitic gneiss in sert within mica schists
(strike/dip: 50/45SE). Au rif er ous ar seno py rite of pil lar-like habit
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and a length of <1 cm com monly ap pears along frac tures in
leptynite. In ten sive brown ish color is very char ac ter is tic for frac -
tured leptynite as a re sult of sul phide re place ment by Fe-hy -
drox ides – goethite. Gold as says re vealed usu ally <1 ppm Au.

More over, two quartz veins with a thick ness from 5 and
35 cm (60/90; 50/85E), re spec tively, were found in the out crop
of mylonitic gneiss es (60/35SE) near Skrzynka. Gold as says
reach 0.5 ppm Au. Gold con cen tra tion is as so ci ated with py rite
ag gre gates of about 2 cm across. Fresh py rite grains con tain up 
to 3.5 wt.% Au and ad mix tures of Cu and Ni. Py rite is com monly 
re placed by Fe-hy drox ides (goethite). Traces of gold in schee -
lite-con tain ing quartz veins were also found in an out crop lo -
cated in O³drzychowice, north of the main road be tween
K³odzko and L¹dek.

All other in ves ti gated lo ca tions (e.g., Sosenka, Trzebie -
szowice, Marcinków) sit u ated along the SE bound ary of the
KZS pluton re veal com mon symp toms of ore min er alisation in
metabasites. Il men ite, rutile and mag ne tite gen er ally pre vail
over py rite, chal co py rite and pyrrhotite. This min er alisation is
sim i lar to the pre-Variscan meta mor phic-type min er alisation.
How ever, in some lo ca tions, youn ger ar seno py rite ag gre gates
with mi nor ten nan tite and chal co py rite dom i nate, which are re -
lated to youn ger frac tures.

THE NORTHERN PART OF THE KZS GRANITOID PLUTON

BARDO ŒL¥SKIE Au-As PROSPECT

Gold-bear ing sul phide min er ali sa tion was found in
boudin-like boul der in the old rock fall ma te ri als un cov ered in
1997 by the flood of the Nysa K³odzka River near Bardo Œl¹skie
in the NW part of the con tact meta mor phic au re ole of the KZS
pluton (Figs. 1 and 10A; Mikulski, 1998). The au rif er ous sam -
ples are strongly cataclased and rep re sent frag ments of si lici -
fied metasomatic rock. They have an el lip soid-like form (ca. 0.4
´ 0.6 m in size) and are vari ably weath ered (Fig. 10B). Quartz
and sulphides make up 30–50% of to tal rock vol ume. Other
com po nents are rep re sented by cal cite, chlorite, plagioclase,
K-feld spar, mus co vite, rutile, zir con, ap a tite and ti tan ite.
Plagioclases are sub ject to strong sericitisation. More over,
strong metasomatic al ter ation is marked by the ap pear ance of
sil ica, sulphides, chlorite, cal cite and prehnite. Pri mary au rif er -
ous sul phide min er ali sa tion may oc cur in quartz-car bon ate
lodes or lenses within the WNW–ESE-trending tec tonic zone
that sep a rates the Up per De vo nian–Car bon if er ous flysch sed i -
men tary rocks of the Bardo Struc ture from the Visean
Graniec–Bardo apophysis (Mikulski and Wil liams, 2014a). The
Graniec–Bardo apophysis is built of dark grey me dium-grained
and fine-grained tonalite and granodiorite. The apophysis is
hosted by siliciclastic schists of the Miko³ajowice For ma tion
(Famennian) and rock se ries com posed of in ter ca la tion of
greywacke sand stones, clayey schists, mudstones and
claystones (Visean; Oberc et al., 1994). These rocks along the
con tact with granodiorite un der went strong hornfelsisation.
Flysch rocks are strongly folded, form ing nar row sheeted
thrusts and sec ond ary synclinal folds (Oberc, 1972;
Haydukiewicz, 1973, 1990; Wajsprych, 1978, 1986).

Gold min er ali sa tion is as so ci ated with sul phide oc cur -
rences, which are dom i nated by ar seno py rite and py rite. Gold
in clu sions, from 2 to 50 µm across, com monly oc cur in ar seno -
py rite. In clu sions of electrum and na tive gold (with sil ver ad mix -
ture up to a few per cent and with traces of Cu) oc cur in as so ci a -
tion with Bi- and Te-min er als. Gold con cen tra tions in some
parts of boudinage rocks may reach 7 ppm (n = 20). An arith me -
tic av er age is 1.3 ppm (n = 22). The high est gold con cen tra tion
is ob served in those parts of con cre tions which are not weath -

ered and dom i nated by coarse-grained ar seno py rite min er ali -
sa tion (from 2.25 to 6.7 ppm; arith me tic av er age for n = 5 sam -
ples – x n=5 = 3.83 ppm). The low est gold con tents (x n=5 = 0.25
ppm) were de ter mined in parts show ing char ac ter is tic
red-brown ish colours and strongly weath ered sulphides. Ar -
seno py rite com monly con tains mono- or polymineral sul phide
in clu sions from 5 to 100 µm in size (Fig. 10C–F). They in clude:
pyrrhotite, base metal sulphides, na tive gold, electrum, na tive
bis muth, bis muthi nite, hedleyite (Bi2Te), tellurobismuthite
(Bi2Te3), pilsenite (Bi4Te3), joseite B (Bi4STe)3, rucklidgeite
(Bi,Pb)3Te4, and Bi-sulphosalts (Fig. 11A and Ap pen dix 11).
Hedleyite (Bi2Te) com monly oc curs with Bi-tellurides and gold
in ar seno py rite (Mikulski, 2005b).

Gold was also found in quartz veinlets (ca. 2 cm thick) which 
cut granodirorite out crop ping in Bardo Œl¹skie along the main
road to K³odzko. Granodiorite is im preg nated by py rite, and the
con cen tra tion of Au in the rock was 1.5 ppm. Ore min er als are
rep re sented here by ar seno py rite, Co-ar seno py rite, py rite and
ti tan ite, and less fre quently by base metal sulphides (ga lena,
sphalerite and chal co py rite), stibnite, marcasite and Te-Bi min -
er als. Sulphides are intergrown with quartz, cal cite and chlorite.

The gold min er ali sa tion is of con tact metasomatic type re -
lated to post-mag matic hy dro ther mal pro cesses that de vel oped 
af ter the for ma tion of the Graniec–Bardo apophysis of KZS,
which took place in the Mis sis sip pian. The early stage of con -
tact metasomatism oc curred at a high tem per a ture much above 
700°C. The pro cess led to the for ma tion of not only the ore as -
sem blage, but also rock-form ing min er als. The ar seno py rite
geothermometer in di cates hy dro ther mal ar seno py rite crystalli -
sation at a tem per a ture above 500°C along the ar seno py rite
+ löllingite and ar seno py rite + pyrrhotite buff ers (Kretsch mar
and Scott, 1976; Sharp et al., 1985). How ever, a con stant co -
balt ad mix ture within most of the stud ied arsenopyrites from 0.6
to 2.9 atom.% may limit such ther mom e try. The sul phur iso tope 
com po si tion of ar seno py rite ranges from –1.48 to 1.04‰ s34

CDT and sug gests a mag matic source of sul phur (Fig. 8). The
pres ence of gold in clu sions as so ci ated with Bi-, and Te-min er -
als had ret ro gres sive char ac ters and oc curred at a tem per a ture 
prob a bly ex ceed ing 300°C in an in tru sion-re lated gold sys tem
(Fig. 11B; Afifi et al., 1988; Cook and Ciobanu, 2004). The pre -
cise po si tion and ge om e try of the ores and gold re serves have
not been de fined yet.

DÊBOWINKA GOLD PROSPECT

In the Sudetes a new type of con tact metasomatic gold min -
er ali sa tion – beresite – was de scribed from Dêbowinka (Mikulski, 
1999b). Strongly al tered gold-bear ing quartz ite with a char ac ter -
is tic green ish col our is called beresite by min ers of the
Beryozovskoye de posit in Urals (e.g., Czesnokow, 1973).
Beresite con sists mainly of quartz, seri cite (ca. 20 wt.%) and py -
rite (sev eral per cent), and low quan ti ties of rutile, ti tan ite,
plagioclase, mus co vite, cal cite and gold (from >0.5 up to a few
ppm). Dêbowinka pros pect is lo cated in the cen tral-west ern part
of the Bardo Moun tains unit (Fig. 1). Up per De vo nian and Mis sis -
sip pian (Visean) flysch rocks pre dom i nate there, rep re sented by
si li ceous schists, clayey schists, sand stones, greywackes and
mudstones. These rocks are cut by Mis sis sip pian tonalite dykes
and veins out crop ping over a dis tance of 300 to 750 m along the
NW–SE-run ning Dêbowinka creek (Fig. 12A).

Ore min er ali sa tion of im preg na tion-veinlet types oc curs
along tonalite out crops within the zone of vari able thick ness up
to a few tens of metres. Sul phide im preg na tion in the tonalite is
rare. In the 18th cen tury, a pros pect ing-ex plor atory adit was
made for the pur pose of an ti mony and sil ver ex trac tion in this
area (Dziekoñski, 1972; Nejbert et al., 2013). Ore min er ali sa -
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Fig. 10A – geo log i cal set ting of the Bardo Œl¹skie gold pros pect on the geo log i cal map ac cord ing to
Emerle-Tubielewicz (1979) and Oberc et al. (1994); B – pho to graph of au rif er ous-bear ing sul phide min er ali sa tion 
of con tact metasomatic type from the Bardo Œl¹skie pros pect; C–F – mi cro pho to graphs of typ i cal in serts of Au,
Bi and Te-min er als in ar seno py rite ores

Bi – native bismuth; Bs – bismuthinite; Te – hedleyite, other explanations as in Figure 3 and 4; photo C and D
backscattered electron image, photo E and F – photomicrographs in reflected light



tion may con sti tute up to sev eral per cent of rock vol umes and
may lo cally form nests or is sit u ated con cor dant to laminas in
mudstones, sand stones or schists. The rich est sul phide im -
preg na tion oc curs within light-col ored greywacke sand stone in -
serts, 0.5–3.5 m in thick ness (Fig. 12B). These sand stones are
a mem ber of the flysch unit (90–150/20–40 W). Strongly im -
preg nated light green ish sand stones are clas si fied as beresites
with pri mary rock com po si tion of quartz wakes. Beresite has a
po lyg o nal tex ture built by recrystallised quartz (SiO2 –
44–48 wt.%) and clayey-car bon ate ma trix (Al2O3 – 16 wt.%;
CaO – 9 wt.%; Fe2O3 and K2O about 10 wt.%), which also
recrystallised into seri cite and cal cite.

Beresite from Dêbowinka con tains from 210 ppb up to
1.2 ppm of gold. In beresites, the gold con tent de pends on the
oc cur rence of py rite and other sulphides. Py rite grains of vari -
able size (from 0.1 to 3 mm across) im preg nate beresite
equally. Py rite dis plays very char ac ter is tic skel e tal habit as a re -
sult of its inter growths with quartz and cal cite (Fig. 12C). It may
con tain vari able ad mix ture of ar senic (up to 1.8 wt.%), co balt
(<0.12 wt.%), nickel (<0.4 wt.%) and an ti mony (<0.21 wt.%).
The back-scat tered elec tron im age (SEM-BSE) of py rite is grey, 
how ever, it is pos si ble to ob serve lighter parts which may in di -
cate ar senic and gold ad mix tures. Microprobe in ves ti ga tion in -
di cates that the high est con tents of gold ad mix ture in py rite may 
be up to 0.06 wt.%. Py rite min er ali sa tion is over printed by youn -
ger gen er a tion sulphides of im preg na tion-veinlet char ac ter.
Beresite is cut by nu mer ous nar row quartz-car bon ate (cal cite,
an ker ite) veinlets with sphalerite, ga lena, boulangerite,
jamesonite, stibnite, ti tan ite, py rite and chal co py rite. Veinlet
salbands show im preg na tion of coarse-grained min er als, which 
is rep re sented mainly by stibnite and sphalerite (grains up to
3 mm across). There are also nu mer ous grains of rutile, ti tan ite
and less fre quent chal co py rite, ga lena, py rite and ar seno py rite
(Fig. 12D). Rare in clu sions of electrum, up to 10 mm across,
which con tain ca. 35 wt.% Ag, may oc cur in sphalerite. Abun -
dant man ga nese min er als, goethite and covel lite were found in
weath ered beresite.

The for ma tion of au rif er ous min er ali sa tion in beresites was
con nected with con tact-metasomatic and hy dro ther mal pro -
cesses of the KZS in tru sion. Beresites were formed along the
di rect con tact of De vo nian quartz wackes with Visean tonalite

as re sults of carbonatisation, sili ci fi ca tion, sericitisation and
sulphidisation of wackes (Mikulski, 1999b). Sul phide min er ali -
sa tion hosted by beresites and dif fer ent com po si tion quartz
veins pre cip i tated dur ing hy dro ther mal pro cesses at me dium to
low range tem per a tures. The ho mogeni sa tion tem per a tures of
fluid in clu sions of quartz veinlets host ing sulphides min er ali sa -
tion in di cate the crystallisation range of 210–280°C with the sa -
lin ity of flu ids cor re spond ing to 3–7 wt.% NaCl equiv a lent
(Fig. 13 and Ap pen dix 9). Re cently, yel low ish Sb-ochres,
scorodite, cerusite, smithsonite, ferrihydrite, na tive sul phur and
other min er als were also rec og nized in the weath ered as sem -
blages (Nejbert et al., 2013).

PODZAMEK QUARRY

The in flu ence of high tem per a tures of the KZS pluton on its
sur round ings was also noted in the Podzamek re gion (Fig. 1).
The tem per a tures of about 650°C have been fixed on the ba sis
of wollastonite (Winkler, 1967) that was found in sil i cate-cal cite
rocks in ti mately as so ci ated with the con tact. The rocks that built
the granitoid com plex in the Podzamek re gion are com posed of
granodiorite, monzonite and quartz monzonite with mi nor
tonalite, syenite, monzogabro diorite and monzodiorite. How -
ever, the most in ter est ing fea ture of the Podzamek area is the
oc cur rence of dif fer ent skarns and skarn-re lated rocks that as so -
ci ate with car bon ate en claves within the in ti mate meta mor phic
cover. They in clude: mar bles, wollastonite mar bles, vesuvianite
mar bles, mar bles with gar net and pyroxene, gar net skarns, gar -
net-pyroxene skarns, gar net-feld spar-pyroxene-am phi bole
skarn (Juskowiak, 1959; Speczik, 1994).

METAMORPHIC ROOF BLANKETS PATCHY DISTRIBUTED 
ON THE KZS PLUTON

M¥KOLNO PROSPECT AND OTHER NEARBY LOCATIONS

Meta mor phic rocks in M¹kolno rep re sent a rel ict of the
metasedimentary cover rest ing on the top of KZS pluton (Fig. 1).
Ore min er ali sa tion was found within a lens of lime stone as well
as in as so ci ated am phi bo lites. The min er ali sa tion in am phi bo -
lites is sim i lar to the first-stage min er ali sa tion of Lutynka, and is
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Fig. 11A – plot of various compositions of Bi-tellurides and tellurides in terms of Bi-Pb-(S+Se+Te) from the Bardo Œl¹skie
prospect; B – telluride-sulphide stability diagram at 300 °C in fTe2-fS2 space, after Afifi et al. (1988)

Grey arrow indicates mineral phases relevant to the Bardo Œl¹skie prospect
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cred i bly re lated to pre-Variscan re gional meta mor phism. Min er -
ali sa tion in lime stones is rep re sented mostly by az ur ite, mal a -
chite, covel lite and li mo nite. How ever, relicts of pri mary ore min -
er als, i.e. bornite with chal co py rite inter growths and chal co py rite,
were also found. More over, also gold in this area was found in
two out crops of am phi bo lites. Gold was de ter mined (ca. 6 ppm)
in weath ered cop per ores col lected at the known old pros pect in
M¹kolno (Lis and Sylwestrzak, 1986; Muszer, 1992). More over,
a new gold site was found about 1 km SW of the old pros pect

near the ru ins of a cha pel. Gold (up to 5 ppm) oc curs here in as -
so ci a tion with sulphides that form veinlet-im preg na tions within
strongly al tered am phi bo lites. Older-gen er a tion ore min er als are
rep re sented by abun dant schee lite, ti tan ite and löllingite
(Fig. 12E, F) which are cataclassed and over printed by au rif er -
ous ar seno py rite, py rite and rare electrum micrograins and in clu -
sions. Gen e sis of the ore min er ali sa tion is strongly as so ci ated
with con tact metasomatic and hy dro ther mal pro cesses de vel -
oped be tween the gran ite and meta mor phic cover rocks. Schee -
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Fig. 12A – beresite oc cur rence from Dêbowinka in the sche matic geo log i cal map of Emerle-Tubielewicz (1979,
mod i fied); B – pho to graph of beresite rock with py rite min er ali sa tion from the Dêbowinka pros pect; C – euhedral 
py rite (Py) crys tal; D – inter growths of ga lena (Gal) and py rite (Py); E, F – the M¹kolno pros pect: E – schelite
(Sch) crys tals un der ore mi cro scope, semi-crossed nicols, F – frac tured löllingite (Lo) as so ci ated with schee lite
(Sch) in strongly si lici fied amphibolitic hornfels

Photo C–F in reflected light



lite and ti tan ite in as so ci a tion with löllingite, quartz and pyroxene
in augite-hornblede rocks were the first to be formed at a high
tem per a ture (ca. 500°C). Cataclassis of löllingite and schee lite
in di cates that the sec ond stage of ore crystallisation was strongly
as so ci ated with basification and sili ci fi ca tion of am phi bo lites. As
the re sult, hornblende formed, ac com pa nied by quartz and ar -
seno py rite that re placed löllingite. Ac cord ing to the ar seno py rite
geothermometer the ar seno py rite crystallisation took place at the 
tem per a ture range from 410 to 480°C (Fig. 5 and Ap pen dix 1).
Ar seno py rite skel e tal ag gre gates fill the inter gra nu lar spaces and 
are over grown on coarse-grained quartz con tain ing schee lite or
löllingite. Py rite ap pears as sin gle grains up to 0.5 mm in size.
Gold micrograins oc cur in as so ci a tion with cal cite and youn -
ger-gen er a tion quartz in frac tured ar seno py rite.

More over, in Chwalis³aw, in the north ern part of the KZS the
quartz veins with schee lite and Au traces have also been found
(Fig. 1). These veins cut granodiorites and meta mor phic rocks

(mainly am phi bo lites and pyroxene gneiss es). Quartz veins
con tain here mi nor ore min er als such as: schee lite, ar seno py -
rite, py rite, ti tan ite, rutile and very fine sin gle crys tals of mo lyb -
de nite. These quartz veins con tain traces of gold (<0.1 ppm).

PTASZNIK Ti-W-Au PROSPECT

Tung sten-ti ta nium min er ali sa tion of metasomatic type as -
so ci ated with hy dro ther mal Au-bear ing quartz-K feld spar
stockworks and veins were en coun tered in the Ptasznik meta -
mor phic cover about 5 km SW from the Z³oty Stok Au-As de -
posit (Fig. 1). Epigenetic ore min er ali sa tion is rep re sented here
by schee lite and ti tan ite with smaller amounts of sulphides and
traces of gold. It was pos si ble to iden tify pri mary min er ali sa tion
due to heavy min eral pros pect ing of alluvials (Mikulski, 2000).
Coarse grains of schee lite (>1.0 mm in size) with char ac ter is tic
sharp edges were found only near the out crops of the pri mary
tung sten min er ali sa tion (Mikulski and Wierchowiec, 2013). The
roof of KZS is formed by ir reg u larly dis trib uted rel ics of Lower
Pa leo zoic meta mor phosed vol ca nic and sed i men tary rocks
cor re spond ing to the Œnie¿nik Meta mor phic rock unit that sur -
rounds the in tru sion on the east. The sed i men tary rocks en -
close mafic and fel sic in ter ca la tions re gion ally meta mor phosed
at the am phi bo lite fa cies and then af fected by con tact meta mor -
phism of the gran ite in tru sion. The Ptasznik roof cover is built of
pyroxene am phi bo lites, amphibolic schists, pyroxene-pla -
gioclase rocks, gneiss es and cor di er ite hornfelses in jected by
por phy ritic granodiorite dykes and sub se quently in ter sected by
melanocratic and leucocratic dykes and quartz veins (Fig. 14).
It was later frag mented into smaller pieces which were up lifted
and shifted along re gional shear zones of the NNW di rec tion.
The youn gest de for ma tion, re sult ing in a num ber of
cataclasites, mylonites and brec cias, en abled hy dro ther mal so -
lu tions to in fil trate the in tru sion and the coun try rocks. Schee lite
min er ali sa tion oc curs in the form of im preg na tion in a quartz –
K-feld spar stockwork, veins and brec cias in ter sect ing the am -
phi bo lite and/or gneiss schistosity (Fig. 15A–D). This min er ali -
sa tion fills the NNW frac tures (165–10°) dip ping steeply to the E 
or W (80–90°). In the gran ite, only traces of Mo-schee lite min er -
ali sa tion were found.

Chem i cal anal y ses de ter mined 18.4 ppm Au and 0.3 wt.%
WO3 at the max i mum. The mean gold con tent is 53 ppb
(n = 75). High Au con cen tra tions (5–9 ppm) were found in sev -
eral sam ples of quartz veinlets in ter sect ing al tered meta mor -
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Fig. 13. Plot of homogenisation temperature versus salinity
for primary fluid inclusions in quartz and scheelite from the

Ptasznik and Dêbowinka prospects

Fig. 14. Geological cross-section of the Ptasznik Hill prospect with Ti-W mineralisation 
(modified after Mikulski, 2000)

https://gq.pgi.gov.pl/article/downloadSuppFile/24840/2912
https://gq.pgi.gov.pl/article/view/8739


phic rocks (Fig. 16 and Ap pen dix 10). Am phi bo lite host ing
quartz stockworks with schee lite con tains an av er age of
1.42 ppm Au (n = 13), gneiss es with quartz veinlets only 3 ppb
Au (n = 6), and quartz veins with schee lite – 1.24 ppm Au
(n = 16). How ever, anal y ses in di cate an un even Au dis tri bu tion
in schee lite-bear ing rocks due to an ir reg u lar oc cur rence of gold 
in quartz-K feld spar veins and si lici fied rocks. In the quartz

veinlets, gold forms flat and elon gated grains 5–30 mm in size
and may con tain up to 15 wt.% Ag. In granitised am phi bo lites,
rare gold grains in as so ci a tion with il men ite, schee lite and ti tan -
ite may be up to 50–100 mm in size (Fig. 15E). Electrum was
found in the form of ca. 5–10 mm in clu sions in ar seno py rite or as 
grains in cataclastic fis sures in löllingite-ar seno py rite ag gre -
gates. Gen e sis of the gold and schee lite min er ali sa tion is in ter -
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Fig. 15. Pho to graphs of typ i cal stockworks of quartz-feld spar (K)-car bon ate veinlets with schee lite-ti tan ite min -
er al iza tion hosted by pyroxene am phi bo lite (A) and gneiss (B); C – pho to graph of quartz-feld spar (K)-car bon -
ate-epidote veins with idiomorphic crys tals of augite with co lum nar habit (black), ti tan ite rhom boids (brown),
and schee lite min er ali sa tion; D – mi cro pho to graph in cathodoluminescence light with quartz, schee lite and
prehnite; E – gold micrograin in quartz veinlet, photo in re flected light; F – schee lite re place ment by min er als
from the al la nite group, note vis i ble dark grey tran sit zone with al la nite en riched in Ce rium, back scat tered elec -
tron im age

Ale – allanite, Au – gold, Epe – epidote, Ile – ilmenite, Pre – prehnite, Qz – quartz, Ti – titanite, other explanations as
in Figure 3 and 4

https://gq.pgi.gov.pl/article/downloadSuppFile/24840/2921


preted as postmagmatic, re lated to hy dro ther mal pro cesses
when granitoids were af fected by cataclasis ca. 333 Ma
(Mikulski et al., 2013).

K³odzko–Z³oty Stok gran ite is a type I ox i dized acid in tru sion 
ow ing to oxi dis ing hy dro ther mal flu ids which were ca pa ble of
trans port ing gold and, pos si bly, were also the source of gold to
some ex tent. Tec tonic struc tures (faults and shears) pro vide a
‘plumb ing sys tem’ for Au-bear ing flu ids. Schee lite and ti tan ite
min er ali sa tion is strongly as so ci ated with the pres ence of mafic
rocks which were sub jected to late frac tur ing and strong al ter -
ation. The most abun dant schee lite min er ali sa tion oc curs in the
ar eas char ac ter ized by the pres ence of melanocratic and
leucocratic dykes. Geo log i cal ther mom e ters in di cate con tact
meta mor phism of pyroxene-hornfels fa cies in the Ptasznik
meta mor phic cover (660–710°C and about 3 kb; Bagiñski,
2007). Biotitisation and pyroxenisation were fol lowed by K-feld -
spar metasomatism and sili ci fi ca tion ac com pa nied the main
stage of ore min er ali sa tion rep re sented by schee lite and ti tan ite 
with a small amount of sulphides and traces of gold. Abun dant
schee lite-ti tan ite min er ali sa tion is pres ent in zones of strong sili -
ci fi ca tion and K-feld spar metasomatism at the tem per a ture of
about 460°C. The re sults of fluid in clu sion stud ies of schee lite
and quartz from strongly metasomatically al tered  pyroxene
am phi bo lites in di cate the crystallisation range of 440–460°C
and 1.2 kb pres sure with the sa lin ity of flu ids cor re spond ing to
7–11 wt.% NaCl equiv a lent (Mikulski and Kozlowski, 2001).
The crystallisation of Ti min er als and schee lite pre ceded Au
min er ali sa tion as so ci ated with youn ger gen er a tions of quartz
veinlets and sulphides, which were formed at the tem per a ture
<300°C. In the sub se quent al ter ation stages, chloritisation of
mafic min er als and crystallisation of sulphides oc curred, ac -
com pa nied by sericitisation and albitisation of plagioclase.
Epigenetic sulphides are rep re sented mainly by py rite and ar -
seno py rite, to a lesser de gree by chal co py rite and pyrrhotite
and rare free gold grains and gold in clu sions hosted by ar seno -
py rite. Weak schee lite min er ali sa tion of a youn ger stage is ac -
com pa nied by cal cite, prehnite, epidotes and py rite, which form
veinlets rep re sent ing the late prod ucts of mafic rocks al ter ation.
Schee lite is also re placed by Ce- and La-bear ing allanites that
in di cate REE-rich hy dro ther mal flu ids (Fig. 15F).

THE CENTRAL AND SOUTHERN PARTS OF THE KZS PLUTON

JASZKOWA GÓRNA PROSPECTS

Schee lite min er ali sa tion with traces of gold (<0.2 ppm) in two
quartz veins and quartz boul ders were found in the SE parts of
the KZS and within its con tact with meta mor phic rocks of the
Stronie se ries in the vi cin i ties of Jaszkowa Górna (Fig. 1). The
first quartz vein (170/75 E), about 5 cm thick, cuts porphyre
granodiorites and fine-grained gran ite and is com posed of
grey-white coarse-grained quartz with schee lite, anhedral py rite
and rare chal co py rite grains. In quartz druses, com mon mi -
cro-veinlets of Fe-hy drox ides were noted. The sec ond quartz
vein (30/70 E), about 1 m thick, cuts strongly granitised and si lici -
fied am phi bo lites that out crop south–west of the first quartz vein.

¯ELAZNO

In the ¯elazno area (south west ern au re ole) it is pos si ble to
ob serve the in ti mate con tact be tween the KZS and its meta mor -
phic cover in sev eral quar ries. Here, the ther mal and
metasomatic in flu ence of granitoids on its meta mor phic cover is
ex pressed pro foundly even with symp toms of ex ten sive
granitisation (Wierzcho³owski, 1976). Good ex am ples of con -
tact-metasomatic ores of dif fer ent types and com po si tions are
found in two quar ries. The first one is sit u ated near the state road
L¹dek Zdrój–K³odzko and the sec ond one is lo cated in the vil lage 
of Dolne ¯elazno. Both am phi bo lite and am phi bole gneiss quar -
ries rep re sent rather joint se ries in which one or the other rock
type dom i nates. In com par i son with am phi bole-gneiss es the am -
phi bo lites are en riched in dark min er als and are fine-grained. Sil i -
cate-cal cite rocks in the quarry of ten con tain elon gated in clu -
sions of pyroxene plagioclase hornfelses. Gneiss es that oc cur in
the low er most part of the Stare ¯elazno pro file are finely lam i -
nated dark grey rocks com posed of par al lel-ar ranged crys tals of
plagioclase, bi o tite, am phi bole, and mi nor quartz. They re veal
both symp toms of me chan i cal de struc tion and metasomatic
recrystallisation. Am phi bole is rep re sented mainly by antophylite, 
actinolite and mi nor green hornblende. Ac ces sory min er als are
zir cons, ap a tite and Ti-Fe ox ides.
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Fig. 16. Log a rith mic plot of gold con cen tra tion in quartz veins and schee -
lite-bear ing rocks from the Z³ote Moun tains; Serie I – schee lite-bear ing quartz
veins, quartz-feld spar (K) rocks, and leucocratic veins from the Ptasznik pros -
pect (rhom bo he drons); Serie II – alterered metabasite hornfelses from the
Ptasznik pros pect (tri an gles); Serie III – quartz veins from the Z³ote Mts., be yond 
the Ptasznik pros pect (cir cles)



ORE CRYSTALLISATION SEQUENCE

In gen eral, the paragenetic se quence of ore min eral crys tal -
lisation in rocks from the con tact au re ole of the K³odzko–Z³oty
Stok in tru sion is as fol lows:

– meta mor phosed sul phide and ox ide min er als;

– con tact metasomatic ore min er alisation (e.g., skarns,
metasomatic re place ment ore bod ies, beresites and
veinlets-im preg na tions with ox ide, and au rif er ous sul -
phide min er als);

– quartz-K-feld spar veins lo cally with mi nor sulphides and
traces of gold;

– quartz-sil i cate-car bon ate green ser pen tin ite veinlets
with ore min er als.

The over all ore-min er ali sa tion stages are de vel oped within
a tran si tion from duc tile-brit tle to brit tle con di tion by hy dro ther -
mal cir cu la tion and ac cu mu la tion of ores. The re gional meta -
mor phism and the sub se quent dy namic meta mor phism (strong
mylonitisation) re lated to the em place ment of the KZS pluton
and the de vel op ment of the Z³oty Stok–Skrzynka Shear Zone
con sti tute a frame of ref er ence for the late-stage cataclasis of
ores ac cord ing to the brit tle deformational ef fects. There fore,
the sig nif i cant dif fer ences be tween the con tents of ore min er als
in dif fer ent zones around the KZS pluton should be also noted.
Vari able al ter ation pro cesses: hornfelsitisation, skarnisation,
dolomitisation, serpentinisation, biotitisation, pyroxenisation,
K-feldspatisation, sili ci fi ca tion, berezitisation, carbonatisation,
prehnitisation, chloritisation, epidotisation and sulphidisation
de vel oped in re la tion to dif fer ent types of coun try rocks of the
KZS pluton. The con tact-metasomatic min er ali sa tion of
Au-As-Fe skarn-like type at the Z³oty Stok de posit and Bardo
Œlaskie pros pect, as well as the schee lite-ti tan ite min er ali sa tion
in the Ptasznik roof pen dant of the KZS and beresite
mineralisations from Dêbowinka are in ter preted as
postmagmatic, re lated to hy dro ther mal pro cesses in the Mis sis -
sip pian. The beresite min er ali sa tion formed when granitoids
were lo cally af fected by cataclasis.

At the Z³oty Stok, ex ten sive con tact metasomatic al ter ation
started with skarnisation of car bon ate rocks and
serpentinisation of ultra mafic and mafic rocks. Ore min er ali sa -
tion formed lenses vari able in size in the Stronie meta mor phic
rock se ries. The crystallisation se quence of the ore min er als re -
sulted from dif fer ent types of metasomatic fluid fronts as so ci -
ated with the granodiorite in tru sion. The flu ids of mag matic or i -
gin trans formed pri mary cal car e ous rocks into a calc-sil i cate
and pyroxene-gar net skarn-like se quence. In car bon ate rocks,
trans for ma tion started with dolomitisation and pyroxenisation
fol lowed by ore min er ali sa tion. The metasomatic pro cesses
may be di vided into: a calcsilicate sub-stage with pyroxene (di -
op side), gar net, quartz and cal cite, as so ci ated with ox ide ± sul -
phide ore min er ali sa tion (mag ne tite, pyrrhotite, schee lite,
powellite, ti tan ite), fol lowed by a sul phide sub-stage with
pyrrhotite, löllingite, ar seno py rite, py rite and ”in vis i ble gold”
(Fig. 17). Ar seno py rite is gen er ally youn ger than löllingite,
which to gether with com monly ori ented inter growths of chal co -
py rite in pyrrhotite may sug gest high (>550°C) tem per a tures of
metasomatic pro cesses dur ing the for ma tion of pyrrhotite-as -
so ci ated min er als.

The calcsillicate sub-stage is char ac ter ized by
crystallisation of skarn-like min eral as sem blages rep re sented
by pyroxene, gar net and schee lite. Mag ne tite-rich min er ali sa -
tion in dolomitic mar bles is char ac ter ized by in creased amounts 
of or ganic ma te rial, while in sam ples with rich ar senic ore the
con tent of or ganic mat ter is lower (Mikulski and Speczik, 2008).

Fluid in clu sion stud ies of these min er als dem on strate that
the ear li est stage was char ac ter ized by sa line flu ids
(4.9–5.2 wt.% NaCl equiv.) with ho mogeni sa tion tem per a tures
from 464 to 480°C, which were trapped at pres sures above
1.4 kb (Mikulski, 1996a). A sim i lar range of tem per a tures
(440–460°C and 1.2 kb pres sure with flu ids sa lin ity cor re spond -
ing to 7–11 wt.% NaCl equiv a lent) was re vealed by fluid in clu -
sion stud ies of schee lite and quartz from strongly
metasomatically al tered pyroxene am phi bo lites from the
Ptasznik Hill (Mikulski, 2001). The K-feld spar-ti tan ite-schee lite
as sem blage oc curs in metasomatically re placed rocks and
veins. The schee lite-prehnite-cal cite as so ci a tion oc curs within
metasomatically al tered mafic rocks and late frac tur ing stages.
The metasomatic schee lite crys tal lised at the same time as the
schee lite in the veins and stockwork at the tem per a ture of
440–460°C. The most abun dant schee lite min er ali sa tion oc -
curs in the ar eas char ac ter ized by the pres ence of melanocratic 
and leucocratic dykes.

Geo log i cal ther mom e ters in di cate con tact meta mor phism
of pyroxene-hornfels fa cies in the Ptasznik roof pen dant
(660–710°C and about 3 kb). In pyroxene am phi bo lites en clos -
ing schee lite min er alisation, coarse-grained pyroxene (up to
9.4 wt.% MgO) and bi o tite (ca 1.9 wt.% MgO) oc cur.
Biotitisation and pyroxenisation was fol lowed by K-feld spar
metasomatism and sili ci fi ca tion ac com pa nied by ti tan ite and
schee lite crys tal lisation (Mikulski, 2000). Remobilization and
redeposition of W is marked by schee lite ± prehnite ± cal cite
veinlets or in sig nif i cant schee lite fis sure fill ings that re sulted
from al ter ation of ultra mafic and mafic rocks. In places, schee -
lite was re placed by al la nite. In the sub se quent al ter ation
stages, chloritisation of mafic min er als and crys tal lisation of
sulphides oc curred, ac com pa nied by sericitisation and
albitisation of plagioclases.

Au min er alisation as so ci ated with the sec ond and third gen -
er a tions of quartz veins with sulphides is pos te rior to the or i gin
of Ti and W min er alisation.

The lat est stage is rep re sented by quartz, quartz-cal cite,
car bon ate and/or green ser pen tine veinlets con tain ing also ore
min er als such as ar seno py rite, py rite, chal co py rite or schee lite,
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Fig. 17. The schematic succession of ore minerals formed
during the post-magmatic hydrothermal activities related

 to the K³odzko–Z³oty Stok Pluton

 Chp – chalcopyrite, Ga – galena, He – hedleyite, Hs – hessite,
Mol – molybdenite, Mrc – marcasite, Sf – sphalerite, other

explanations as in Figures 3 and 4

https://gq.pgi.gov.pl/article/view/8281


and lo cally with mi nor pyrrhotite, sphalerite or na tive gold. This
stage is marked by an in creased con tent of bar ren cal cite or cal -
cite en riched in sulphoarsenides and in clu sions of na tive gold.
Among ore min er als the main role is played by py rite or
marcasite, Co-gersdorffite, Ni-cobaltite, na tive gold, na tive bis -
muth, electrum, maldonite, bis muthi nite and ga lena.

INTERPRETATION OF DATA – METALLOGENIC
EVOLUTION OF KZS PLUTON AND ITS AUREOLE

Two ma jor pe ri ods of min er ali sa tion were found in the in ves -
ti gated meta mor phic rocks of the Z³oty Stok–Skrzynka re gional
Shear Zone. The first pe riod is re lated to pre-Variscan re gional
meta mor phism of vol ca nic-sed i men tary pile that was at places
en riched in Fe, Ti, Ni, and Cu. This min er ali sa tion type oc curs in 
coun try rocks of the Z³oty Stok de posit, salbands of the Lutynka
Pb-Zn de posit and metabasites of other lo ca tions, with Fe-Ti
ox ides gen er ally dom i nat ing over Fe-Cu-Ni sulphides. The sec -
ond pe riod, the more im por tant, is re lated to a ther mal and
metasomatic in flu ence of the K³odzko–Z³oty Stok Gran ite
Pluton. Some peg ma titic dikes and veins with rich löllingite/ar -
seno py rite min er ali sa tion (Z³oty Jar, Jaszkowa Góra) are prob -
a bly her ald ing skarn-type and metasomatic-hy dro ther mal
forms of min er ali sa tion. Flu ids re lated to granitoids mi grated
pref er en tially along tec tonic frac tures and af fected strongly
rocks that were highly sus cep ti ble to metasomatosis, i.e.
dolomitic mar bles, am phi bo lite and brecciated rocks. The crit i -
cal pro cess for the for ma tion of rich ar se nide ore was
serpentinisation of dolomitic mar bles ac com pa nied by the for -
ma tion of sev eral va ri et ies of calc-sil i cate skarn-type rocks.
These pro cesses pro duced a pro found ver ti cal and hor i zon tal
min eral and metal zonation with re spect to the po si tion of
K³odzko–Z³oty Stok granitoids (Fig. 18).

In the Z³oty Stok de posit the West ern Ore Field is dom i -
nated by löllingite min er ali sa tion rich in Au, as so ci ated with di -
op side-tremolite-gar net skarns. The amount of löllingite and Au
as well as the in ten sity of serpentinisation pro cesses de crease

east ward, but the amount of Cu, Pb and Zn min er als in creases.
Ar seno py rite min er ali sa tion (rich in Co, up to ~4 wt.%) found in
salbands of Lutynka Pb-Zn de posit shows sim i lar i ties to ar se -
nide min er ali sa tion found in coun try rocks of the Z³oty Stok de -
posit and pro vides an im por tant link be tween both
mineralisations (Speczik, 1994). Be sides, con sid er ing the long
hor i zon tal dis tance (ca. 3 km) from the Lutynka and granitoid
out crops, the Lutynka ores may be in ter preted as a far ther
Pb-Zn man i fes ta tion of the same met al lo gen ic pro cess
(Olszyñski and Speczik, 1993). This may be also sug gested
with re spect to M¹kolno, where the granitoid-cap ping lime -
stones are en riched in Cu min er als. More over, am phi bo lite and
amphibolic schists (but over a lim ited dis tance) are also
strongly al tered in this area. They con tain rel ics of ox ide-sul -
phide min eral as sem blages of pri mary mag matic or i gin, meta -
mor phosed in am phi bo lite fa cies. In al tered am phi bo lites, il -
men ite is re placed by ti tan ite, rutile and leu co xene, pyrrhotite by 
py rite, löllingite by ar seno py rite, and Fe spi nels by sulphides. A
new gen er a tion of ore min er als of schee lite, ti tan ite, and Fe-
and Cu-sulphides with traces of gold was also formed. W-Ti
min eral as sem blages were dis cov ered in the Ptasznik roof
cover, which was in many places in truded by por phy ritic
granodiorite dykes and sub se quently in ter sected by
melanocratic and leucocratic dykes and post-mag matic quartz
veins of var i ous strikes. Leucogranite dykes in di cate more frac -
tion ated gran ites. It was fur ther frag mented into smaller pieces
which were up lifted and shifted along re gional shear zones of
NNW di rec tion. The youn gest de for ma tion re sult ing in a num -
ber of cataclasites, mylonites and brec cias en abled hy dro ther -
mal so lu tions to in fil trate the in tru sion and the coun try rocks.
Schee lite-ti tan ite min er ali sa tion of veinlet-im preg na tion type
orig i nated in zones of strong sili ci fi ca tion and K-feld spar
metasomatism at the tem per a ture of about 460°C. W-Ti min er -
ali sa tion pre ceded Au and As- and Fe-sul phide-bear ing quartz
min er ali sa tion. The find ing of tung sten-ti tan ite and ar se nide
min er ali sa tion in am phi bo lites of the SE K³odzko–Z³oty Stok
granitoid con tact may sug gest ex ten sive and re gional min er ali -
sa tion. More over, along the NW con tact au re ole of the KZS
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Fig. 18. The zonation distribution of ore mineralisation around the K³odzko–Z³oty Stok intrusion
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pluton with the Bardo Struc ture in the Bardo Œl¹skie and
Dêbowinka pros pects, there is au rif er ous sul phide min er ali sa -
tion hosted by Up per De vo nian–Mis sis sip pian sed i men tary
rocks. These rocks un der went strong hornfelsisation along the
con tact with granitoids. In Bardo Œlaskie the con -
tact-metasomatic au rif er ous ar seno py rite and py rite min er ali -
sa tion is as so ci ated with strong al ter ation of coun try rocks
(K-feldspatisation, sili ci fi ca tion, carbonatisation, sericitisation).
In Dêbowinka, beresites with au rif er ous py rite min er ali sa tion of
veinlet-im preg na tion type were formed as a re sult of post-mag -
matic ac tiv i ties. These find ings of au rif er ous ore min er ali sa tion
along the north west ern con tact of KZS, with slightly
metamophosed sed i men tary rocks from the Bardo Mts., in di -
cate that the whole KZS is ferritile in gold.

DISCUSSION AND CONCLUSIONS

The K³odzko–Z³oty Stok in tru sion and its meta mor phic rock
cover are unique ex am ples of var i ous types of ore min er -
alisation dis tri bu tion around the I-type Variscan granitoids,
which sur vived due to a low level of ero sion. The patchily dis -
trib uted rem nants of the pri mary meta mor phic cover con tain
vari able types of ore min er alisation that, in many cases, re flect
dif fer ences in rock com po si tions and the de gree of con tact
meta mor phic al ter ation. Vari a tion in ore min eral com po si tions
was rec og nized in nu mer ous out crops dis trib uted across the
whole KZS pluton. More over, ore min er alisation found through -
out the KZS pluton and its coun try rocks in di cates a spe cific
zonal dis tri bu tion that re flects a dif fer ent in ter ac tion be tween
postmagmatic min er al is ing flu ids and vari able coun try rocks.
This es pe cially con cerns dif fer ent types of au rif er ous min er -
alisation rec og nized in the KZS pluton and its au re ole.

The meta mor phic cover, de spite dif fer ences such as rock
com po si tions, ages, de gree of meta mor phism and tec ton ics,
hosts vari able ore min er ali sa tion that re flects a spa tial po si tion 
rel a tive to the core of KZS granitoids. The pres ence of lam pro -
phyres also gives di rect ev i dence as to the na ture of the man -
tle sources of the KZS mag matic sys tem. It also pro vides a
clear ev i dence for the man tle source of the ther mal in put into
the evolv ing granitoid magma res er voir, partly ac count ing for
the high tem per a tures, up to 750°C, re corded in con tact meta -
mor phic rocks in the roof zone of the KZS pluton (Bagiñski,
2007). Due to sub se quent mag matic and postmagmatic ac tiv i -
ties, first high-tem per a ture and then me dium- and low-tem per -
a ture ore min er ali sa tion de vel oped prac ti cally around the
whole KZS pluton. The shift from mesothermal to epi ther mal
gold min er ali sa tion in quartz-lode type de pos its of the Eu ro -
pean Variscan belt is rec og nized as a com mon fea ture, driven
by changes in the up lift rates, tec tonic re gimes and heat pro -
duc tion (Cathelineau et al., 2003). Those au thors rec og nized
that sev eral Penn syl va nian orogenic gold de pos its show iden -
ti cal pat terns of P-T-X-t fluid evo lu tion that strongly dif fer from
the com monly ac cepted mod els for orogenic Au de pos its, al -
low ing the def i ni tion of a Variscan-type of gold de pos its. Ac -
cord ing to Noronha et al. (2000), gold ores in north ern Por tu -
gal ap pear as the re sult of suc ces sive fluid cir cu la tion stages
dur ing the Variscan orog eny. Deeply pen e trat ing wa ter in the
up lift ing base ment was driven up by heat flow linked to the late 
gran ite in tru sions. Gold was remobilized from meta mor phic
se ries and de pos ited in struc tural and geo chem i cal traps.
Gold de po si tion was re lated to pro gres sive di lu tion and cool -
ing of the crustal flu ids by oxi dis ing so lu tions pen e trat ing the
base ment from the sur face. The change able ways of mag mas
frac tion ation, de gree of compositional evo lu tion and fur ther

tec tonic pro cesses may pro duce dif fer ent types of ore min er -
ali sa tion that re flected tran si tion from mag matic to hy dro ther -
mal en vi ron ments. Cu and Au de pos its are re lated to more
mafic gran ites. Tung sten min er ali sa tion is cor re lated with gra -
nitic mag mas of tran si tional char ac ter and Mo-W-Sn with fel sic 
and frac tion ated gran ite (Blevin and Chappell, 1995). Ox i da -
tion state of mag mas is of par a mount im por tance in con trol ling 
the na ture of many ore el e ments, and it al lowed di vid ing the
gran ites into two con trast ing gran ite types (Chappell and
White, 1974, 2001; Frost and Frost, 2011) and fur ther into the
il men ite and mag ne tite se ries (Ishi hara, 1981). Cu, Mo and Au
de pos its are typ i cally re lated to mag ne tite-bear ing (ox i dized)
gran ite, while Sn (±W) de pos its to il men ite-bear ing (re duced)
gran ite. The ox i da tion state of the ig ne ous sys tem is sug -
gested to con trol the pro cess of hy dro ther mal re dis tri bu tion
(Lehmann, 1994). The KZS pluton is built mostly of calc-al ka -
line and metaluminous gran ites with some tran si tion to
peraluminous gran ites (Fig. 19 and Ap pen dix 11). The po si tion 
of the KZS gran ite sam ples on the di a gram of the K/Rb ra tio
ver sus sil ica con tents (Fig. 20 and Ap pen dix 12) in di cates that
the gran ites are mod er ately evolved. Ac cord ing to Chappell
(2003) the K/Rb ra tio ver sus sil ica con tents is very use ful in
de fin ing strongly frac tion ated gran ites, the most char ac ter is tic
for cas sit er ite and wolf ram ite min er ali sa tion. KZS gran ites are
mod er ately evolved and they lack of this type min er ali sa tion.
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Fig. 19. A/NK versus A/CNK classification after Maniar and Piccoli
(1989) of granitoid samples from the K³odzko–Z³oty Stok Granite

Pluton according to data presented by Mikulski et al. (2013)

Abbreviation of ellipsoids after Baker et al. (2005): Au-Bi dominant 
granites, W – dominant granites, Sn – dominant granites

Fig. 20. Estimation of the degree of granite evolving
 and fractionation, Blevin’s plot (2003) of K/Rb vs. SiO2 applied

for granitoids from the K³odzko–Z³oty Stok Granite Pluton

https://gq.pgi.gov.pl/article/downloadSuppFile/24840/2922
https://gq.pgi.gov.pl/article/downloadSuppFile/24840/2923


Richer W min er ali sa tion is known only from the Ptasznik Hill
when the most frac tion ated gran ite oc curs (Mikulski et al.,
2013). Vari a tion in the ox i da tion state may be con sis tent with a 
change in metallogeny from tin-rich to tung sten gold-rich sys -
tems (Thomp son et al., 1999). Fig ure 19 clearly shows that the 
KZS gran ite sam ples are lo cated mainly in the metaluminous
and tran si tional to peraluminous fields. Mi cro scopic stud ies of
KZS granitoids in di cate the pres ence of both mag ne tite and il -
men ite in gran ite, sug gest ing a tran si tion state of magma ox i -
da tion. The ear li est granitoids are more mafic. It is a rea son
while, in the KZS pluton and in its sourroundings, var i ous types 
of ore min er ali sa tion (re place ments ore bod ies, skarns, brec -
cias, dis sem i nated and veins) were formed with nu mer ous en -
rich ments in gold of eco nomic and in dica tives val ues. KZS
gran ites have in ter me di ate or even low SiO2 con tents, which is 
con sid ered as pref er en tial for Cu min er ali sa tion (Blevin,
2003). In con trast, within the re gions where gran ite with high
sil ica con tents ap pear pref er a bly, Sn, Mo, U and Au de pos its
dom i nate. The Harker di a grams of KZS gran ites in di cate the
SiO2 con cen tra tion from 48 to >70 wt.% (Mikulski et al., 2013).
The pH evo lu tion of the mod er ate- and low-tem per a ture hy -
dro ther mal flu ids into more ox i dized is ev i denced by the com -
mon oc cur rence of quartz and quartz-car bon ate veins, which
are widely dis trib uted in the whole KZS pluton.

Chem i cal anal y ses of the gran ites from the KZS pluton as
well as the po si tion of sam ples on the Harker’s di a grams sug gest 
the in tense de vel op ment of the mix ing and min gling pro cess dur -
ing magma in tru sion. Lo cally, magma was more dif fer en ti ated
and en riched in vol a tile com pounds, wa ter and sil ica, which
caused the for ma tion of miarolitic peg ma tite, aplite dyke and
quartz vein. This magma was char ac ter ized by high po ten tial for
gen er a tion of post-mag matic flu ids from which ore min er als pre -
cip i tated. Min eral as sem blages re veal pre dom i nance of py rite,
chal co py rite and ar seno py rite over other met als. This is a char -
ac ter is tic fea ture of the I-type gran ite in which Mo-Cu±Au min er -
ali sa tion more prob a bly formed, es pe cially where the high-tem -
per a ture and ox i dized gran ite oc curs (mag ne tite se ries; Blevin,
2003). How ever, only traces of mo lyb de nite min er ali sa tion have
been found in the KZS pluton, prob a bly due to the low sil ica con -
tent. The W-Ti min er ali sa tion of veinlet-im preg na tion char ac ter
from the Ptasznik pros pect shows some sim i lar ity to the Au-bear -
ing quartz veins as so ci ated with the Cen tral Bo he mian Plutonic
Com plex (Morávek et al., 1996; Zach a rias et al., 2014) in the
Czech Re pub lic. How ever, in the case of KZS pluton the min er -
ali sa tion was found within roof pen dants mainly along the di rect
con tact of small-size lenses of pyroxene-am phi bo lite and bi o -
tite-cor di er ite hornfels with granodiorites. Schee lite and ti tan ite

min er ali sa tion oc curs in hy dro ther mal quartz veins and
stockworks formed at a tem per a ture of 460°C, in zones of strong
sili ci fi ca tion and K-feld spar metasomatism of the host rocks.
Sub se quent ret ro gres sion at a tem per a ture >320°C is marked by 
the pres ence of chlorite and seri cite.

Post-mag matic ac tiv i ties in the KZS pluton are also in some
places strongly re lated to tec tonic pro cesses, which re sulted
there in the oc cur rence of dif fer ent types of ore min er ali sa tion.
Skarns and re place ment ore-bod ies oc curred pref er en tially
along the di rect con tact of the KZS pluton with car bo na ceous
rocks of the Stronie meta mor phic rock se ries. The most vari -
able com po si tion of ore min er als are found in the Z³oty Stok de -
pos its lo cated along the east ern mar gin of the KZS pluton in the 
shear zones of the Z³oty Stok–Skrzynka and along the mar ginal 
Sudetic fault near the north west ern mar gin of Bardo Œl¹skie.
Ore min er als are rep re sented here by mag ne tite-pyrrhotite and
löllingite-ar seno py rite-py rite skarns, and chal co py rite, and
rarely by sphalerite, ga lena and na tive bis muth. Base-metal
suphides ap pear in quartz and quartz-car bon ate veinlets fill ing
vari ably ori ented frac tures (Mikulski, 1996a, b). In other lo ca -
tions out wards from the KZS pluton (e.g. Lutynka, Dêbowinka)
the ore min er ali sa tion (py rite, ga lena, sphalerite, chal co py rite,
bis muth min er als, stibnite, ti tan ite and he ma tite) was found in
quartz veins and veinlet im preg na tion (Olszyñski and Speczik,
1993; Mikulski, 1999b).

Around the core of the KZS pluton the fol low ing zones of ore 
min er ali sa tion can be dis tin guished: W-Ti-As-Fe ® Pb, Cu, Zn
and out ward from the core ® Fe, Au, Bi, Ag ® (Au, As, Sb) ®
Ca. Ac cord ing to this scheme it is pos si ble to re late the gen e sis
of the polymetallic min er ali sa tion in the KZS pluton and its sur -
round ings with the hybrid mag mas and with the dif fer ent dis -
tance to the con tact with granitoids.

The ther mal and me chan i cal evo lu tion of the con ti nen tal
litho sphere dur ing and af ter the con ti nen tal Variscan col li sion
se verely con strains the gen er a tion and de vel op ment of dif fer -
ent metalogenetic sys tems in clud ing those re lated to the ad -
vance of re gional meta mor phism, gran ite magma em place -
ment and of rel a tively late hy dro ther mal pro cesses that in volve
the cir cu la tion and mix ture of flu ids from dis tinct sources in a
wide range of tem per a tures (cf. Noronha et al., 2000).
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