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Ab stract: The Leszczyniec Unit ex tends along the east ern mar gin of the Karkonosze-Izera Mas sif. It com prises
the Early Palaeozoic, MORB-like Leszczyniec com plex com posed of metabasites, metagranites and meta sedi -
ments. The metabasites host mag ne tite min er al iza tion en coun tered in Jarkowice, whereas near Wieœciszowice
vil lage the py rite de posit oc curs in meta sedi ments and metabasites. The com mon fea ture of both sites is the al most 
com plete ab sence of the ac com pa ny ing ore min er als. Bas ing on petrographic, min er al og i cal, geo chem i cal and
microstructural stud ies, it was found that the metabasic rocks, which host mag ne tite min er al iza tion, were lava
flows, whereas the protoliths of py rite-bear ing schists were ba sic and acid tuffites ac com pa nied by ocean-floor
bas alts. The ig ne ous rocks from the Leszczyniec Unit were sub jected to the ocean-floor meta mor phism, whereas
the ac com pa ny ing sed i ments were al tered by hy dro ther mal flu ids en riched in sul phur ions, which re acted with
iron de rived from the sed i ment and pro moted crys tal li za tion of py rite. The sources of hy dro ther mal flu ids were
ad ja cent mag matic cen tres. The es ti mated age ~480 Ma for py rite (Re-Os method) is sim i lar to the pre vi ously
known ~500 Ma age of metabasites (U-Pb, zir con method) from the Leszczyniec Unit, which es tab lishes a
tem po ral link be tween py rite ac cu mu la tion and the ocean-floor en vi ron ment.

The rocks of the Leszczyniec Unit, first al tered by the ocean-floor meta mor phism and the hy dro ther mal flu ids, 
were sub se quently sub jected to the re gional meta mor phism at 360–340 Ma and the two-stage de for ma tions of
var i ous in ten si ties, fol lowed by the third stage of de for ma tions which caused the re ori en ta tion of the re gional
fo li a tion. The zones of duc tile and brit tle de for ma tions con nected with the sec ond de for ma tion event host the
ac cu mu la tions of mag ne tite formed at the ex pense of Fe-bear ing rock-form ing min er als or from iron sup plied
from ad ja cent sources. In the py rite-bear ing schists, min eral as sem blages formed dur ing the hy dro ther mal
al ter ation have been sub jected to recrystallization and were in cluded into do mains de fin ing fo li a tion and lineation, 
which formed dur ing the first stage of de for ma tion. Py rite crys tals were af fected by both de for ma tion stages. At
the end of the sec ond stage, the in va sion of flu ids led to the dis so lu tion of py rite crys tals and to the fill ing of cracks 
in py rite crys tals with chal co py rite and ten nan tite. This pro cess was fol lowed by the for ma tion of quartz veins
with mi nor amounts of ore min er als.

Key words: mag ne tite and py rite min er al iza tion, metabasites, ocean-floor meta mor phism, paragonite, Leszczy-
niec Unit, Sudetes, Po land.
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IN TRO DUC TION

The meta-ig ne ous Leszczyniec com plex (Kryza &
Mazur, 1995) bor der ing the east ern mar gin of the Karkono-
sze-Izera Mas sif (KIM) and com posed of metabasites and
metagranites has been in ter preted to have formed in Early
Palaeozoic time, in a MORB-like geo logic set ting. The
meta-ig ne ous rocks ac com pa nied by meta sedi ments are
rem nants of the obducted Saxothuringian ba sin floor (Ma-
zur & Aleksandrowski, 2001). These rocks built the Lesz-
czyniec Unit, which is the up per most struc tural el e ment of
the Karkonosze-Izera Mas sif.

The Leszczyniec Unit hosts mag ne tite min er al iza tion in 
Jarkowice and an aban doned un eco nomic py rite de posit in
Wieœciszowice. The oc cur rence of mag ne tite has not been
pre vi ously de scribed ex cept for some rec og ni tion of disse-
minated, ac ces sory mag ne tite in am phi bo lites (Sza³amacha
& Sza³amacha, 1994). The small-scale min ing ac tiv ity in
Jarkowice is doc u mented by still iden ti fi able, al though in -
ac ces si ble adits, small shafts and small waste dumps. Lis
and Sylwestrzak (1986) re ported af ter Schnei der (1894) on
mineable li mo nite ac cu mu la tions in Jarkowice (Ger man:
Hermsdorf), at 912 m hill, but, in our opin ion, cor re spon -
dence be tween that site and our site is highly con tro ver sial.
On the con trary, the py rite de posit in Wieœciszowice has
been de scribed in sev eral pub li ca tions (Berg, 1913; Petra-
scheck, 1933; Krajewski, 1949; Schneiderhöhn, 1955;
Nielubowicz, 1958; Jaskólski, 1964). Re cently, the area of
the aban doned py rite mine is pro tected as a land scape park.

This pa per deals with the or i gin of mag ne tite and py rite
min er al iza tion in the Leszczyniec Unit. The com mon fea -
ture of both min er al iza tion sites is al most com plete ab sence
of other ore min er als ac com pa ny ing mag ne tite or py rite.
Based on de tailed petrographic, min er al og i cal, geo chem i cal 
and microstructural ob ser va tions, we eval u ate the role of
var i ous ge netic fac tors as well as re con struct the min er al iza -
tion pro cess it self, the min eral suc ces sion, and the age of the 
for ma tion of both oc cur rences. In a more gen eral sense, our
stud ies con trib ute to the knowl edge of trans for ma tions
within the fos sil ocean floor.

GEO LOG I CAL SET TING

The Karkonosze-Izera Mas sif (KIM) (Fig. 1) in cludes:
(i) the Karkonosze gran ite pluton dated with dif fer ent meth -
ods at 328–304 Ma (Pin et al., 1987; Duthou et al., 1991;
Kröner et al. 1994; Machowiak & Armstrong, 2007), and
(ii) some meta mor phic com plexes of various ages.

Mazur and Aleksandrowski (2001) have in ter preted the 
meta mor phic part of the KIM as a suc ces sion of four struc -
tural units – nappes (Fig. 1): (l) the Izera-Kowary Unit, (2)
the Ješted Unit, (3) the South ern Karkonosze Unit, and (4)
the Leszczyniec Unit. The up per most po si tion in this stack
of nappes is oc cu pied by the Leszczyniec Unit.

The Leszczyniec Unit in cludes the Early Or do vi cian
(505±5 and 494±2 Ma, U-Pb zir con method; Ol i ver et al.,
1993) meta-ig ne ous Leszczyniec com plex (Kryza & Mazur, 
1995) com posed of fine-grained, schis tose and me dium-
grained, mas sive metabasites as well as metagranites (fel sic
gneiss es) and metadiorites (hornblende gneiss es), the lat ter

two form ing sev eral, large ig ne ous bod ies within the meta-
basites. The meta-ig ne ous rocks of the Leszczyniec com -
plex show geo chem i cal sig na ture typ i cal of the N-MORB
(Kryza et al., 1995; Winchester et al., 1995), ex cept for me-
tadiorites, which can be ge net i cally re lated to the is land arc
lavas (Narêbski, 1980), or can be the prod ucts of con tam i -
na tion of rift mag mas with the crustal rocks (Kryza et al.,
1995). The Leszczyniec com plex might have orig i nated in
an extensional rift en vi ron ment (Kryza et al. 1995) al though 
large amounts of fel sic rocks pre clude a ma ture, mid-ocean
rift (Mazur & Aleksandrowski, 2001). In the north ern part
of the Leszczyniec Unit, near Wieœciszowice vil lage, the
meta-ig ne ous rocks are ac com pa nied by py rite-bear ing
schists. These schists rep re sent the only metasedimentary
rocks in that unit.

The Leszczyniec Unit rocks were de formed in the course 
of three de for ma tion events (Mazur, 1995). The first de for -
ma tion event D1 pro duced pen e tra tive fo li a tion S1, which
strikes N–S to NNE–SSW and dips mostly to the ESE or
WNW, and pen e tra tive stretch ing lineation L1 which plunges 
to the NNE or NE at a low or mod er ate an gle. Ac cord ing to
Mazur and Aleksandrowski (2001), the stretch ing lineation
L1 was pro duced by pen e tra tive, sinistral shear, ”as so ci ated
with a subduction-re lated un derthrust ing of the Leszczyniec
Unit be neath the up per plate mar gin” (Mazur & Aleksan-
drowski, 2001, p. 356). The first de for ma tion event D1 cor re -
sponded to the pe riod of nappe em place ment. Based on
40Ar-39Ar white mica age from the HP rocks of the South
Karkonosze nappe (Maluski & Patoèka, 1997), the pe riod of
nappe stack ing took place be tween 360 and 340 Ma (Mazur
& Aleksandrowski, 2001). In the Leszczyniec Unit, the first
de for ma tion event D1 was ac com pa nied by meta mor phism
cor re spond ing to greenschist-to-epidote-am phi bo lite-fa cies
con di tions (Kryza & Mazur, 1995).

The D2 de for ma tion event was con nected with top-to-
SE extensional col lapse, which took place at ~340 Ma, be -
fore the Karkonosze gran ite em place ment (Mazur & Ale-
ksandrowski, 2001). In the Leszczyniec Unit, it pro duced
new, pen e tra tive fo li a tion S2 along the con tact zone with the 
Izera-Kowary Unit and lo cal ized brit tle-duc tile de for ma tion 
zones within the unit (Mazur & Aleksandrowski, 2001).
The L2 lineation trends WNW–ESE. The axes of F1 and F2

folds formed dur ing the D1 and D2 de for ma tion events are
gen er ally par al lel to the L1 and L2 lineations, re spec tively.

Dur ing the D3 de for ma tion event, the re gional fo li a tion
be came steeper, lo cally nearly ver ti cal. This re ori en ta tion is
at trib uted to a ro ta tion around a NNE–SSW-trending axis of 
the so-called East Karkonosze Monocline (Oberc, 1960;
Mazur & Aleksandrowski, 2001). The ro ta tion post-dated
the em place ment of the Karkonosze gran ite and af fected not 
only the meta mor phic com plexes at the east ern mar gin of
the KIM, but also the Up per Visean con glom er ates of the
Szczawno For ma tion in the ad ja cent Intra-Sudetic Ba sin
(Dziedzic & Teisseyre, 1990). The Bia³y Kamieñ beds of
the Westphalian age, which un con form ably over lie the
Szczawno For ma tion (Dziedzic & Teisseyre, 1990) pro vide
the up per time limit for the or i gin of the East Karkonosze
monocline (Mazur & Aleksandrowski, 2001).

The rocks of the Leszczyniec Unit host sev eral oc cur -
rences of ore min er als. The larg est is the well-known, un -
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eco nomic py rite de posit at Wieœciszowice. The newly dis -
cov ered sites are: the Jarkowice mag ne tite oc cur rence and
the traces of sul phide min er al iza tion in Ogorzelec. More -
over, some vein-type oc cur rences and de pos its, e.g., at
Miedzianka, hosted in ad ja cent struc tural units ex tend to the 
north ern part of the Leszczyniec Unit. Be low, the mag ne tite
min er al iza tion at Jarkowice (Area I) and the py rite de posit
at Wieœciszowice (Area II) are de scribed and dis cussed.

MA TE RI ALS AND METH ODS

The lab o ra tory anal y ses aimed to: (1) rec og nize petro-
graphic fea tures and geo chem i cal sig na ture of the host-
rocks, and chem i cal com po si tion of rock-form ing and ore
min er als; (2) es tab lish the min eral suc ces sion and paragene- 
ses, and de ter mine the con di tions of meta mor phism; (3) de -
ter mine the for ma tion age of py rite.

The petrographic ob ser va tions were per formed on pol -
ished sur faces and ori ented sec tions of hand spec i mens as
well as on 28 thin sec tions ex am ined un der the po lar iz ing
mi cro scope.

The chem i cal com po si tion of rock-form ing min er als
was ana lysed at the Joint-In sti tute An a lyt i cal Com plex for
Min er als and Syn thetic Sub stances, Fac ulty of Ge ol ogy,
Uni ver sity of War saw. Anal y ses were car ried on 6 spec i -
mens us ing the CAMECA SX 100 elec tron microprobe
(EMP) at the ac cel er a tion volt age 15 kV, the elec tron beam
cur rent 10 nA for anal y ses of plagioclases and micas, and
20 nA for other min er als, a count ing time 20 s and a back -
ground time of 10 s. The stan dards in cluded both the min er -
als and the syn thetic sub stances. The raw data were pro -
cesses with the ZAF pro ce dure con tained in the PAP soft -
ware sup plied by the CAMECA.

The ob ser va tions of ore min er als were made un der the
ore mi cro scope on 33 pol ished sec tions. The microprobe
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Fig. 1. Geo log i cal sketch map of the Karkonosze-Izera Mas sif (com piled from Chaloupský et al., 1989; Mazur, 1995; Mazur &
Aleksandrowski, 2001; Oberc-Dziedzic, 2003; Oberc-Dziedzic et al., 2010). KIM – Karkonosze-Izera Mas sif. In set map: EFZ – Elbe
Fault Zone, ISF – Intra-Sudetic Fault, MGH – Mid-Ger man High, MO – Moldanubian Zone, MS – Moravo-Silesian Zone, NP – North ern
Phyllite Zone, OFZ – Odra Fault Zone, RH – Rhenohercynian Zone, SBF – Sudetic Bound ary Fault, SX – Saxothuringian Zone, TB –
Teplá-Barrandien Zone. Rect an gle shows the po si tion of the KIM in the Bo he mian Mas sif



chem i cal anal y ses of se lected ore min er als were car ried out
at the above men tioned lab o ra tory of the Uni ver sity of War -
saw.

The chem i cal anal y ses were run for 9 whole-rock sam -
ples at the ACTLABS lab o ra tory in Can ada with the combi- 
ned ICP- OES and ICP-MS meth ods (the ACTLABS code
“4Lithores”) in clud ing de ter mi na tion of ma jor and trace el -
e ments.

The iso to pic age of py rite from the Wieœciszowice de -
posit was de ter mined with the Re-Os method at the Uni ver -
sity of Al berta, Can ada. Four sam ples were se lected, from
which a few mil li grams of py rite was sep a rated and the Re
con tent were de ter mined by iso tope di lu tion method. Seven
Re-Os anal y ses were then com pleted, fol low ing the meth -
ods for “Low-Level Highly Ra dio genic” sul fide min er als
out lined by Morelli et al. (2004, 2005).

The geothermometric anal y ses of fluid in clu sions were
car ried out at the De part ment of Min eral De pos its and Min -
ing Ge ol ogy, Fac ulty of Ge ol ogy, Geo phys ics and En vi ron -
men tal Pro tec tion, AGH Uni ver sity of Sci ence and Tech -
nol ogy in Kraków. Se lected sam ples of quartz veins ex -
posed at the Wieœciszowice de posit were used. From sam -
ples dou bly pol ished, 200 µm-thick sec tions were ex am ined 
with the Linkam THMS 600 heat ing–freez ing stage equi-
pped with the TMS 93 mod ule and the Linkam LNP pump,
all at tached to the Nikon Eclipse E6000 mi cro scope. Ob ser -
va tions were made with the Ikegami video cam era and the
Linkam VTO 232 video panel. The mea sure ment sys tem
was cal i brated with the spe cial thin sec tion that con tained
in clu sions of pure CO2. Dur ing ob ser va tions the FI sec tions
were abruptly frozen down to –120°C (oc ca sion ally down
to –198°C) in or der to avoid the for ma tion of metastable
phases. This pro ce dure en abled us to re veal the pres ence of
gases other than car bon di ox ide. The heat ing rates were:
5–10°C/min to the room tem per a ture (re duced to 0.5°C
close to phase trans for ma tion points), then 20°C/min to
100°C and 5–10°C/min for higher tem per a tures. For low
tem per a tures, the ac cu racy of mea sure ment was 0.1–0.2°C.

The sam ples were thor oughly se lected and sub jected to
com pre hen sive ex am i na tions with most of the meth ods
mentioned above. A few sam ples were ana lysed with all
these meth ods.

The min eral ab bre vi a tions used in this study orig i nate
from Kretz (1983) and from Whit ney and Ev ans (2010).

Doc u men ta tion of the re search (sam ples, thin and pol -
ished sec tions, re sults of whole-rock, EMP and other anal y -
ses, and photo doc u men ta tion) are in the pos ses sion of two
of us (K. Mochnacka and T. Oberc-Dziedzic).

ORE MIN ER AL IZA TION
IN THE META-IG NE OUS LESZCZYNIEC

COM PLEX – AREA I - JARKOWICE

The Area I in cludes the ex po sures of am phi bo lites with
mag ne tite min er al iza tion lo cated in the south ern part of the
Leszczyniec Unit, NE from Jarkowice vil lage (Fig. 1). Min -
er al iza tion is hosted in a se ries of metabasites iden ti fied as
actinolitic am phi bo lites (Sza³amacha, 1969).

The ore min er al iza tion from this area has not been
previously de scribed in de tail. How ever, nu mer ous old work -
ings: two adits, a few small shafts fol low ing the gen eral,
NE–SW trend, and a small waste dump, all doc u ment the past 
ac tiv ity of un known age. More over, dur ing the field work
mag ne tite has been found in ex po sures and in rub ble, close to 
the old mine work ings. In some ex po sures zones with mac ro -
scop i cally vis i ble py rite were en coun tered, as well.

Pe trog ra phy of rocks from the Area I - Jarkowice

Streaky am phi bo lite (J1) is a green, fine-grained rock.
The fo li a tion is de fined by lay ers com posed of elon gated al -
bite blasts and streaks of par al lel hornblende blasts, among
which ag gre gates of mag ne tite and epidote grains are scat -
tered (Fig. 2A). Epidote forms also lenses to gether with blu -
ish-green hornblende and, some times, also with al bite.
More over, the rock con tains euhedral porphyroblasts of
epidote and el lip soi dal, 2.5 mm long nod ules com posed of
ra dial ag gre gates of actinolite sur rounded by epidote grains
(Fig. 2B). Both the epidote porphyroblasts and the nod ules
show signs of ro ta tion and have strain shad ows filled with
blu ish-green hornblende (Fig. 2B).

The protolith of streaky am phi bo lite is dif fi cult to iden -
tify. Dis tinct fo li a tion may sug gest a pri mar ily bed ded rock.
How ever, it seems likely that well-de vel oped lam i na tion re -
sulted rather from de for ma tion of an ig ne ous rock, pre sum -
ably coarser-crys tal line than the protolith of ve sic u lar am -
phi bo lite J2.

Am phi bo lite with seg re ga tion ves i cles (J2) is a dark-
green rock with ob scured streaky struc ture and mac ro scop i -
cally ob serv able nod ules, 2–4 mm long, of in dis tinct bound -
aries. The fo li a tion is de fined by up to 0.2 mm long, par al lel
blasts of hornblende with blu ish-green pleochroism, as well
as elon gated blasts of al bite, about 0.1 mm long. Also par al -
lel to the fo li a tion are streaks com posed of some what larger
blasts of hornblende and epidote. In some spec i mens ag gre -
gates of min ute mag ne tite grains are ar ranged par al lel to the
fo li a tion.

The el lip soi dal nod ules re veal con cen tric struc tures
with actinolite in the mar ginal zones and epidote, al bite and
hornblende form ing the cores. These nod ules are pre sum -
ably the segregational ves i cles ob served in the ocean-floor
bas alts. Such ves i cles are partly or en tirely filled with the
melt seg re gated out from the sur round ing magma (Smith,
1967), which dis cerns such forms from amygdaloids filled
with hy dro ther mal min er als left af ter crys tal li za tion of
magma (Vernon, 2004). Al though min eral com po si tion of
nod ules has changed dur ing the meta mor phism, their con -
cen tric struc ture seems to re flect the suc ces sive crys tal li za -
tion of ba saltic magma. Cer tainly, the nod ules are pre-meta -
mor phic struc tures, as re vealed by signs of ro ta tion, ha loes
and strain shad ows com posed of min er als iden ti cal with
those, which de fine foliations of the rocks.

Mas sive am phi bo lite (J3) is a dark-green, apha ni tic
rock of ran dom tex ture. The ma trix (Fig. 2C) con sists of
cloudy al bite-epidote ag gre gates, which host ran domly ar -
ranged, acicular actinolite, pale-green hornblende, up to 0.2
mm long, mag ne tite grains, and very rare, 2-mm-long pseu-
domorphs af ter pyroxene filled with ra dial actinolite ag gre -
gates and sur rounded by epidote rims.
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The am phi bo lites from Jarkowice pre sum ably rep re sent 
var i ous parts of a pri mary, ocean-floor lava flow.

Meta mor phism of am phi bo lites
in the Area I - Jarkowice

The meta mor phic events were re corded by paragene-
ses:

I. blu ish-green hornblende + al bite + epidote + mag ne -
tite, which de fines the fo li a tion. The hornblende is also
pres ent in the strain shad ows around the nod ules;

II. pale green hornblende + actinolite + al bite + epidote
+ mag ne tite, which is char ac ter is tic for the mas sive am phi -
bo lite.

Actinolite is also pres ent in the streaky am phi bo lite, in
strain shad ows around ro tated epidote porphyroblasts and
nod ules. The ro ta tion of porphyroblasts and nod ules was
prob a bly co eval with the re ac ti va tion of the fo li a tion de fined
by blu ish-green hornblende and pro ceeded dur ing the decrea- 
sing tem per a ture, as doc u mented by the pres ence of actinolite 

in some strain shad ows. Fur ther de crease of tem per a ture is
proved by chlorite, which crys tal lized along ex ten sion frac -
tures par al lel to the ax ial sur faces of the youn gest folds.

Al though actinolite and chlorite are pres ent in places,
am phi bo lites do not show signs of gen eral ret ro gres sion,
such as actinolite rims around the hornblende grains or
chloritization of am phi boles. The retrogresion is con fined to 
the zones of in ten sive de for ma tion.

Ore min er al iza tion in the Area I - Jarkowice

Mag ne tite min er al iza tion in the Area I - Jarkowice
In all am phi bo lite va ri et ies from the Area I - Jarkowice,

mag ne tite forms dis sem i nated grains or ag gre gates. Mag ne -
tite lay ers and lenses, mag ne tite-quartz ag gre gates, as well
as mag ne tite in brec cias are con fined to de for ma tion zones.

Dis sem i nated mag ne tite
Dis sem i nated mag ne tite oc curs in mas sive am phi bo lite

(J3, Fig. 2C) where it forms ran domly ar ranged grains, and
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Fig. 2. A – mag ne tite ag gre gates par al lel to fo li a tion de fined by laths of am phi bole and plagioclase in streaky am phi bo lite; B – el lip soi -
dal nod ule com posed of epidote crys tals in streaky am phi bo lite; in the cen tral part of nod ule ra dial actinolite ag gre gates oc cur; cone-shape 
strain shad ows (ss) ad ja cent to nod ule are filled with blu ish-green hornblende; C – min eral frame work of mas sive am phi bo lite: cloudy al -
bite-epidote ag gre gate with ran domly ar ranged am phi bole laths and mag ne tite crys tals; D – thin, cord-like mag ne tite ag gre gates em bed -
ded in my lon ite zone (mb) par al lel to the fo li a tion A-D, plane-po lar ized light. Hbl – hornblende, Mag – mag ne tite, Ab – al bite, Act –
actinolite, Amp – am phi bole, Ep – epidote



in fo li ated am phi bo lites (J1, J2) where it forms con cen tra -
tions fol low ing the fo li a tion or sur round ing the nod ules
(Fig. 2A, 2B).

Mag ne tite lay ers and lenses
Am phi bo lites from Jarkowice re veal poorly vis i ble or

mac ro scop i cally in vis i ble zones of in ten sive, mylonitic de -
for ma tion, from 3 mm to 2 cm thick, con cor dant with the fo -
li a tion. The mylonitization is doc u mented by the re duc tion
of grain size. The zones are com posed mostly of chlorite
and are en riched in quartz, epidote and mag ne tite in com -
par i son to the en clos ing rock.

The sim plest forms of mag ne tite ac cu mu la tions hosted
within the mylonitic zones are thin, cord-like ag gre gates
(Fig. 2D).

The thicker (1–3 cm) mag ne tite lay ers and lenses com -
posed of sev eral types of do mains (Fig. 3A, 3B) of ten fol -
low the zones of pre-ex ist ing crenulation cleav age (Fig.
3C), which seem to be par tic u larly sus cep ti ble to myloniti-
zation. In mylonitization zones the old est min eral was chlo-
rite I, show ing vi o let in ter fer ence colours, fol lowed by dis -
sem i nated epidote. Chlorite I, ar ranged in crenulations, was
partly re placed by mag ne tite. The habit of mag ne tite grains
sug gests their for ma tion as pseudo morphs af ter chlorite or
am phi bole (Fig. 3C). Fur ther de vel op ment of mylonitiza-
tion zones was ac com pa nied by recrystallization con nected
with dif fer en ti a tion into do mains 1–5 and with the crys tal li -
za tion of larger, euhedral or rounded mag ne tite grains, the
lat ter sub jected to dis rup tion into the V-pull-apart struc tures 
filled with chlorite I (Fig. 3D). Dur ing the fol low ing stage
of recrystallization, the epidote do mains were formed (Fig.
3E, F). In their neigh bour hood, mag ne tite strain caps and
strain shad ows filled with chlorite II orig i nated (Fig. 3B).
These struc tures doc u ment the ac tive de for ma tion pro cess.
Fur ther de for ma tion re sulted in crack ing of epidote do -
mains. The cracks in these do mains were filled with chlorite 
II show ing ol ive-brown in ter fer ence colours. Bend ing of
flakes of this chlorite va ri ety in di cates dis place ments along
the cracks (Fig. 3G).

Mag ne tite-quartz ag gre gates
Such ag gre gates re sem ble streaky quartz ite (va ri ety A,

Fig. 4A) or mas sive quartz ite (va ri ety B, Fig. 4C).
The va ri ety A is com posed of iso met ric quartz grains,

0.2 mm in di am e ter, among which mag ne tite “dust” is dis -
sem i nated or ac cu mu lated in streaks and dis con tin u ous
laminae, up to 3 mm thick (Fig. 4B). Lo cally, recrystallized
zones ap pear. They host euhedral mag ne tite grains, green,
weakly pleochroic chlorite and scarce epidote. The rock is
cut by frac tures filled with quartz veinlets (Fig. 4A, B), lo -
cally ac com pa nied by chlorite, with chlorite or, rarely, with
cal cite.

The va ri ety B (Fig. 4C) is a mas sive brec cia com posed
of three types of quartz do mains ce mented with mag ne tite
ag gre gates (Fig. 4C, D). In the vi cin ity of mag ne tite ag gre -
gates quartz grains are larger, which in di cates recrystalliza-
tion, and chlorite blasts ap pear, as well.

Mag ne tite is ac com pa nied by mi nor amounts of he ma -
tite (pos si bly martite). He ma tite forms crys tals ac cu mu lated 
around the mar gins of mag ne tite grains. Rarely, he ma tite

also oc curs as lamellae within the mag ne tite. In some sam -
ples mag ne tite ag gre gates are ac com pa nied by py rite.

Mag ne tite in am phi bo lite and epidote brec cias
Such mag ne tite fills the net work of fine cracks cut ting

the am phi bo lite cataclasites (Fig. 4E) or larger epidote ag -
gre gates (Fig. 4F).

Py rite min er al iza tion in the Area I - Jarkowice
Apart from py rite ac com pa ny ing mag ne tite, py rite va ri -

ety re lated to the zones of frac tures in am phi bo lites oc curs,
as well. Py rite forms spotty ag gre gates or sin gle, large crys -
tals re placed to var i ous de gree with Fe-hy drox ides (Fig.
4G).

Chem i cal com po si tion of mag ne tite
and other ore min er als

The chem i cal anal y ses of mag ne tite did not in di cate
sig nif i cant ad mix tures of trace el e ments, ex cept for va na -
dium (0.08 wt.% V2O3, Ta ble 1), co balt (0.04 wt.% CoO)
and ti ta nium (0.06 wt.% TiO2).
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Ta ble 1

Se lected elec tron microprobe anal y ses (in wt %) and for -
mu lae of mag ne tite and ti tan ite from the Area I - Jarkowice

Titanite Magnetite

SiO2 29.64 29.61 0.00

Ta2O5 0.22 0.18 0.00

FeO n.a. n.a. 30.58

Fe2O3 1.47 1.52 67.97

MnO 0.02 0.02 0.02

TiO2 37.22 35.81 0.06

CaO 28.22 27.77 0.00

Al2O3 1.08 1.69 0.00

V2O3 n.a. n.a. 0.08

Cr2O3 n.a. n.a. 0.11

NiO n.a. n.a. 0.03

CoO n.a. n.a. 0.04

Total 97.87 96.6 98.89

Number of ions (a.p.f.u.)

Si 0.984 0.992 0.000

Ta 0.002 0.002 0.000

Fe2+ n.a. n.a. 0.996

Fe3+ 0.037 0.038 1.992

Mn 0.001 0.001 0.001

Ti 0.930 0.903 0.002

Ca 1.004 1.997 0.000

Al 0.042 0.067 0.000

V n.a. n.a. 0.002

Cr n.a. n.a. 0.003

Ni n.a. n.a. 0.001

Co n.a. n.a. 0.001
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Fig. 3. A, B – mi cro scopic im ages of mag ne tite laminae; do mains: (1) chlorite I-mag ne tite, (2) mag ne tite-chlorite I, (3) epidote-
chlorite II-mag ne tite, (4) chlorite II-epidote, (5) epidote; cap i tal let ters mark spe cific de tails in Fig. 3C-G; ss-strain shadow, sc-strain cap;
C – do main (1); chlorite I (dark) and mag ne tite (white) ar ranged in folds re sem bling crenulations, re flected light; D – rounded crys tal of
mag ne tite in do main (1); V-pull-apart struc ture: frac tures be tween mag ne tite grain and its split frag ments are filled with chlorite I, which
forms also strain fringes (sf) around mag ne tite grains, plane-po lar ized light; E – do main (2) be tween do mains (3) and (5) as so ci ated with
strain cap (sc) formed from do main (2), en riched in mag ne tite and de void of chlorite I, plane-po lar ized light; F – do main (5) rimmed with
mag ne tite and host ing mag ne tite ag gre gates in side, re sem bling the atoll struc tures, crossed polars; G – epidote do mains (5) sep a rated by
shear ing zones filled with fi brous chlorite I; chlorite II fills the crack in do main (on the right), crossed polars. Chl – chlorite, Ep – epidote,
Mag – mag ne tite
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Ti tan ite crys tals con tain in creased amounts of Al2O3

(1.08 wt.%) and Fe2O3 (up to 1.52 wt.%). Im por tant are
also ad mix tures of Ta2O5 (0.22 wt.%; Ta ble 1).

Py rite ac com pa ny ing mag ne tite ac cu mu la tions shows
stoichiometric com po si tion, ex cept for some grains which
re vealed small amounts of Co (up to 0.26 wt.%; Ta ble 2).

ORE MIN ER AL IZA TION
IN THE META-IG NE OUS LESZCZYNIEC

COM PLEX – THE AREA II -
WIEŒCISZOWICE

The Area II is lo cated in the north ern part of the
Leszczyniec Unit, in the vi cin ity of Wieœciszowice vil lage.
In the east ern part of the Area II, a packet of py rite-bear ing
schists oc curs, about 100 m thick. The west ern part is built
of  mafic rocks (am phi bo lites). The rocks strike north- south 
and dip to the east at about 50°.

The py rite de posit in Wieœciszowice had been in ter mit -
tently mined be tween the half of the 18th and the be gin ning
of the 20th cen tu ries, and again, in the years 1905–1925
(Fedak & Lindner, 1966). Monthly pro duc tion was up to
600 tons of py rite con cen trate, grad ing 47 wt.% sul phur and 
0.5 wt.% cop per (Berg, 1938).

The of py rite de posit was de scribed by Nielubowicz
(1958) and Jaskólski (1964) who based on data from dri-
llings com pleted in the years 1953–1954 and on field ob ser -
va tions in the open pit. Later de scrip tions of rocks from
Wieœciszowice, based on ob ser va tions in the out crops, were 
pub lished by Teisseyre (1973) and by Sza³amacha and Sza-
³amacha (1991).

Min er al iza tion in quartz veins was de scribed by Pies-
trzyñski and Salamon (1977).

Ac cord ing to Jaskólski (1964), the bot tom se ries com -
prises quartz schists, brecciated and ce mented with li mo nite 
at the bound ary with the ore se ries. The top se ries in cludes
chlorite schists. The ore se ries con sists of many va ri et ies of
quartz-seri cite-chlorite schists, which min eral com po si tion
de pends on pro por tions be tween these three com po nents
(Jaskólski, 1964). The schists host ran domly dis sem i nated
py rite ac com pa nied by traces of chal co py rite and ga lena.
Dur ing the min ing op er a tions, three zones of a high-grade
py rite ore of thick ness from 5 to 12 m were en coun tered
(Berg, 1913). The ore min er al iza tion grad u ally ceases both
up wards and down wards across the schist se quence (Jas-
kólski, 1964). The ore se ries is cut by quartz veins with poor 
sul phide min er al iza tion.

Ac cord ing to Jaskólski (1964), the Wieœciszowice py -
rite de posit is of ef fu sive-sed i men tary ex ha la tive or i gin,

whereas the vein min er al iza tion was formed due to meta -
mor phic remobilization of el e ments; pre cisely, it re sulted
from ”the meta mor phic hy dro ther mal ac tiv ity”.

The py rite ore body has an ex ten sive weath er ing zone.
Its min er al ogy has been com pre hen sively stud ied by Para-
finiuk (1991, 1996) and Parafiniuk et al. (2010).

Pe trog ra phy of rocks from the Area II - Wieœciszowice

In the Area II, stud ies were car ried on am phi bo lites
from an aban doned quarry lo cated west from the Wieœciszo- 
wice vil lage and on py rite-bear ing schists ex posed in the
aban doned open pit lo cated east of the am phi bo lite quarry.
From the struc tural point of view, the py rite-bear ing schists
cover the am phi bo lites. Be low, the rocks have been de -
scribed in the or der from west to east.

Am phi bo lites
Streaky am phi bo lite (sam ple W6), ex posed in the up per, 

west ern level of am phi bo lite quarry, is a very fine-grained
rock of well-vis i ble fo li a tion un der lain by thin, light-green
streaks. The rock ma trix com prises am phi bole, ti tan ite,
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Fig. 4. A – mi cro scopic im age of mag ne tite ac cu mu la tion re sem bling streaky quartz ite (va ri ety A), cracks filled with quartz; B –
streaks and discon tin u ous laminae com posed of mag ne tite ”dust” be tween quartz grains; crack ar ranged at high an gle to streaks is filled
with 0.5-mm-thick quartz veinlet (va ri ety A), plane-po lar ized light; C – mi cro scopic im age of mag ne tite ac cu mu la tion resembling brec cia 
(va ri ety B), com posed of rounded quartz do mains de void of mag ne tite ”dust” (a); quartz do mains with mag ne tite ”dust” (b) and an gu lar
do mains re sem bling va ri ety A (c) ce mented with mag ne tite ag gre gates  having fringed edges; D – mag ne tite ag gre gates (va ri ety B),
plane-po lar ized light; E – net work of mag ne tite veinlets in amphibolitic cataclasite (Amph); F – mag netite co ex ist ing with epidote; G –
nest-like and dis sem i nated py rite, traces of re place ment with Fe-hy drox ides are vis i ble (white ar row), BSE im age. Ep – epidote; Mag –
mag ne tite, Py – py rite, Qtz – quartz

Ta ble 2

Se lected elec tron microprobe anal y ses (in wt %)
and for mu lae of py rite from the Area I - Jarkowice

1 2 3

S 52.00 52.39 52.31

Sb 0.00 0.00 0.00

As 0.03 0.02 0.02

Fe 46.59 46.78 46.58

Cu 0.00 0.00 0.00

Ni 0.05 0.06 0.00

Co 0.26 0.03 0.02

Mn 0.00 0.00 0.00

Total 98.94 99.27 98.94

Number of ions (a.p.f.u.)

S 1.932 1.947 1.955

Sb 0.000 0.000 0.000

As 0.000 0.000 0.000

Fe 0.994 0.998 1.000

Cu 0.000 0.000 0.000

Ni 0.001 0.001 0.000

Co 0.005 0.001 0.000

Mn 0.000 0.000 0.000



epidote and il men ite with rims of ti tan ite. The com po si tion
of the in ner parts of am phi bole grains cor re sponds to actino- 
lite or Mg-hornblende whereas the outer zones are en riched
in Al, i.e., these cor re spond to tschermakite. In the ma trix,
porphyroblasts of epidote and plagioclase ar ranged in fol-
ded streaks can be ob served. The plagioclase porphyro-
blasts show high con tents of an or thite (up to 41%) and spots 
of al bite. Some plagioclase porphyroblasts are ro tated and
have al bite and actinolite in the strain shad ows. Actinolite
crys tal lized also in cracks within the porphyroblasts. Epi-
dote forms larger lenses or mi cro scopic-size laminae, which 
re sults in a streaky struc ture of the rock. Apart from epidote, 
these laminae con tain also An32.5 plagioclase, di op side and
larger blasts of dark-green am phi bole of com po si tion cor re -
spond ing to magnesiohornblende and to tschermakite.

The streaky am phi bo lite re veals the lack of min eral
equi lib rium, as doc u mented by the co ex is tence of Ca-rich
plagioclases with al bite and tschermakite with actinolite,
and the pres ence of zonality. Such lack of min eral equi lib -
rium to gether with the pres ence of pyroxene re sulted from
the in ter fer ence of ther mal au re ole of the ad ja cent Karko-
nosze gran ite and the ear lier, lower-tem per a ture min eral
parageneses formed dur ing the re gional meta mor phism.

Calcitic am phi bo lite (sam ple W7), which crops out at
the lower level of am phi bo lite quarry, is a dark-green rock
with char ac ter is tic, light-green, shred ded do mains. Un der
the mi cro scope, one can ob serve per fect fo li a tion de fined
by streaks of dark-green hornblende, lighter laminae com -
posed of plagioclase and epidote, and cal cite laminae of var -
i ous thick nesses. Cal cite forms also the youn ger veinlets
cut ting the fo li a tion. The older fo li a tion has been pre served
within lensoidal do mains (microlithons). It is de fined by the 
same min eral as sem blage and ar ranged un der high an gle to
the laminae. The calcitic am phi bo lite is rich in opaque min -
er als.

Py rite-bear ing schists
The min er als men tioned in the names of par tic u lar py -

rite-bear ing schists fol low the or der cor re spond ing to their
de creas ing con tents in the rocks. All schists dis play well-
vis i ble, pen e tra tive fo li a tion and stretch ing lineation.

Chlorite-mus co vite-(paragonite)-al bite schists (sam ple
W2) are ex posed in the west ern part of the open pit, in large,
smooth walls in clined to the NE. These are light-grey rocks, 
yel low ish when weath ered, very rich in py rite. The very
fine-grained ma trix in cludes white mica, chlorite, al bite and 
ti tan ite, and large crys tals of py rite sur rounded by fi brous
quartz or chlorite form ing the strain fringes (Fig. 5A). The
white micas are rep re sented by Na-K mica (paragonite-
mus co vite) and, less com monly, by K-Na mica and mus co -
vite. In the ma trix, the in ti mate inter growths of Na-K mica
and chlorite are ob served. Strongly elon gated py rite crys tals 
are ar ranged par al lel to the bound aries of mica-chlorite
intergrowths (Fig. 5B). The paragonite-mus co vite mica
rarely forms also larger (0.1 mm), ro tated plates, which are
pre sum ably the de tri tal grains (Fig. 5C). The shred ded ter -
mi na tions of plates are en riched in po tas sium. The youn ger
gen er a tion of white mica is mus co vite, which forms plates
intergrown with chlorite and ar ranged obliquely to the older 
plates of chlorite and paragonite-mus co vite (Fig. 5D).

Chlorite-al bite-quartz-mus co vite schists (sam ple W3)
are grey ish-green rocks of in dis tinct, glit ter ing fo li a tion sur -
faces, very rich in py rite. The rocks con tain len tic u lar
chlorite-mus co vite do mains rich in py rite and quartz-al bite-
mus co vite do mains, in which py rite crys tals are less com -
mon and smaller. Chlorite and mus co vite plates, and elon -
gated al bite and quartz crys tals are ar ranged par al lel to the
bound aries of the do mains. Other com po nents seen in the
ma trix are ti tan ite and scarce rutile. Al bite from the ma trix
can be over grown by mus co vite (Fig. 5E). Py rite forms
euhedral crys tals with per fect strain fringes com posed of
quartz in do mains rich in quartz and al bite (Fig. 5F), and
with chlorite fringes in chlorite-rich do mains.

Quartz-al bite schists (sam ple W4) can be ob served in
the cen tral part of the open pit. The cream-col oured rocks
have mac ro scop i cally dis tinct lam i na tion and con tain large
amounts of py rite. Lay ers of grey quartz are up to 1 cm
thick. Such lay ers con tain rare plates of white, K-Na mica.
The larg est mus co vite plate is ro tated (Fig. 6A). Due to
weath er ing and ac tion of flu ids, a part of white mica plates
were trans formed into hydromica. More over, the ac tion of
flu ids re sulted in the for ma tion of do lo mite. Its crys tals are
ar ranged par al lel to the fo li a tion or fill the cracks (Fig. 6A).
Do lo mite pen e trated also the ma trix, form ing amoe bic
”spots” be tween the quartz grains. In such spots min ute
grains of flu o rite were found (Fig. 6B). Do lo mite forms also 
rims around py rite crys tals (Fig. 6C), which are older than
quartz strain fringes (Fig. 6C).

Mus co vite-quartz-al bite schists (sam ple W1) form an
ex tended ex po sure in the cen tral part of the open pit.
Unweathered schists of this type are sil ver-grey with silky
luster whereas weath ered schists show yel low ish and rusty
colours. Very dense fo li a tion is in ten sively folded. Fo li a tion 
is de fined by laminae com posed of strongly elon gated
quartz and al bite blasts, and of thin streaks and thicker lami- 
nae of mus co vite de formed into the asym met ric kink folds
(Fig. 6D). Within the quartz-al bite laminae, quartz porphy-
roclasts and py rite crys tals are observed, as well as larger
quartz-al bite clasts with tails com posed of mus co vite with
sin gle chlorite flakes (Fig. 6E). In this schist va ri ety, py rite
is much less abun dant than in other schists from the Wieœci-
szowice de posit. Py rite forms small, rounded grains with
nu mer ous quartz in clu sions, some times ar ranged par al lel to
the edges of py rite grains (Fig. 6F).

Chlorite-al bite-cal cite schists (sam ple W5) were obser-
ved in the vi cin ity of an old adit. These schists are grey ish-
green with lighter, green ish spots. The con stit u ents of rock:
al most colour less chlorite, elon gated cal cite lenses and
streaks of epidote, and ti tan ite, are par al lel ar ranged. Plagio- 
clases, al though al most com pletely trans formed into al bite,
pre served not only the char ac ter is tic, microophitic tex ture
but also the twinnings. Green ish spots are com posed of cal -
cite. Py rite com monly forms clus ters of sev eral crys tals
(Fig. 7A) with strain fringes par al lel to the fo li a tion and
com posed of chlorite (Fig. 7B) and cal cite (Fig. 7C).

 Min er als and meta mor phism of py rite-bear ing schists

Py rite-bear ing schists con tain var i ous pro por tions of
quartz, plagioclase (al bite), white mica and chlorite. Each of 
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Fig. 5. A – sam ple W2, large py rite crystals with strain fringes, sec tion par al lel to lineation, crossed polars; B – sam ple W2, Na-K mica
(lighter streaks) intergrown with chlorite (darker streaks); strongly elon gated pyrite crys tals ar ranged par al lel to mica-chlorite bound aries,
BSE im age; C – sam ple W2, paragonite-mus co vite mica flake with fringed ter mi na tions en riched in K em bed ded within fine-grained fab -
ric com posed of light mica, chlorite, al bite and ti tan ite, sec tion par al lel to lineation, crossed polars; D – sam ple W 2, inter growths of mus -
co vite (light) and chlorite (dark) ar ranged obliquely to the flakes of older chlorite and light, par agon ite-mus co vite mica, BSE im age; E –
sam ple W 3, al bite from the ma trix over grown with mus co vite, BSE im age; F – sam ple W 3, py rite crys tal with strain fringes in fine-
grained ma trix com posed of chlorite, mus co vite and elon gated crys tals of al bite and quartz, sec tion par al lel to lineation, crossed polars.
Ab – al bite, Ms – mus co vite, Pg – paragonite, Py – py rite, Qtz – quartz
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Fig. 6. A – sam ple W4, ro tated muscovite clast with dis tinct tails in ma trix com posed of elon gated al bite, quartz and mus co vite crys -
tals, on the left – do lo mite veinlet fill ing crack, sec tion par al lel to lineation, crossed polars; B – sam ple W4, amoe bic ”spots” of do lo mite
with min ute flu o rite in clu sions (lighter spots) within quartz, BSE im age; C – sam ple W4, py rite crys tal with short fringes em bed ded
within ma trix com posed of iso met ric quartz and al bite grains, sec tion per pen dic u lar to lineation, crossed polars; D – sam ple W1, mus co -
vite laminae folded into asym met ric kink-folds, crossed polars; E – sam ple W1, quartz-al bite clast with tails com posed of mus co vite and
sin gle chlorite crys tals, crossed polars; F – sam ple W1, rounded py rite crys tal with quartz inter growths dis trib uted par al lel to crys tal
edges, BSE im age. Ab – al bite, Dol – do lo mite, Fl – flu o rite, Ms – mus co vite, Py – py rite, Qtz – quartz



these min er als is rep re sented by at least two gen er a tions.
Quartz forms small grains in the ma trix and fi brous crys tals
com pos ing fringes around py rite grains. Plagioclase forms
small grains in the ma trix and larger, prob a bly de tri tal clasts.
Both gen er a tions of plagioclase are nearly pure al bite.

Chlorite
All in ves ti gated chlorite grains (Ta ble 3) be long to the

type I (xMg+xFe³xAl+x@) and to Mg-chlorites (Zane &
Weiss, 1998). The av er age Fe/(Fe+Mg) ra tio for chlorite
grains is 0.165 (W1), 0.07 (W2), 0.35 (W3) and 0.28 (W5)
(Ta ble 3). The con tent of alu mi num in tet ra he dral AlIV site
ranges from 2.39 a.p.f.u. (at oms per for mula unit) for sam -
ple W5 to 2.61 a.p.f.u. for sam ple W3.

The chem i cal vari abil ity of chlorites cor re lates well
with the chem i cal com po si tion of the host rocks (Ta bles 3,
4). The older gen er a tion of chlorite in the ma trix and youn -
ger gen er a tion of chlorite form ing the fringes around py rite
and fill ing the frac tures in py rite grains have the same
chem i cal com po si tions when ob served in the same thin sec -
tion. This may sug gest that the chem i cal com po si tion of
chlorites is con trolled mostly by the chem i cal com po si tion
of the host rocks (Xie et al., 1997; Zane et al., 1998). How -
ever, it may also sug gest that the meta mor phic con di tions
dur ing the crys tal li za tion of both the youn ger and the older
chlorites were sim i lar.

White mica
The schists ob served in W1 and W3 sam ples con tain

mus co vite with paragonite ad mix ture (Fig. 8; Giorgetti et
al., 2003). The Na/(Na + K) ra tio rang ing from 0.07 to 0.33
(Figs 8A, 8B) is close to val ues found in nat u ral mus co vite
(Guidotti & Sassi, 1998). The higher Na/(Na + K) ra tio was
found in white mica plates lo cated close to al bite grains. The 
Si con tent ranges from 6.16 to 6.32 a.p.f.u. in sam ple W1
and from 6.23 to 6.50 a.p.f.u. in sam ple W3. The high est
value of Si (6.50 a.p.f.u.) was de tected in a mus co vite
grain, which crys tal lized in the strain shadow near an al -
bite porphyroclast. In sam ple W3 both the Fe and Mg con -
tents are high (Fe 0.13 to 0.21 a.p.f.u. and Mg 0.23 to 0.35
a.p.f.u.), in di cat ing that mica grains in clude a celadonitic
com po nent. The Fe con tent (0.05 to 0.12 a.p.f.u.) in mus -
co vite from sam ple W1 is lower than in sam ple W3, but
Mg con tent in W1 mica (0.2–0.34 a.p.f.u.) is sim i lar to that 
in sam ple W3.

The white micas from sam ple W4 are char ac ter ized by
Si con cen tra tions rang ing from 5.99 to 6.48 a.p.f.u. The
Na/(Na + K) ra tio var ies from 0.11 (mus co vite) to 0.98
(paragonite) (Fig. 8C). The Fe con tents are low (<0.07), but
Mg con tents vary from 0.03 to 0.41 a.p.f.u. The low est Mg
val ues were de tected in micas with the high est Na/(Na + K)
ra tios. In sam ple W4, the K-rich white mica forms ro tated
porphyroclasts (Fig. 6A, 8C). The mica fringes around these 
porphyroclasts contain more or less po tas sium than the
porphyroclasts them selves. The Na-rich, white micas form
small plates in the ma trix. The same grain of mica com -
monly shows the mus co vite com po si tion at one an a lyt i cal
point and paragonite com po si tion at the other. Such vari -
abil ity of white mica com po si tion may be in ter preted as dis -
crete inter growths of mus co vite with paragonite, which can -
not be de tected with the EMP anal y sis (Livi et al., 2008).

The schist from W2 sam ple con tains compositionally
vari able white micas (Ta ble 5). Their chem i cal com po si -
tions cover a full range from mus co vite to paragonite. The
Na/(Na + K) ra tio ranges from 0.97 to 0.16. The high est
Na/(Na + K) ra tio was de tected in a ro tated porphyroclast of 
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Fig. 7. A – sam ple W5, ag gre gate composed of sev eral py rite
crys tals with chal co py rite in clu sion, BSE im age; B – sam ple W5,
dis rupted py rite crys tal with chlorite fringes ar ranged par al lel to
fo li a tion. Crack in py rite crys tal filled with chlorite, crossed po-
lars; C – sam ple W5, py rite crys tal with cal cite fringes ar ranged
par al lel to fo li a tion, crossed polars. Cal – cal cite, Ccp – chal co py -
rite, Chl – chlorite, Py – py rite



paragonite (Figs 5C, 8D) and in some small grains con -
tained in white mica-chlorite pack ets (Fig. 5B). The other
mica grains intergrown with chlorite and de fin ing the fo li a -
tion, the grains oblique to fo li a tion and the grains form ing
fringes around paragonite porphyroclast, all show in ter me -
di ate and low val ues of Na/(Na+K) ra tio (Fig. 8D). The Si
con tents range from 6.02 to 6.40 a.p.f.u., the Fe con tents are 
very low (Fe <0.01 a.p.f.u.) in paragonite and higher (Fe up
to 0.07 a.p.f.u.) in mus co vite. The Mg con tents range from
0.02 a.p.f.u. in paragonite up to 0.49 in mus co vite inter-
grown with chlorite.

The Ca con tent in all white micas is low and ranges
from 0.001 to 0.018 a.p.f.u., and does not sub stan tially
change the interlayer sums.

Apart from the EMP anal y sis, an ad di tional anal y sis of
white mica was made us ing the XRD. Ana lysed ma te rial was
se lected from partly sep a rated mica-rich do mains en coun -
tered in the W2 sam ple. The X-ray dif frac tion pat tern (Fig. 9) 
con firmed the pres ence of paragonite (d002 = 9.617 �) and
mus co vite (d002 = 9.911 �), and showed also dis tinct peaks
of quartz, al bite, chlorite and py rite.

The com par i son of chem i cal anal y ses of the Wieœciszo- 
wice schists (Ta ble 4) with chem i cal com po si tions of white
mica in the par tic u lar va ri et ies of schists shows that there is
no sim ple de pend ence be tween the rock bulk com po si tion
and the chem is try of micas. The mica com po si tion seems to

be con trolled by co ex ist ing Na and Al phases, such as al bite
and chlorite, rather than by the rock bulk com po si tion (Gui-
dotii & Sassi, 1998). Paragonite co ex ists with mus co vite in
both the W4 and W2 schists. In sam ple W2, mus co vite and
paragonite oc cur to gether with in ter me di ate Na-K micas.
The in ter me di ate Na-K micas form very small grains inter-
grown with chlorite (Fig. 5B, Ta ble 5). Such inter growths
may form by hydrotermal al ter ation of the sea-floor de pos -
its (Honnorez, 2003) and may rep re sent metastable phases
pre served dur ing the re gional meta mor phism (Giorgetti et
al., 2003). In sam ple W4, paragonite is sep a rated from mus -
co vite by a wide immiscibility gap, with char ac ter is tic
asym me try to wards the paragonite caused by higher sol u bil -
ity of Na in mus co vite than that of K in paragonite (Roux &
Hovis, 1996). Such an immiscibility gap is char ac ter is tic for 
micas formed un der the re gional meta mor phic con di tions
(Giorgetti et al., 2003). The oc cur rence of metastable
phases in sam ple W2 and an immiscibility gap sep a rat ing
paragonite and mus co vite in sam ple W4 may in di cate that
tem per a tures of meta mor phism were sim i lar to those of hy -
dro ther mal al ter ation.

The youn gest mica form ing fringes around mus co vite
(sam ple W4) and paragonite (sam ple W2) porphyroclasts
has mus co vite com po si tion, sim i larly as “oblique” mica. It
means that paragonite, be ing older than mus co vite, did not
orig i nate from its trans for ma tion.
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Fig. 8. Interlayer com po si tion of white mica from the Wieœciszowice py rite-bear ing schists



Meta mor phic con di tions of py rite-bear ing schists

The tem per a ture of meta mor phism which af fected the
Wieœciszowice py rite-bear ing schists was es ti mated bas ing
on the av er age chem i cal com po si tion of chlorites from sam -
ples W3 and W5, us ing the Cathelineau method (1988),
mod i fied by Xie et al. (1997). Chlorite in sam ple W3
formed at tem per a ture around 350°C, whereas that from
sam ple W5 crys tal lized at ca. 340°C. Thus, the for ma tion
tem per a ture of the Wieœciszowice py rite-bear ing schists
was about 340–350°C.

Char ac ter iza tion of dis sem i nated min er al iza tion
in py rite-bear ing schists

In the schists from Wieœciszowice, py rite usu ally forms
crys tals of size from some tens of micrometres up to sev eral
milli metres. Py rite crys tals are rounded (W1; Figs 6F, 10A), 
cuboidal (W4, Fig. 6C; W3, Figs 5F, 10B; W2, Figs 5A,
10D) or form inter growths (W5, Fig. 7A). The chem i cal
com po si tion of py rite crys tals is very con sis tent. Even the
rims dis played at the back-scat tered elec tron (BSE) im ages,

which may re flect the ef fects of weath er ing, do not dif fer in
com po si tion from the in ner parts of crys tals. Py rite crys tals
con tain rare, euhedral chal co py rite (sam ple W3, Fig. 10B)
or sin gle, quartz-monazite (W4) in clu sions.

Py rite crys tals in sam ple W5 and W1 bear the signs of
cor ro sion along the crys tal edges and have min ute cracks in -
side the crys tals. In sam ple W5 py rite crys tals show ir reg u -
lar, shred ded edges with hol lows filled with cal cite (Fig.
7A), whereas in sam ple W1 cor ro sion caused round ing of
py rite crys tals (Fig. 6F) and rims of hol lows filled with
quartz were formed par al lel to the edges of py rite crys tals.
In such hol lows rare, sub mi cro scopic grains of chal co py rite
and ga lena were ob served. Such sub mi cro scopic grains as
well as min ute grains of chal co py rite and ten nan tite ac com -
pa ny ing py rite clus ters (Fig 10A), to gether with rows of
ten nan tite crys tals pen e trat ing the frac ture in py rite crys tal
(sam ple W2; Fig 10D), are pre sum ably the mem bers of a
youn ger as sem blage of ore min er als re lated to the pen e tra -
tion of hy dro ther mal flu ids, which cor roded py rite crys tals.
Such flu ids might have pre cip i tated not only quartz, which
fills the ”hol lows”, but also do lo mite and flu o rite (sam ple
W4) and cal cite (sam ple W5). Euhedral in clu sions of chal -
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Ta ble 3

Se lected elec tron microprobe anal y ses (in wt %) and struc tural for mu lae of chlorite
from the Wieœciszowice py rite-bear ing schists. Area II

W1 W2 W3 W5

SiO2 28.52 27.08 29.40 29.32 26.56 26.59 26.72 26.49 26.41 26.79 26.9 27.86 27.92 27.84 27.04 27.82 27.58

TiO2 0.06 0.06 0.04 0.06 0 0.08 0.09 0.02 0 0.04 0.09 0.05 0 0 0 0.02 0.04

Al2O3 22.49 21.95 23.73 23.57 22.56 22.21 22.03 22.05 22.07 22.19 22.37 20.89 21.39 21.63 22.59 20.80 22.10

Cr2O3 0.02 0 0.01 0.04 0 0 0.03 0 0 0.04 0.23 0 0 0.02 0.17 0 0.02

MgO 26.47 24.94 29.86 29.92 19.80 19.15 20.26 20.05 19.53 19.55 20.93 22.00 21.54 21.67 21.48 21.93 21.56

CaO 0.05 0.06 0.02 0.03 0.04 0 0 0 0.04 0.04 0.05 0.12 0.06 0 0.05 0.02 0.05

MnO 0.20 0.11 0.20 0.23 0.13 0.10 0.29 0.11 0.19 0.13 0.81 0.79 0.82 0.96 0.72 1.01 0.87

FeO 8.90 8.94 3.80 4.03 18.31 19.29 18.48 17.99 19.04 18.66 15.83 15.07 15.92 14.84 15.13 15.26 15.49

Na2O 0.02 0.02 0.04 0.02 0 0 0.01 0.01 0 0 0.02 0.01 0 0 0.01 0 0.02

K2O 0 0 0.03 0.01 0 0 0 0 0 0 0.01 0 0 0.01 0 0 0

total 86.73 83.16 87.13 87.23 87.4 87.42 87.91 86.72 87.28 87.44 87.24 86.79 87.65 86.97 87.19 86.86 87.73

Numbers of ions on the basis of 28 O

Si 5.54 5.50 5.53 5.52 5.39 5.42 5.40 5.41 5.39 5.44 5.42 5.62 5.59 5.59 5.43 5.61 5.51

AlIV 2.46 2.50 2.47 2.48 2.61 2.58 2.60 2.59 2.61 2.56 2.58 2.39 2.41 2.41 2.58 2.39 2.49

AlVI 2.70 2.75 2.80 2.75 2.79 2.76 2.65 2.72 2.71 2.76 2.73 2.58 2.64 2.71 2.77 2.56 2.71

Ti 0.01 0.01 0.01 0.01 0 0.01 0.01 0 0 0.01 0.01 0.01 0 0 0 0 0.01

Cr 0 0 0 0.01 0 0 0.01 0 0 0.01 0.04 0 0 0 0.03 0 0

Fe 1.45 1.52 0.60 0.63 3.11 3.29 3.13 3.07 3.25 3.17 2.67 2.54 2.67 2.49 2.54 2.57 2.59

Mn 0.03 0.02 0.03 0.04 0.02 0.02 0.05 0.02 0.03 0.02 0.14 0.13 0.14 0.16 0.12 0.17 0.15

Mg 7.67 7.55 8.38 8.40 5.99 5.82 6.11 6.11 5.95 5.92 6.29 6.61 6.43 6.49 6.42 6.60 6.42

Ca 0.01 0.01 0.01 0.01 0.01 0 0 0 0.01 0.01 0.01 0.03 0.01 0 0.01 0 0.01

Na 0.01 0.01 0.02 0.01 0 0 0 0 0 0 0.01 0 0 0 0.01 0 0.01

K 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0

XFe 0.16 0.17 0.07 0.07 0.34 0.36 0.34 0.33 0.35 0.35 0.29 0.27 0.29 0.27 0.28 0.28 0.28

S VI 11.86 11.85 11.82 11.84 11.91 11.90 11.96 11.92 11.94 11.89 11.88 11.87 11.88 11.85 11.88 11.90 11.88

W1 – mus co vite-quartz-al bite schists; W2 – chlorite-mus co vite-(paragonite)-al bite schists; W3 – chlorite-al bite-quartz-mus co vite schists; W5 – chlorite-al -
bite-cal cite schists
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Ta ble 4

Chem i cal anal y ses of meta mor phic rocks from ar eas I - Jarkowice and II - Wieœciszowice

Metabasites Pyrite-bearing rocks from Wieœciszowice

 wt% J1 W7 W6 W5a W5b W4 W3 W2 W1

SiO2 49.60 53.81 48.04 42.60 42.05 58.22 60.79 49.70 68.89

TiO2 1.382 1.253 1.708 0.494 0.493 0.766 0.257 0.856 0.43

Al2O3 13.98 11.95 13.39 17.46 14.93 15.07 12.18 21.58 15.50

Fe2O3 13.16 11.22 13.00 11.02 13.41 7.23 7.90 7.41 2.90

MnO 0.146 0.173 0.233 0.449 0.413 0.031 0.083 0.038 0.023

MgO 7.00 4.05 5.95 10.08 8.36 2.96 4.64 6.94 3.35

CaO 7.16 6.27 12.80 3.98 5.74 1.65 5.57 0.61 0.09

Na2O 4.59 4.32 2.65 4.16 4.1 3.24 2.09 2.44 2.49

K2O 0.16 0.14 0.29 0.07 0.11 1.04 0.23 1.51 1.52

P2O5 0.21 0.12 0.17 0.02 0.05 0.13 0.06 0.05 0.04

LOI 2.47 6.52 1.57 8.55 9.33 9.34 6.21 8.25 3.90

S 0.013 0.01 0.031 2.87 5.48 4.01 0.689 3.77 1.04

Total 99.85 99.82 99.8 98.87 98.99 99.68 100.00 99.39 99.14

 ppm

Cr 84 < 5 130 63 118 36 67 62 22

Ni 49 4 67 32 43 16 11 21 15

Co 43 25 48 22 18 22 15 12 22

Sc 41.6 29.7 35 37 34.1 31.5 26.9 41.9 22.1

V 312 289 299 289 246 102 149 305 104

Cu 4 12 74 16 17 21 133 257 24

Pb < 3 < 3 < 3 < 3 4 9 < 3 < 3 < 3

Zn 25 108 78 225 165 17 28 54 137

Cd 1.6 1.1 1.1 1 1.6 0.6 0.8 1.4 < 0.5

Ge 2.1 1.1 1.8 0.8 0.6 < 0.5 1.2 0.6 < 0.5

W 10.2 11.5 51.7 5.8 14.2 51.3 36.8 31.2 63

Sb 0.5 0.5 1.3 0.4 0.4 0.4 0.6 6.9 1.1

As < 0.5 2.6 1.6 7.3 4.8 10.8 11.4 112 8.5

Bi < 0.1 < 0.1 < 0.1 0.3 0.2 < 0.1 0.1 0.1 0.1

Rb < 1 1 5 < 1 < 1 17 5 30 29

Cs < 0.1 0.3 1.4 0.2 < 0.1 1.4 1.4 1.5 1.2

Ba 19 20 23 15 16 204 731 786 721

Sr 188 24 188 136 98 147 132 156 96

Ga 17 15 19 16 14 18 13 26 13

Ta 0.23 0.16 1.28 0.08 0.18 1.37 0.57 1.1 2.08

Se < 3 < 3 < 3 < 3 < 3 10 < 3 18 < 3

Nb 2 0.9 3.3 0.4 0.4 3 2 2.8 3.3

Hf 2.3 1.6 3.2 0.6 0.5 2.6 1.2 1.6 3.4

Zr 64 41 102 16 13 74 42 49 100

Y 31.1 30.3 45.5 8 8.1 31.4 15.2 18.2 24.1

Th 0.42 0.2 0.22 0.28 0.18 1.78 2.93 0.63 0.87

U 0.2 0.21 0.19 0.3 0.56 1.31 1.57 0.56 1.39

La 2.84 2.6 3.87 0.87 1.26 6.86 9.19 1.4 1.28

Ce 8.3 6.53 12.00 2.3 3.03 15.8 17.7 4.11 2.62

Pr 1.52 1.34 2.22 0.39 0.49 2.38 2.35 0.78 0.36

Nd 8.77 7.98 12.6 2.15 2.55 12.2 9.13 4.71 1.78

Sm 3 2.96 4.23 0.67 0.77 3.47 2.1 1.68 0.51

Eu 1.17 1.21 1.57 0.435 0.486 0.869 0.686 0.753 0.11

Gd 4.18 4.15 5.79 0.94 1.06 4.17 2.03 2.18 0.93

Tb 0.8 0.8 1.12 0.19 0.2 0.77 0.34 0.41 0.31

Dy 5.25 5.35 7.32 1.32 1.34 5.00 2.19 2.76 2.9

Ho 1.11 1.07 1.55 0.29 0.29 1.07 0.47 0.59 0.78

Er 3.46 3.07 4.65 0.9 0.94 3.26 1.46 1.84 2.86

Tm 0.534 0.46 0.7 0.138 0.145 0.497 0.223 0.296 0.5

Yb 3.31 2.8 4.34 0.9 0.94 3.21 1.44 1.89 3.43

Lu 0.468 0.397 0.605 0.133 0.143 0.503 0.219 0.271 0.549

SRRE 44.712 40.717 62.565 11.626 13.644 60.059 49.528 23.67 18.919

LaN/YbN 0.57 0.62 0.6 0.65 0.9 1.43 4.27 0.5 0.25

Eu/Eu* 1.02 1.06 0.98 1.68 1.65 0.7 1.02 1.21 0.49



co py rite in chlorite-rich schists (sam ple W5) (Fig. 7A)
prob a bly be long to the same sul phide as sem blage. Their
link can not be ne glected to crys tal lat tice fail ures in host ing
py rite grains, al though such fail ures have not been ob served 
in the vi cin ity of crys tals shown in the pho to graphs. The
fact that “hol lows” and frac tures in py rite crys tals are filled
with min er als ob served in the ma trix (quartz in sam ple W1,
cal cite in W5, chlorite, ti tan ite and quartz in W3; Fig. 10C)
and that the signs of As, Cu and Pb min er al iza tion are scarce 
may sug gest that el e ments form ing this min er al iza tion were
leached from the host-rocks.

Microstructural tim ing of py rite min er al iza tion
In the py rite-bear ing schists out crop ping at the aban -

doned mine in Wieœciszowice, the pen e tra tive fo li a tion dips
at 40 to 65° to the NE and east whereas the stretch ing
lineation plunges to the north and NNE at low and mod er ate 
an gles. The del i cate mica lineation is oblique to it. The axes
of older folds are par al lel to the stretch ing lineation. The
folds show dif fer ent morphologies: from iso cli nal and open
forms to chev ron-type folds de vel oped in sam ple W1 schist. 

The youn ger folds are open struc tures, of ten frac tured at
hinges.

In thin sec tions cut par al lel to the stretch ing lineation
and per pen dic u lar to the fo li a tion, the ki ne matic in di ca tors,
such as asym met ric strain shad ows (Figs 5C, 5E, 6A) and
strain fringes around py rite grains are vis i ble.

In schists from sam ples W1, W2, W3 and W4, strain
fringes are com posed of sev eral groups of fi brous quartz
crys tals con nected with more or less vis i ble su tures (Figs
5A, 5F). The strain fringes are ab sent or are very short in
sec tions per pen dic u lar to the lineation (Fig. 6C). The shapes 
of strain fringes and their ar range ment sug gest the non-co -
ax ial type of de for ma tion.

In chlorite-al bite-cal cite schists (W5) and, some times,
also in chlorite-al bite-quartz-mus co vite schists (W3) the
strain fringes are com posed of fi brous chlorite (Fig. 7B) and 
cal cite (Fig. 7C). In sam ple W5 fringes are par al lel to the fo -
li a tion. Such straight fringes are rare in the re main ing va ri -
et ies of the stud ied schists. It is ac cepted that straight fringes 
are con cor dant with the X di rec tion of fi nal strain (Passchier 
& Trouw, 2005).
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Ta ble 5

Elec tron microprobe anal y ses (in wt %) and struc tural for mu lae of white micas
from chlorite-mus co vite-(paragonite)-al bite schists (sam ple W2). Area II - Wieœciszowice

Pg in
matrix

White mica/chlorite packets* White mica in matrix
Porphyroclast with fringed

terminations**

oblique
white
mica
***

Chl/Ms
inter-

growths

SiO2 48.98 48.65 49.13 48.46 49.14 49.8 48.17 47.93 47.9 47.75 47.75 48.59 48.06 47.55 47.8 47.93 48.05 48.95

TiO2 0.00 0.00 0.04 0.12 0.09 0.05 0.10 0.11 0.16 0.22 0.30 0.10 0.09 0.05 0.04 0.09 0.08 0.06

Al2O3 38.74 40.52 41.65 38.43 37.83 37.41 36.41 34.72 33.46 33.81 33.44 33.41 35.05 39.86 39.04 33.51 36.14 34.23

Cr2O3 0.02 0.05 0.01 0.04 0.02 0.00 0.08 0.07 0.02 0.00 0.00 0.01 0.00 0.03 0.07 0.06 0.01 0.05

MgO 0.36 0.12 0.11 0.46 0.68 1.09 1.19 1.36 1.84 1.48 1.70 1.89 1.53 0.13 0.26 1.80 1.21 2.52

CaO 0.00 0.14 0.1 0.14 0.08 0.04 0.03 0.01 0.03 0.00 0.00 0.00 0.02 0.12 0.16 0.00 0.04 0.01

MnO 0.00 0.00 0.00 0.09 0.00 0.04 0.00 0.06 0.02 0.03 0.03 0.06 0.00 0.00 0.04 0.00 0.00 0.00

FeO 0.41 0.02 0.08 0.23 0.25 0.28 0.42 0.32 0.6 0.45 0.59 0.34 0.49 0.07 0.24 0.42 0.36 0.51

BaO 0.22 0.26 0.00 0.65 0.30 0.28 0.32 0.24 0.24 0.36 0.52 0.42 1.03 0.00 0.36 0.58 0.48 0.61

Na2O 7.14 6.93 7.4 3.81 4.24 3.33 2.98 2.77 1.13 1.87 1.11 1.44 2.08 7.05 5.69 1.28 2.82 1.15

K2O 0.74 0.18 0.14 3.85 3.55 5.51 6.41 6.91 9.57 8.30 9.24 9.18 7.57 0.48 1.89 8.88 6.30 9.03

total 96.61 96.86 98.66 96.27 96.17 97.82 96.11 94.49 94.96 94.26 94.67 95.44 95.93 95.33 95.57 94.55 95.49 97.12

Numbers of ions on the basis of 22 O

Si 6.16 6.07 6.02 6.18 6.25 6.28 6.23 6.31 6.36 6.35 6.36 6.4 6.29 6.04 6.1 6.37 6.25 6.34

AlIV 1.84 1.93 1.98 1.82 1.76 1.73 1.77 1.69 1.64 1.65 1.65 1.60 1.71 1.96 1.90 1.63 1.75 1.66

AlVI 3.91 4.03 4.03 3.95 3.91 3.83 3.77 3.7 3.59 3.65 3.6 3.59 3.69 4.01 3.97 3.62 3.79 3.57

Ti 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.01 0.01 0.01 0.00 0.01 0.01 0.01

Cr 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01

Fe2+ 0.04 0.00 0.01 0.02 0.03 0.03 0.05 0.04 0.07 0.05 0.07 0.04 0.05 0.01 0.03 0.05 0.04 0.06

Mn 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00

Mg 0.07 0.02 0.02 0.09 0.13 0.20 0.23 0.27 0.36 0.29 0.34 0.37 0.30 0.03 0.05 0.36 0.24 0.49

Ca 0.00 0.02 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.01 0.00

Ba 0.01 0.01 0.00 0.03 0.02 0.01 0.02 0.01 0.01 0.02 0.03 0.02 0.05 0.00 0.02 0.03 0.02 0.03

Na 1.74 1.68 1.76 0.94 1.04 0.82 0.75 0.71 0.29 0.48 0.29 0.37 0.53 1.74 1.41 0.33 0.71 0.29

K 0.12 0.03 0.02 0.63 0.58 0.89 1.06 1.16 1.62 1.41 1.57 1.54 1.26 0.08 0.31 1.51 1.04 1.49

*Fig. 5B; **Fig. 5C; ***Fig. 5D



The py rite crys tals do not con tain inter growths of meta -
mor phic min er als and the microstructural cri te ria do not al -
low de fin i tive de ter mi na tion of age re la tion ships be tween
py rite porphyroblasts, pen e tra tive fo li a tion and pen e tra tive
stretch ing lineation. The fo li a tion and lineation, de fined by
the same min eral do mains, were formed con tem po ra ne -
ously. The pres ence of strongly elon gated py rite crys tals in
pack ets of paragonite-mus co vite micas and chlorite (Fig.
5B) dem on strates that at the very early stages of fo li a tion
and lineation de vel op ment, py rite did not form large, euhe-
dral crys tals. Their or i gin was prob a bly con nected with the
recrystallization, which took place be tween the first and the
sec ond stages of fo li a tion and lineation de vel op ment. Ki ne -
matic in di ca tors of shear re veal that the sec ond stage of fo li -
a tion and lineation took place un der non-co ax ial de for ma -
tion con di tions and si mul ta neous ex ten sion, in di cated by
the strong elon ga tion of quartz and al bite grains. Dur ing this 
de for ma tion, py rite crys tals were ro tated and bended strain
fringes were formed. In schists from sam ple W4, the for ma -
tion of fringes was pre ceded by crys tal li za tion of do lo mite
rims around py rite crys tals (Fig. 6C). The next de for ma tion
phase was co ax ial. At the edges of py rite crys tals the
straight fringes (W5) were formed, par al lel to the stretch ing
lineation. An in de pend ent proof for stretch ing is the pres -
ence of cracks in py rite crys tals (Figs 5C, 7B). Dur ing this
late ten sional stage the flu ids were prob a bly ac ti vated,
which caused cor ro sion of py rite crys tals in schists from
sam ples W1 and W5 (Figs 6F, 7A). These flu ids were the
source of ac ces sory sulphides crys tal liz ing in the cracks and 
“hol lows” in py rite (Figs 10D, 6F).

Re-Os iso to pic age de ter mi na tions of py rite from
Wieœciszowice

Seven sam ples of py rite sep a rated from four sam ples of
schists, la beled W2, W3, W4 and W5a, show ing an ob vi ous,
schis tose pen e tra tive fab ric and con tain ing dis sem i nated,
euhedral crys tals of py rite, ap prox i mately 1–2 mm in size,
were ana lysed. The Re con tents were 4–30 ppb Re, suit able
for Re-Os geo chron ol ogy given the likely Palaeozoic age of
the py rite oc cur rences. The re sults are pre sented in Ta ble 7.

Gen er ally, the py rite sam ples have low to very low
com mon Os con tents, and the Os is dom i nated by 187Os*,
ra dio genic Os de rived from 187Re de cay. As such, the mea -
sured 187Os/188Os ra tios are high to ex cep tion ally high. For
the pur poses of geo chron ol ogy of such sam ples the best so -
lu tion is to ex clude 188Os as a de nom i na tor as its pre cise
quan ti fi ca tion is highly un cer tain. Six py rite sam ples yiel-
ded Model Ages of ~ 480 Ma (W2 – 480 Ma, W2-2 – 466
Ma, W3 – 479 Ma, W3-2 – 484 Ma, W5a – 487 Ma, W5a-2
– 508 Ma), whereas sam ple W4 yielded an older Model Age 
of 524 Ma. These data were plot ted on an isochron di a gram
in Fig. 11, which shows that sam ples W2, W3 and W5a
form a re gres sion hav ing an in di cated age of 469 ± 20 Ma
(2s, Model 2). Sam ple W4 plots well above this re gres sion
line (not shown). It is im por tant to note that py rite from
sam ple W4 showed sig nif i cant dis col our ation (tarnishment) 
and that com pletely fresh ma te rial could not be ob tained.
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Fig. 9. XRD pat tern of sam ple W2. Num bers above pat tern are d-spac ings in �. Pg – paragonite, Qtz – quartz, Ms – mus co vite, Ab – al -
bite, Chl – chlorite
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Fig. 10. A – sam ple W1, min ute chal co py rite and tennantite crys tals scat tered be tween py rite ag gre gates, BSE im age; B – sam ple W3,
py rite crys tal with ”hol lows” and chalcopyrite in clu sion, BSE im age; C – sam ple W3,  ”hol low” seen in up per right cor ner of Fig. 10B
filled with chlorite, titanite (”brushes”) with rutile in clu sions, and quartz, BSE im age; D – sam ple W2, cracks in py rite pen e trated by
youn ger ten nan tite and quartz, BSE im age: E – quartz vein with euhedral py rite crys tals and ad ja cent chal co py rite ag gre gate, re flected
light; F – quartz vein with chal co py rite-ten nan tite ag gre gate; chal co py rite hosts min ute ga lena inter growths, BSE im age; G – quartz vein
with chal co py rite-ten nan tite inter growths, BSE im age. Ap – ap a tite, Ccp – chal co py rite, Chl – chlorite, Gn – ga lena, Py – py rite, Qtz –
quartz, Rt – rutile, Tnt – ten nan tite, Ttn – titanite



Ore min er al iza tion in quartz veins cut ting
py rite-bear ing schists

The quartz veins with cal cite and green flu o rite cut ting
through the schists in the Wieœciszowice py rite de posit were 
al ready men tioned by Berg (1938). Jaskólski (1964) re -
ported on nu mer ous veins of milky and white quartz, com -
monly with feld spars, for which he pro posed the name “dry
Al pine veins”. Later on, Piestrzyñski and Salamon (1977)
de scribed quartz veins with car bon ates, sulphides and sul-
phosalts. These au thors dis tin guished three stages of vein
for ma tion. At the first stage quartz, py rite and pyrrhotite
have crys tal lized, fol lowed by the sec ond-stage as sem blage
of chal co py rite, sphalerite, ga lena, tetrahedrite and sid er ite,

and by the third-stage as sem blage of bour no nite, jameso-
nite, boulangerite, ga lena, cal cite and do lo mite.

Dur ing the field work, mostly the bar ren quartz veins
were en coun tered in the open pit. How ever, close to the
north-east ern cor ner of the open pit the quartz veins were
found, up to sev eral tens of centi metres thick, which hosted
large ag gre gates of sulphides. The veins were com posed of
milky quartz, some times cut by cracks filled with li mo nite.
Oc ca sion ally, the rel ics of sur round ing schists were pres ent
with dis sem i nated py rite and Ti min er als. Some py rite crys -
tals were strongly cracked and con tained in clu sions of gan-
gues and chal co py rite. Com monly, chal co py rite rimmed or
ce mented py rite crys tals (Ta ble 6; Fig. 10E).

Larger chal co py rite ac cu mu la tions were found in the
milky quartz as nests of di am e ter up to sev eral milli metres.
An euhedral py rite in clu sion was found in chal co py rite in a
sin gle pol ished sec tion. Chal co py rite ag gre gates host very
fine, ran domly dis sem i nated ga lena crys tals (Figs 10F,
10G). In the same sec tions, chal co py rite inter growths with
ten nan tite were no ticed (Ta ble 6; Figs 10F, 10G).

The sul phide as sem blage from the quartz veins is iden -
ti cal with that known from the schists (py rite, chal co py rite,
ga lena), but pro por tions be tween sulphides are dif fer ent –
the min er al iza tion in veins is dom i nated by chal co py rite,
whereas py rite oc curs in small amounts and is re lated to
schist rel ics. These ob ser va tions sug gest that min er al iza tion 
in quartz veins orig i nated from the ac tion of hy dro ther mal
flu ids, which remobilized met als from the py rite-bear ing
schists. Such or i gin of the ore min er als vein is dif fer ent
from that de scribed by Piestrzyñski and Salamon (1977), as
veins en coun tered by our team host dif fer ent min eral para-
gen e sis.

For ma tion tem per a ture of quartz veins
The for ma tion tem per a ture of quartz veins was de ter -

mined with the fluid in clu sions (FI) mi cro scopic stud ies
car ried on with the heat ing-freez ing stage. The sam ple of
milky quartz for mea sure ments was se lected from a vein
with mac ro scop i cally vis i ble chal co py rite ag gre gates. Three 
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Ta ble 6

Chem i cal com po si tion and for mu lae of se lected sulphides
from the Wieœciszowice py rite de posit. Area II

Element Pyrite Chalcopyrite Tennantite Galena

Sample
Wb2,
Wz4/7
n=14

Wb2, Wz4/7
n=16

Wb2
n=12

Wz4/7
n=13

Wz4/7
n=6

S 52.88 34.14 28.05 27.28 10.91

Fe 45.83 29.98 6.21 2.81 0.00

Cu 0.00 34.4 41.97 42.63 0.00

Zn n.a. 0.02 1.43 5.21 0.00

As 0.02 0.03 19.43 18.66 0.00

Se n.a. 0.00 0.20 0.11 3.93

Ag 0.00 0.03 0.04 0.15 0.06

Cd 0.00 0.02 0.12 0.57 0.07

Sb 0.01 0.01 1.08 2.89 0.00

Te n.a. 0.04 0.26 0.03 0.07

Pb n.a. 0.00 0.00 0.00 83.65

Bi n.a. 0.00 0.01 0.00 0.00

Co 0.05 n.a. n.a. n.a. n.a.

Ni 0.03 n.a. n.a. n.a. n.a.

Total 98.79 98.67 98.80 100.35 100.42

Numer of ions (a.p.f.u.)

S 2.006 1.973 12.947 12.457 0.84

Fe 0.998 0.995 1.646 0.736 0.00

Cu 0.00 1.003 9.774 9.825 0.00

Zn n.a. 0.001 0.323 1.167 0.00

As 0.00 0.001 3.838 3.648 0.00

Se n.a. 0.00 0.038 0.021 0.123

Ag 0.00 0.001 0.006 0.02 0.001

Cd 0.00 0.00 0.016 0.074 0.002

Sb 0.00 0.00 0.131 0.348 0.00

Te n.a. 0.001 0.031 0.004 0.001

Pb n.a. 0.00 0.00 0.00 0.997

Bi n.a. 0.00 0.001 0.00 0.00

Co 0.001 n.a. n.a. n.a. n.a.

Ni 0.001 n.a. n.a. n.a. n.a.

n.a. – not ana lysed

Fig. 11. Re-Os isochron di a gram for py rite sep a rates



types of in clu sions were iden ti fied: type 1 (T1) and type 2
(T2) are pri mary in clu sions, and type 3 (T3) in cludes sec -
ond ary in clu sions.

The T1 in clu sions are large (over 20 µm across), sin gle
or form ing groups of three or four in di vid u als, gen er ally ir -
reg u lar, but also oval or im i tat ing the crys tal habit of the
host ing min eral. The in clu sions are two-phase (V+L) or
three-phase (L1+L2+V), rich in gas eous com po nents (liq -
uid and gas eous car bon di ox ide and wa ter). Gas eous phase
oc cu pies from 30 to 70% of the in clu sion vol ume.

The T2 in clu sions are usu ally less than a dozen of
micrometres in di am e ter. These form ran dom groups com -
posed of sev eral in di vid u als or are dis trib uted at crys tal
growth planes. The T2 in clu sions are two-phase, H2O-CO2, 
with gas eous phase con sti tut ing 20% of the in clu sion vol -
ume.

The T3 in clu sions are small (sev eral, rarely a dozen of
micrometres), one or two-phase, ar ranged in rows or cov er -
ing larger sur faces of cracks within the crys tals.

The T1 in clu sions showed melt ing tem per a tures of
solid CO2 from –58 to –66°C. The tem per a ture de crease
sug gests pres ence of meth ane. Ice melted com pletely at
about –2°C. Gas hy drate dis solved at tem per a tures be tween
8 and 14.9°C. Ho mog e ni za tion of CO2 to wards the gas eous
phase oc curred at tem per a tures be tween 22 and 30.6°C. The 
ob served com plete ho mog e ni za tion took place at tem per a -
tures from 335 to 377°C. Ho mog e ni za tion to wards the gas -
eous phase was ob served in a sin gle in clu sion at a tem per a -
ture of 335°C.

The T2 in clu sions re vealed ice melt ing at the tem per a -
ture range from –6 to 0°C. Rarely, the gas hy drate in these
in clu sions melted at about 6°C. Com plete ho mog e ni za tion
took place at the tem per a ture range from 120 to 234°C.

The T3 in clu sions showed the low est ho mog e ni za tion
tem per a tures: from 85 to 175°C. The low est re corded ice
melt ing tem per a ture was –22°C, but in most of T3 in clu sions
it oc curred at higher tem per a tures: from –16 to about –3°C.

The re sults of FI stud ies en able us to con clude that crys -
tal li za tion of milky quartz from veins cut ting the Wieœciszo- 
wice de posit took place at tem per a ture range from 377 to
85°C.

Geo chem is try of ore min er als from the Area II -
Wieœciszowice

The EMP anal y ses were car ried on for py rite, chal co py -
rite and ten nan tite crys tals from dis sem i nated min er al iza -
tion in the schists (sam ple Wb2) and from the quartz veins
(sam ple Wz4/7). Ga lena sam pled in the quartz veins was
ana lysed as well.

Both py rite and chal co py rite show chem i cal com po si -
tions close to the stoichiometric ones. No sig nif i cant ad mix -
tures were de tected as all ana lysed trace el e ments oc curred
at the level of 0.00X wt.%. No dif fer ences were found in
com po si tion of sulphides from dis sem i nated and vein min -
er al iza tion ex cept for ga lena and ten nan tite. Ga lena from
quartz veins, found as in clu sions in chal co py rite, con tained
higher amounts of Se (3.93 wt.%). Ten nan tite from dis sem i -
nated min er al iza tion (sam ple Wb2) re vealed higher con -
tents of Fe (6.21 wt.%), Se (0.2 wt.%) and Te (0.26 wt.%),
whereas ten nan tite from quartz veins (sam ple Wz4 and
Wz7) con tained higher amounts of Zn (5.21 wt.%), Cd
(0.57 wt.%), Ag (0.15 wt.%) and Sb (2.89 wt.%) (Ta ble 6).

The sim i lar ity in chem i cal com po si tions of the ore min -
er als rep re sent ing dis sem i nated min er al iza tion and min er al -
iza tion of quartz veins con firms our opin ion that min er al iza -
tion in quartz veins re sulted from the ac tion of hy dro ther mal 
flu ids orig i nat ing from meta mor phic pro cesses.

GEO CHEM IS TRY OF ROCKS FROM
THE AREA I - JARKOWICE

AND THE AREA II - WIEŒCISZOWICE

The re sults of the whole rock chem i cal anal y ses of
streaky am phi bo lite (J1) from Jarkowice mag ne tite site, two 
am phi bo lite sam ples from the quarry west of Wieœciszo-
wice vil lage (sam ples W6 and W7), and six sam ples of py -
rite-bear ing schists from the Wieœciszowice open pit (sam -
ples W1, W2, W3, W4, W5a and W5b) are listed in Ta ble 4.

Ma jor el e ments. Tak ing into ac count the con tents of
SiO2, all ana lysed rocks can be di vided into the two groups.
The first group in cludes sam ples: J1, W7, W6, W5a, W5b
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Ta ble 7

Re-Os iso to pic re sults for py rite from the Wieœciszowice py rite de posit. Area II

Sample 
Re

(ppb)

187Re
(ppb)

187Re/188Os1
187Os*2

(ppb)
187Os/188Os3 Model Age (Ma)4

W2 15.195 ± 0.064 9.550 ± 0.041 0.0767 ± 0.0020 2093 480

W2-2 12.926 ± 0.055 8.124 ± 0.035 0.0633 ± 0.0010 4268 466

W3 4.139 ± 0.019 2.602 ± 0.012 780.2 0.0208 ± 0.0002 6.38 479

W3-2 2.653 ± 0.014 1.667 ± 0.009 628.1 0.0135 ± 0.0002 5.201 484

W4 27.792 ± 0.118 17.468 ± 0.074 0.1531 ± 0.0011 146.8 524

W5A 5.595 ± 0.025 3.516± 0.016 0.0287 ± 0.0006 70.12 487

W5A-2 3.561 ± 0.016 2.238 ± 0.010 0.0190 ± 0.0002 28.5 508
1– re ported only if 187Re/188Os ra tio <5,000; 2 – ra dio genic 187Os (187Os*) re ported for sam ples with cal cu lated 187Re/188Os ra tios >5,000, as sum ing com mon
Os has an ini tial 187Re/188Os ra tio of 0.12; 3 – mea sured 187Re/188Os ra tios cor rected for spike and mass frac tion ation. Un cer tain ties are mostly <1% 2SE; 4 –
Model Age as sumes an ini tial 187Re/188Os ra tio of 0.12



and W2, where SiO2 con tents are be low 50 wt.% (ex cept
ca. 54 wt.% in sam ple W7). The SiO2 con tent is higher in
the re main ing three sam ples (Ta ble 4). The Fe2O3 con tents
are higher (11.02 to 13.41 wt.%) in sam ples J1, W7, W6,
W5a and W5b, but do not ex ceed 7.9 wt.% in the re main ing
sam ples (Ta ble 4). It must be em pha sized that no pos i tive
cor re la tion was found be tween the con tents of Fe2O3 and S.
On the con trary, sam ples with low Fe2O3 con tent usu ally
con tained more sul phur, which proves the lack of cor re la -
tion be tween the con tents of Fe and py rite. Sig nif i cant dif -
fer ences be tween amounts of CaO in sam ples W5a and
W5b, col lected some tens of centi metres apart sug gest that
Ca de rived from de com po si tion of plagioclases (microophi- 
tic struc ture) might have mi grated at short dis tances, prob a -
bly in re la tion to crys tal li za tion of cal cite. How ever, as the
Na con tent in both sam ples is iden ti cal, it can not be pre -
cluded that dif fer ent con tents of Ca re sulted not from mi gra -
tion, but rather from lo cal ac cu mu la tions of Ca-bear ing
min erals – e.g., pyroxene – in the protolith of chlorite-al -
bite-cal cite schists. Such en rich ment may sug gest mag matic 
seg re ga tion. At ten tion should be paid also to high con tents
of K2O in the fol low ing sam ples: W2 – 1.51 wt.%, W1 –
1.52 wt.% and W4 – 1.04 wt.%; in com par i son with sam -
ples W5a – 0.07 wt%, W5b – 0.11 wt% and W3 – 0.23 wt%. 
More over, sam ples W2, W1 and W4 con tained rel a tively
high amounts of Na2O, i.e. 2.44, 2.49 and 3.24 wt.%, re -
spec tively. A rel a tively high con tent of Na2O (2.09 wt.%)
was also de ter mined in chlorite-al bite-quartz-mus co vite
schist from sam ple W3.

Con tents of main el e ments are re flected in min eral
com po si tion of stud ied rocks ex pressed in their names. It
should be no ticed that the pres ence of Na in these sam ples
means the ex is tence of al bite, but, in sam ples W2 and W4, it 
also means the ex is tence of paragonite (pre cisely, Na-K
mica).

All sam ples plot ted in the Zr/TiO2 vs. Nb/Y di a gram
(Fig. 12; Winchester & Floyd, 1977) be long to the subal ka -
line ba salt, an de site/ba salt and an de site fields.

Trace el e ments. Among stud ied sam ples, the J1, W6,
W7 and W2 sam ples re veal very sim i lar geo chem i cal sig na -
ture of trace el e ments. In these four sam ples (par tic u larly in

W2), the high est vari abil ity of trace el e ments con tents was
ob served, par tic u larly among the in com pat i ble el e ments
(Fig. 13A). Gen er ally, the Nb anom aly is poorly marked,
whereas Ti and P anom a lies are ab sent and Sr anom aly oc -
curs only in sam ple W6. The com pat i ble el e ments from Sm
to Yb re veal rather mo not o nous pat tern (al most hor i zon tal
in sam ple W2).

The REE con tents are low and vary from 62–44 ppm in
sam ples J1, W6 and W7, to 23 ppm in sam ple W2. How -
ever, the pro por tions of spe cific el e ments are sim i lar and
chondrite-nor mal ized REE pat terns for all four sam ples are
par al lel, and the pat terns them selves are typ i cal of the
MORB en vi ron ment (Fig. 13B). A sub tle dif fer ence is vis i -
ble only for pos i tive Eu anom aly in sam ple W2.

The sam ples W5a and W5b show very low con tents of
REE (11 and 13 ppm, re spec tively), close to the val ues typ i -
cal of chondrites. More over, these sam ples re veal iden ti cal
chondrite-nor mal ized REE pat terns and other trace el e -
ments pat terns (Figs 13C, 13D). The REE di a gram dem on -
strates the pres ence of pos i tive Eu/Eu* anom aly (1.65 and
1.68, re spec tively) in di cat ing the cu mu late prov e nance of
these rocks.

The sam ple W3 shows Nb and Ti anom a lies (Fig. 13E)
as well as mod er ate en rich ment in LREE, but with out the Eu 
anom aly (Fig. 13F). The (La/Nb)N ra tio of 4.27 is the high -
est value among all stud ied sam ples from the Leszczyniec
Unit.

The sam ples W1 and W4 re veal dif fer ent geo chem i cal
sig na tures. Dis tinct, neg a tive Nb anom aly oc cur ring in both
sam ples (Fig. 13G) is a fea ture char ac ter is tic for mid dle/up -
per crust (Tay lor & McLennan, 1985). The chondrite-nor -
mal ized REE pat tern dem on strates dis tinct, neg a tive Eu
anom aly. The LREE plot in both sam ples is sim i lar to that
from sam ple W5.

The HREE pat tern is very sim i lar (al most flat) in all stu- 
died sam ples (Figs 13B, 13D, 13F), ex cept for sam ple W1,
which re veals un typ i cal en rich ment in HREE (Fig. 13H).

DIS CUS SION

The or i gin of rocks

Metabasites from the Leszczyniec com plex, rep re -
sented by am phi bo lites (J1, J2, J3, W6, W7) and chlorite-al -
bite-cal cite schists (W5a, W5b), re veal poorly de fined fo li a -
tion and the pres ence of relic mag matic struc tures such as
the ves i cles (J1, J3), well-known from the ocean-floor bas -
alts, and microophitic struc tures (W5a). The low SiO2 con -
tents are typ i cal of bas alts. Am phi bo lites J1, W6 and W7
have the REE pat terns typ i cal of the MORB en vi ron ment,
whereas the REE pat terns of W5a and W5b chlorite-al -
bite-cal cite schists in di cate cu mu late-re lated or i gin. There -
fore, it is very prob a ble that the protoliths of the stud ied
metabasites from the Leszczyniec com plex were lavas gen -
er ated by the sub ma rine ba saltic vol ca nism. Dif fer ences in
struc tures of metabasites pre sum ably re flect the pri mary di -
ver sity of protoliths, as, e.g., crys tal size, ves i cles or fluidal
struc tures. It must be em pha sized that meta mor phism and
weath er ing (and en rich ment in py rite, as in sam ples W5a,
W5b) af fected nei ther the con tents or the pro por tions of the
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Fig. 12. Wieœciszowice py rite-bear ing schists plot ted on Nb/Y-
Zr/TiO2 di a gram (Winchester & Floyd, 1977)
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Fig. 13. Chondrite-nor mal ized di a grams for metabasites and py rite-bear ing schists from the Leszczyniec Unit. A, C, E, G – multi-el e -
ment di a grams; normalization val ues af ter Thomp son (1982): B, D, F, H – REE di a grams; nor mal iza tion val ues af ter Nakamura (1974)
with ad di tions from Haskin et al. (1968). Sam pling sites: J1 – Jarkowice, W6, W7 – am phi bo lite quarry WSW from Wieœciszowice vil -
lage, W1, W2, W3, W4, W5a, W5b – open pit of py rite-bear ing schists in Wieœciszowice



REE nor, prob a bly, also the ma jor el e ments. The most sig -
nif i cant dif fer ences are seen in the case of in com pat i ble
trace el e ments.

The REE pat terns, very sim i lar to those for am phi bo lites
from sam ples J1, W6 and W7, were found for the chlorite-
mus co vite-(paragonite)-al bite schist (W2), collec- ted in the
aban doned Wieœciszowice py rite open pit mine. The schist
shows low con tent of SiO2, high con tent of Al2O3 and al ka -
lies. Such geo chem i cal sig na ture sup ported by the pres ence
of chlorite, al bite and white, paragonite-mus co vite mica
seems to con firm our hy poth e sis that the schist from sam ple
W2 was formed from ba saltic tuff, which has been de pos ited, 
weath ered and al tered by hy dro ther mal flu ids in the ocean
floor en vi ron ment (Honnorez, 2003).

The or i gin of chlorite-al bite-quartz-mus co vite schist
(W3) is un clear. Com pared to other rocks from the Leszczy- 
niec Unit, this schist is un typ i cally en riched in LREE, which 
re sem bles to some ex tent the intra-plate bas alts. How ever,
the flat HREE sec tor of the pat tern (Fig. 13F) to gether with
the con tent of REE are sim i lar to those for the MORB (see
Fig. 13B). The rel a tively high con tent of SiO2 and low con -
tent of Al2O3 as well as dis tinct di ver si fi ca tion of the rock
into do mains en riched and de pleted in chlorite and al bite
sug gest the tuffaceous-terrigenous protolith of this rock.

The mus co vite-quartz-al bite schists (W1) and quartz-
al bite schists (W4) are pre sum ably the prod ucts of meta -
mor phism of acid tuffs with an ad mix ture of terrigenous
ma te rial. The pres ence of tuffogenous com po nent is doc u -
mented by the REE pat terns re sem bling those of fel sic rocks 
from the Leszczyniec Unit (Kryza et al., 1995). The quartz
clasts, al bite-quartz clasts (sam ple W1, Fig. 6E) and mus co -
vite clasts (sam ple W4, Fig. 6A) in di cate pres ence of the
terrigenous ma te rial.

Sum ming up, the stud ied rocks from the Leszczyniec
Unit be long to the three ge netic groups. The first group in -
cludes am phi bo lites (sam ples J1, J2, J3, W6, W7) and chlo-
rite-al bite-cal cite schists (W5), which are meta mor phosed
prod ucts of ba sic vol ca nism, mostly ocean-floor lava flows.
The sec ond group con sists of schists formed dur ing the
meta mor phism of ba sic tuffs (sam ple W2) sub jected to
pre-meta mor phic weath er ing and hy dro ther mal al ter ations.
The tuffaceous-terrigenous sed i ments rep re sented by sam -
ple W3 be long to the same group. The protoliths of the third
group were acid and in ter me di ate tuffs with an ad mix ture of 
terrigenous ma te rial. The fine-grained size of these rocks
sug gests de po si tion in en vi ron ments dis tant from the shore -
line and/or low rate of ero sion at the con ti nent.

The co ex is tence of the MORB-type lavas with acid
tuffs may im ply that the rocks of the Leszczyniec Unit
formed in the im ma ture oce anic rift en vi ron ment (Kryza et
al., 1995).

The or i gin of ore min er al iza tion

The rocks in ter preted above and the geotectonic en vi -
ron ment of their for ma tions were the con trols of both types
of the ore min er al iza tion en coun tered in the stud ied ar eas:

– the mag ne tite min er al iza tion in the Area I - Jarko-
wice; and

– the py rite ore de posit in the Area II - Wieœciszowice.

The mag ne tite min er al iza tion in the Area I - Jarkowice
com prises dis sem i nated grains in her ited af ter the mag matic
protolith and mi cro scopic-size ag gre gates of mag ne tite
rimming the nod ules or dis trib uted con cor dantly to the fo li -
a tion formed dur ing meta mor phism. All mac ro scopic-size
mag ne tite ac cu mu la tions are re lated to the zones of duc tile
(mylonitization) and brit tle (brec cias) de for ma tions, youn -
ger than the main de for ma tion phase re spon si ble for the or i -
gin of fo li a tion and lineation. In these zones, mag ne tite
formed partly at the ex pense of rock-form ing min er als con -
tain ing Fe and, partly, it re sulted from hy dro ther mal re -
place ment of host rocks by Fe-rich flu ids of un known prov -
e nance (Sillitoe & Bur rows, 2003) sup plied through tec -
tonic zones, which might have played the role of path ways
of hy dro ther mal flu ids.

Apart from mag ne tite tex tures, also mag ne tite com po si -
tion (Ti-poor, near end-mem ber mag ne tite; Ta ble 1) in di -
cates its meta mor phic or i gin.

The py rite min er al iza tion in the Area II - Wieœciszo-
wice prob a bly formed penecontemporaneously with the
protoliths of the schists and protoliths of metaigneous rocks, 
the age of which was de ter mined with the U-Pb iso topes
(zir con method) as 505±5 and 494±2 Ma (Ol i ver et al.,
1993).

Apart from chlorite-al bite-cal cite schists (W5), the py -
rite-bear ing schists are meta mor phosed tuffs or sed i men tary 
rocks with high ad mix ture of tuffaceous ma te rial. Such
host-rocks doc u ment the ge netic link of the Wieœciszowice
py rite de posit to the vol ca nic mas sive sulphides (VMS) –
sed i men tary ex ha la tive de pos its (SEDEX). This con clu sion
gen er ally sup ports the ear lier ge netic con cept pre sented by
Jaskólski (1964) on sed i men tary-ex ha la tive gen e sis of the
Wieœciszowice ores re lated to geosynclinal en vi ron ment, on 
the con trary to Berg (1913) and Petrascheck (1933) who
pre ferred sed i men tary ge netic model later trans formed by
the re gional meta mor phism.

Ac cord ing to Robb (2004), both the VMS and the
SEDEX de pos its formed gen er ally dur ing the same geo log i -
cal pro cesses. The ore ac cu mu la tions in the SEDEX de pos -
its orig i nate from the dis charge of hy dro ther mal flu ids at the 
ocean floor but, on the con trary to the VMS, no clear link to
a par tic u lar vol ca nic vent or cen ter can be proved.

The Wieœciszowice py rite de posit meets some of the
ba sic di ag nos tic fea tures dis tin guished by Misra (2000) for
the dis tal VMS de posit: (i) co ex is tence with mixed, vol ca -
nic-sed i men tary pile, (ii) dom i na tion of py rite but de ple tion
in Cu, (iii) the lack of metal zon ing, and (iv) the lack of al -
ter ation be neath the ore body.

The dif fer ences of the Wieœciszowice de posit in re la -
tion to the VMS model af ter Misra (2000) are: (i) the lack of 
mas sive sul phide ores, (ii) the lack of stockwork feeder
min er al iza tion, and (iii) al most monomineral char ac ter of
the ore (only trace amounts of chal co py rite, ga lena and ten -
nan tite were found). How ever, it can be hy poth e sized that
the pres ent ore min er al iza tion in Wieœciszowice is only the
pre served frag ment of a larger VMS de posit; pre cisely, it is
the dis sem i nated ore formed be neath or at the pe riph ery of
the main, mas sive sul phide ore body, which might have
been re moved by ero sion prior to the re gional meta mor -
phism. Ob vi ously, a more pre cise cat e go ri za tion of the
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Wieœciszowice de posit within the VMS group brings many
dif fi cul ties.

The al ter na tive ex pla na tion is based on gen eral fea tures 
of the Leszczyniec com plex in ter preted as an extensional
rift en vi ron ment (Kryza et al. 1995), but not the ma ture,
mid-ocean rift (Mazur & Aleksandrowski, 2001). Hence,
the ge netic model can be evoked of re cent ac cu mu la tions of
metal-bear ing sed i ments form ing in the ini tial rift en vi ron -
ment, e.g., the Red Sea (see Deggens & Ross, 1976). Fur -
ther more, if the model of hy dro ther mal plume pre sented by
Sato (1972, vide Mitch ell & Garson, 1981) is con sid ered,
the fea tures of the ore min er al iza tion dis cussed above en -
able us to hy poth e size the model of the Wieœciszowice de -
posit as a prod uct of ini tial rift ore-form ing sys tem (e.g.,
Red-Sea-like). In such an in ter pre ta tion, hy dro ther mal flu -
ids were ei ther low-den sity or were di luted by the sea wa ter
and, thus, might have mi grated away from the vol ca nic cen -
ter. Con se quently, such a plume might have pro duced dis -
sem i nated min er al iza tion, on the con trary to prox i mal parts
of the Red Sea sys tem, i.e. pools filled with con cen trated,
met al lif er ous brine, which can il lus trate the en vi ron ment of
the mas sive sul phide ores for ma tion. The dis tal de po si tion
is a part of the VMS de pos its model pre sented by Frank lin
(1993).

The in flu ence of meta mor phism on ore min er al iza tion

The meta mor phic his tory of rocks from the Leszczyniec 
Unit in cludes two or three stages. Ac cord ing to Smulikow-
ski (1999), these are: stage I – ocean-floor meta mor phism,
stage II – high P/T meta mor phism, and stage III – me dium-
or low-pres sure greenschist fa cies meta mor phism. Kryza
and Mazur (1995) dis tin guished two stages: stage I –
HP/MT meta mor phism and stage II – MP/LT meta mor -
phism. How ever, these stages are valid mostly for the south -
ern part of the Leszczyniec Unit whereas the his tory of
meta mor phism of rocks from the Wieœciszowice area has
not been stud ied in de tail up to date. Also, the dif fer ence in
the grade of meta mor phism of py rite-bear ing schists and ad -
ja cent am phi bo lites has not been ex plained in the avail able
lit er a ture.

The pres ence of ocean-floor meta mor phism which af -
fected rocks of the Leszczyniec Unit was as sumed by Sza-
³amacha and Sza³amacha (1991), Smulikowski (1995,
1999), Kryza and Mazur (1995) and Kozdrój (2003). Such
meta mor phism should have taken place prior to the re gional 
meta mor phism and the de for ma tion event, which pro duced
the pen e tra tive fo li a tion and lineation. In the Leszczyniec
metabasites, both the fo li a tion and lineation are de fined by
the blu ish-green, low-Ti hornblende, which also forms rims
around the older, higher-Ti, ol ive hornblende (Smulikow-
ski, 1999) or com poses mar ginal zones of am phi bole crys -
tals, up to 5 mm in size, im i tat ing the ig ne ous pheno crysts.
In such crys tals, the core is com posed of actinolite (Kryza & 
Mazur, 1995).

The pres ence of ol ive-green hornblende in the cores of
some am phi bole grains and actinolite in the cores of other
am phi bole grains in di cates that the pri mary mafic min er als
in the Leszczyniec basites were re placed by am phi boles be -
long ing to a dif fer ent meta mor phic fa cies be fore the first

tectonometamorphic event, when the crys tal li za tion of blu -
ish-green hornblende, both sur round ing am phi bole cores
and de fin ing meta mor phic fo li a tion, took place.

The lo cal trans for ma tions of rocks pre ced ing the re -
gional meta mor phism were even more ad vanced. In py -
rite-bear ing metabasites from Wieœciszowice (sam ple W5),
these trans for ma tions led to the com plete re place ment of
mafic min er als by chlorite and plagioclases by al bite. De -
spite such ad vanced changes of min eral com po si tion, the
rel ics of the microophitic struc tures are still pre served.

The co ex is tence of min eral as sem blages in di cat ing var -
i ous con di tions of meta mor phism dem on strates the lack of
equi lib rium, which, to gether with pre served mag matic
structures, is typ i cal of the ocean-floor meta mor phism re -
sem bling the hy dro ther mal meta mor phism (Bucher & Frey,
1994; Honnorez, 2003). How ever, the Leszczyniec metaba-
sites do not show some fea tures ac cepted as typ i cal of this
meta mor phism, such as changes of bulk chem i cal com po si -
tions of rocks or spa tial con nec tions be tween min eral
changes of the rocks and frac tures used for cir cu la tion of
sea wa ter through the hot rocks. The lack of these fea tures
can be ex plained by their oblit er a tion dur ing later de for ma -
tions and does not ex clude the hy dro ther mal al ter ations.
The in sig nif i cant ef fects of these al ter ations (e.g., the pre -
served, orig i nal mag matic struc ture) sug gest that these pro -
cesses pro ceeded at some dis tance from the ac tive hy dro -
ther mal fluid up-flow zones (vents). On the other hand, the
lack of changes of the bulk chem i cal com po si tion of rocks,
es pe cially in the case of most of trace el e ments and the
REE, point to the isochemical char ac ter of meta mor phism,
typ i cal of the burial meta mor phism. From this point of
view, it is pos si ble that the Leszczyniec basites un der went
the ocean-floor meta mor phism sensu Miyashiro (1973) who 
re garded it as kind of burial meta mor phism in high-heat-
flow re gions of the oce anic ridge crests (Honnorez, 2003).

The ac tion of hy dro ther mal flu ids caused trans for ma -
tions of min er als also in the sed i ments and tuffs, from which 
the Wieœciszowice schists have orig i nated. The cir cu la tion
of flu ids hav ing tem per a tures from 250 to 370°C (Honorez,
2003) re sulted in crys tal li za tion of paragonite and parago-
nite-chlorite inter growths. More over, these flu ids pre sum -
ably sup plied sul phur ions, which re acted with iron pres ent
in the sed i ments. The lack of pos i tive cor re la tion be tween
the con tents of Fe2O3 and sul phur sug gests that only sul -
phur was sup plied to the sed i ments, pre sum ably from vol ca -
nic ex ha la tions.

The weak ef fects of the ocean-floor meta mor phism
dem on strate that most of the rocks of the metaigneous
Leszczyniec Unit sub jected to the ac tion of hy dro ther mal
flu ids were rather dis tant from the ac tive vol ca nic cen tres.
Only the rocks from Wieœciszowice, in which paragonite
and py rite have crys tal lized, were de pos ited closer to such
cen tres (see Honorez, 2003), but the mo not o nous, py -
rite-dom i nated com po si tion of the ore min er al iza tion seems
to fa vour the de po si tion in the pe riph er ies rather than in the
cen tres of hy dro ther mal flu ids dis charge.

The two-stage re gional meta mor phism and re lated D1

and D2 de for ma tions could not oblit er ate the ear lier changes 
of min eral com po si tion of metabasites caused by the
ocean-floor meta mor phism, par tic u larly strong ef fects of
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cir cu la tion of hy dro ther mal flu ids within the protoliths of
the Wieœciszowice py rite-bear ing rocks. The heterogenous
strain caused that tec tonic struc tures, fo li a tion, lineation and 
folds con nected with D1 and D2 de for ma tion events were
con cen trated in nar row zones (Mazur & Aleksandrowski,
2001) leav ing the rest of the rocks un touched or only
slightly de formed. Min eral as sem blages re lated to these
struc tures prove that D1 de for ma tion pro ceeded un der the
con di tions of epidote-am phi bo lite fa cies (Kryza & Mazur,
1995) whereas the D2 de for ma tion took place un der the
greenschist fa cies con di tions.

The re gional meta mor phism of age es ti mated as 360–
340 Ma (Mazur & Aleksandrowski, 2001) and re lated de -
for ma tions have played a sig nif i cant role in the struc ture of
the ore min er al iza tion re cently ob served in the rocks of the
Leszczyniec Unit. The mag ne tite min er al iza tion is clearly
con nected with the zones of duc tile and brit tle de for ma tions 
de vel oped dur ing D2 de for ma tion event.

In the py rite-bear ing schists, the dis tin guish ing of the
prod ucts of both stages of meta mor phism and de for ma tions
is more dif fi cult. It seems likely that both stages pro ceeded
un der the sim i lar con di tions and were con tin u ous. Min eral
as sem blages formed dur ing hy dro ther mal re place ment gen -
er ally re mained in tact al though most of min er als recrystalli- 
zed and was in cluded into the do mains de fin ing the fo li a tion 
and the lineation. How ever, the com par i son of the chem i cal
com po si tions of in ner and outer parts of the ro tated parago-
nite and mus co vite porphyroclasts, and their strain fringes
en able us to sug gest that the com pos ite of white mica have
evolved from high-Na to high-K va ri et ies.

The mo ment in which py rite crys tal lized is un clear. The 
microstructural cri te ria as, for in stance, the par tic i pa tion of
py rite crys tals in the for ma tion of first gen er a tion of folds,
the mul ti stage de vel op ment of strain fringes and the dis rup -
tion of grains dem on strate that py rite was sub jected to the
both stages of de for ma tion. At the end of the sec ond stage
of de for ma tion the flu ids were mo bi lized, which led to crys -
tal li za tion of do lo mite and flu o rite in sam ple W4, to cor ro -
sion of py rite crys tals and to the fill ing of cracks in py rite
with chal co py rite and ten nan tite. The youn ger event was the 
for ma tion of quartz veins, in which small amounts of ore
min er als have crys tal lized.

Age of the ore min er al iza tion

The age of protoliths of metabasites from the Leszczy-
niec Unit was con strained to 505±5 and 494±2 Ma (U-Pb,
zir con method; Ol i ver et al., 1993). The same age should be
ac cepted for protoliths of py rite-bear ing schists rep re sented
by ba sic tuffs and tuffaceous-terrigenous sed i ments ac com -
pa ny ing basites. The Re-Os iso to pic age of py rite from the
Wieœciszowice de posit of ~470 Ma is about 25–35 Ma
youn ger than the age of basites, but much older than the age
of meta mor phism es ti mated as 360–340 Ma (Mazur &
Aleksandrowski, 2001). The age of ~470 Ma in di cates that
py rite min er al iza tion was ge net i cally re lated rather to the
ocean-floor en vi ron ment than to youn ger hy dro ther mal pro -
cesses. It may also in di cate that py rite has re tained a part of
the age in for ma tion un der meta mor phic con di tions.

The ac tiv ity of flu ids at the end of the sec ond stage of
de for ma tion at ~340 Ma (Mazur & Aleksandrowski, 2001),
lead ing to cor ro sion of py rite crys tals, might have par tially
dis turbed the Re-Os iso tope sys tem in py rite. These could
cause that the Re-Os iso tope ages of py rite are youn ger than
the age of protoliths of rocks from the Leszczyniec Unit.

CON CLU SIONS

1 .The re sults of our stud ies con firm the ear lier opin ions 
(Kryza et al., 1995; Winchester et al., 1995) that meta-ig ne -
ous rocks from the Leszczyniec Unit formed in an oce anic
rift en vi ron ment. Ig ne ous rocks were ac com pa nied by tuffs
and tuffites.

2. The ig ne ous rocks were sub jected to the ocean-floor
meta mor phism and the ac com pa ny ing sed i ments were hy -
dro ther mally al tered. These pro cesses were fol lowed by the
changes re sult ing from the re gional meta mor phism.

3. The re gional meta mor phism did not oblit er ate the re -
cord of ear lier geo log i cal his tory rocks of the Leszczyniec
Unit.

4. In the Area I - Jarkowice, the “pri mary” mag ne tite
forms dis sem i nated grains and lo cal, mi cro scopic-scale ag -
gre gates in fo li ated metabasites. Larger con cen tra tions of
mag ne tite are re lated to the zones of duc tile and brit tle de -
for ma tions orig i nat ing from the D2 de for ma tion stage. Mag -
ne tite was formed at the ex pense of Fe-bear ing rock-form -
ing min er als or Fe ions were sup plied from a nearby source.

5. The protoliths of py rite-bear ing schists in the Area II
- Wieœciszowice were acid and ba sic tuffs with an ad mix -
ture of terrigenous ma te rial, and ocean-floor bas alts. These
rocks were hy dro ther mally al tered prior to the re gional
meta mor phism by flu ids en riched in sul phur, which pro -
moted crys tal li za tion of py rite. The sources of hy dro ther mal 
flu ids were the mag matic cen tres.

6. The ge netic model of py rite min er al iza tion in
Wieœciszowice de posit might have been the VMS de po si -
tion.

7. The age of py rite crys tal li za tion cor re sponds to the
age of rocks of the Leszczyniec Unit.

8. The Re-Os iso tope age of py rite (isoch rone ~470 Ma) 
is about 25–35 Ma youn ger than the age of protoliths of the
Leszczyniec Unit rocks (505–494 Ma; Ol i ver et al., 1993),
pos si bly due to the ac tiv ity of flu ids cir cu lat ing dur ing the
re gional meta mor phism.

Ac knowl edge ments

This re search was car ried out un der the Pro ject MNiI 5T12B
036 25 of the Pol ish Com mit tee for Sci en tific Re search (KBN).
Prof. Z. Saw³owicz and Dr. P. Uher are thanked for their con struc -
tive re views. Dr. P. Dzier¿anowski and Ms. L. Je¿ak are ac knowl -
edged for their help and as sis tance with EMP anal y ses. Ing. W.
Raczek and Dr. S. Madej are thanked for XRF anal y sis of para-
gonite.

REF ER ENCES
Berg, G., 1913. Die Erzlagerstätten der nördlichen Sudeten.

Festschrift XII, allg. deutsch Bergmannstag Breslau 1913. T.
I. Beitrag z. Geol. Ostdtsch., Berlin, 47 pp.

158  T. OBERC-DZIEDZIC ET AL. 



Berg, G., 1938. Erläuterungen zur Geologische Karte von
Preussen und benachbarten deutschen Ländern 1 : 25 000
Blatt Kupferberg. Preussische Geologische Landesanstalt,
Berlin.

Bucher, K. & Frey, M., 1994. Petro gen esis of meta mor phic rocks.
Springer Verlag, Berlin, Hei del berg, New York, 318 pp.

Cathelineau, M., 1988. Cat ion site oc cu pancy in chlorites and
illites as a func tion of tem per a ture. Clay Min er als, 23: 471–
485.

Chaloupský, J., Èervenka, J., Jetel, J., Králik, F., Libalová, J.,
Pøchová, E., Pokorný, J., Pošmourný, K, Sekyra, J., Shøbený,
O., Šalanský, K., Šrámek, J. & Václ, J., 1989. Ge ol ogy of the
Krkonoše and Jizerské hory Mts. (In Czech, Eng lish sum -
mary). Ústøedni ústav geologický, Praha, 288 pp.

Deggens, E. T. & Ross, D. A., 1976. Strata-bound met al lif er ous
de pos its found in or near ac tive rifts. In: Wolf, J. (ed.), Hand -
book of strata-bound and stratiform ore de pos its, Vol ume 4,
Tec ton ics and meta mor phism. Elsevier, Am ster dam: 165–
202.

Duthou, J. L., Couturie, J. P., Mierzejewski, M. P. & Pin, C., 1991. 
Next dat ing of gran ite sam ple from the Karkonosze Moun -
tains us ing Rb-Sr to tal rock isoch rone method. (In Pol ish,
Eng lish sum mary). Przegl¹d Geologiczny, 36: 75–79.

Dziedzic, K. & Teisseyre, A. K., 1990. The Hercynian molasse
and youn ger de pos its in the Intra-Sudetic De pres sion, SW Po -
land. Neues Jahrbuch für Geologie and Paläontologie,
Abhandlungen, 179: 285–305.

Fedak, J. & Lindner, M., 1966. Metallogenesis of the Sudetes.
Prace Instytutu Geologicznego, 5-214: 1–315.

Frank lin, J. M., 1993. Vol ca nic-as so ci ated Mas sive Sul phide De -
pos its. In: Kirkham, R. V., Sinclair, W. D., Thorpe, R. I. &
Duke, J. M. (eds), Min eral De posit Mod el ling. Geo log i cal
As so ci a tion of Can ada Spe cial Pa per, 40: 315–334.

Giorgetti, G., Monecke, T., Kleeberg, R. & Herzig, P. P., 2003. In -
ter me di ate so dium-po tas sium mica in hy dro ther mally al tered
rocks of the Waterloo de posit, Aus tra lia: a com bined SEM-
EMP-TEM study. Con tri bu tions to Min er al ogy and Pe trol -
ogy, 146: 159–173.

Guidotti, C. V. & Sassi, F. P., 1998. Petro gen etic sig nif i cance of
Na-K white mica min er al ogy: Re cent ad vances for meta mor -
phic rocks. Eu ro pean Jour nal of Min er al ogy, 10: 815–854.

Haskin, L. A., Haskin, M. A., Frey, F. A. & Wildeman, T. R.,
1968. Rel a tive and ab so lute ter res trial abun dances of the rare
earths. In: Ahrens, L. H. (ed.), Or i gin and dis tri bu tion of the
el e ments, 1. Pergamon, Ox ford: 889–911.

Honnorez, J., 2003. Hy dro ther mal al ter ation vs. ocean-floor meta -
mor phism. A com par i son be tween two case his to ries: the
TAG hy dro ther mal mound (Mid-At lan tic Ridge) vs. DSDP/
ODP Hole 504B (Equa to rial East Pa cific). Comptes Rendus
Geoscience, 335: 781–824.

Jaskólski, S., 1964. On the or i gin of py rite schists of Wieœciszo-
wice (Lower Silesia). (In Pol ish, Eng lish sum mary). Rocznik
Polskiego Towarzystwa Geolologicznego, 34: 29–64.

Kozdrój, W., 2003. Geotectonic evo lu tion of the East Karkonosze
crys tal line com plex. (In Pol ish, Eng lish sum mary). In: Ciê¿-
kowski, W., Wojewoda, J. & ¯elaŸniewicz, A. (eds), Sudety
Zachodnie: od wendu do czwartorzêdu. WIND, Wroc³aw:
67–80.

Krajewski, R., 1949. Re port on re search con cern ing pyriteferous
shales in Wieœciszowice. (In Pol ish, Eng lish sum mary). Biu-
letyn Pañstwowego Instytutu Geologicznego, 54: 87–91.

Kretz, R. 1983. Sym bols for rock-form ing min er als. Amer i can
Min er al o gist, 68: 277–79.

Kröner, A., Hegner, E., Ham mer, J., Haase, G., Bielicki, K-H.,
Krauss, M. & Eidam, J., 1994. Geo chron ol ogy and Nd-Sm

sys tem at ics of Lusatian granitoids: sig nif i cance for the evo lu -
tion of the Variscan orogen in east-cen tral Eu rope. Geolo-
gische Rundschau, 83: 357–376.

Kryza, R. & Mazur, S., 1995. Con trast ing meta mor phic paths in
the SE part of the Karkonosze-Izera Block (West ern Sudetes,
SW Po land). Neues Jahrbuch für Mineralogie, Abhandlun-
gen, 169: 157–192.

Kryza, R., Mazur, S. & Pin, C., 1995. Leszczyniec meta-ig ne ous
com plex in the east ern part of the Karkonosze-Izera Block,
West ern Sudetes: trace el e ment and Nd iso tope study. Neues
Jahrbuch für Mineralogie, Abhandlungen, 170: 59–74.

Lis, J. & Sylwestrzak, H., 1986. Minera³y Dolnego Œl¹ska. (In Pol -
ish). Wydawnictwa Geologiczne, Warszawa, 791 pp.

Livi, K. J. T., Christidis, G. E., Arkai, P. & Veblen, D. R., 2008.
White mica do main for ma tion: A model for paragonite, mar-
garite, and mus co vite for ma tion dur ing prograde meta mor -
phism. Amer i can Min er al o gist, 93: 520–527.

Machowiak, K & Armstrong, R., 2007. SHRIMP U-Pb zir con age
from the Karkonosze gran ite. Mineralogia Polonica (Spe cial
Pa pers), 31: 193–196.

Maluski, H. & Patoèka, F., 1997. Geo chem is try and 40Ar-39Ar
geo chron ol ogy of the mafic meta vol can ic rocks from the
Rýchory Moun tains com plex (west Sudetes, Bo he mian Mas -
sif): paleotectonic sig nif i cance. Geo log i cal Mag a zine, 134
(5): 703–716.

Mazur, S., 1995. Struc tural and meta mor phic evo lu tion of the
coun try rocks at the east ern con tact of the Karkonosze gran ite 
in the south ern Rudawy Janowickie Mts and Lasocki Range.
(In Pol ish, Eng lish sum mary). Geologia Sudetica, 29: 31–98.

Mazur, S. & Aleksandrowski, P., 2001. The Tepla(?)/Saxothurin-
gian su ture in the Karkonosze-Izera Mas sif, West ern Sudetes, 
Cen tral Eu ro pean Variscides. In ter na tional Jour nal of Earth
Sci ences (Geologische Rundschau), 90: 341–360.

Misra, K. C., 2000. Un der stand ing Min eral De pos its. Kluwer Ac -
a demic Pub lish ers, Lon don, 845 pp.

Mitch ell, A. H. G. & Garson, M. S., 1981. Min eral De pos its and
Global Tec tonic Set tings. Ac a demic Press, Cam bridge, 457
pp.

Miyashiro, A., 1973. Meta mor phism and Meta mor phic Belts.
Halsted Press, J. Wiley & Sons, New York, 492 pp.

Morelli, R., Creaser R. A., Selby, D., Kelley, K., Leach, D. &
King, A., 2004. Re-Os sul fide geo chron ol ogy from the Red
Dog sed i ment-hosted Zn-Pb Ag de posit, Alaska. Eco nomic
Ge ol ogy, 99: 1569–1576.

Morelli, R. M., Creaser, R. A., Selby, D, Kontak, D. J. & Horne, R. 
J., 2005. Rhe nium-os mium ar seno py rite geo chron ol ogy of
Meguma Group gold de pos its, Meguma Terrane, Nova Sco -
tia, Can ada: ev i dence for mul ti ple gold min er al iz ing events.
Eco nomic Ge ol ogy, 100: 1229–1242.

Nakamura, N., 1974. De ter mi na tion of REE, Ba, Fe, Mg, Na and
K in car bo na ceous and or di nary chondrites. Geochimica et
Cosmochimica Acta, 38: 757–775.

Narêbski, W., 1980. Paleotectonic set ting of Circum-Karkonosze
Lower Pa leo zoic Spilite-Keratophyre Suites based on geo -
chem is try of iron group el e ments. Rocznik Polskiego Towa-
rzystwa Geologicznego, 50: 3–25.

Nielubowicz, R., 1958. The prob lem of the py rite-bear ing schists
de posit in Wieœciszowice. (In Pol ish). Przegl¹d Górniczy, 10: 
541–548.

Oberc, J., 1960. East ern Karkonosze tec ton ics and their po si tion in 
the Sudeten struc ture. (In Pol ish, Eng lish sum mary). Acta
Geologica Polonica, 10: 1–48.

Oberc-Dziedzic, T., 2003. The Izera gran ites: an at tempt of the re -
con struc tion of predeformational his tory. (In Pol ish, Eng lish
sum mary). In: Ciê¿kowski, W., Wojewoda, J. & ¯elaŸnie-

MAG NE TITE AND PY RITE MIN ER AL IZA TION, SUDETES 159



wicz, A. (eds), Sudety Zachodnie: od wendu do czwartorzêdu, 
WIND, Wroc³aw: 41–52.

Oberc-Dziedzic, T., Kryza, R., Mochnacka, K. & Larionov, A.,
2010. Or do vi cian pas sive con ti nen tal mar gin magmatism in
the Cen tral-Eu ro pean Variscides: U–Pb zir con data from the
SE part of the Karkonosze-Izera Mas sif, Sudetes, SW Po land. 
In ter na tional Jour nal of Earth Sci ences (Geologische Rund-
schau), 99: 27–46.

Ol i ver, G. J. H., Corfu, F. & Krogh, T. E., 1993. U-Pb ages from
SW Po land: ev i dence for a Cal edo nian su ture zone be tween
Baltica and Gond wana. Jour nal of the Geo log i cal So ci ety of
Lon don, 150: 355–369.

Parafiniuk, J., 1991. Fibroferrite, slavikite and pickeringite from
the ox i da tion zone of py rite-bear ing schists in Wieœciszowice
(Lower Silesia). Mineralogia Polonica, 22: 3–15.

Parafiniuk, J., 1996. Sul fate min er als and their or i gin in the weath -
er ing zone of the py rite-bear ing schists at Wieœciszowice
(Rudawy Janowickie Mts, West ern Sudetes). Acta Geologica
Polonica, 46: 353–414.

Parafiniuk, J., Dobrzycki, £. & WoŸniak, K. 2010. Slavikite-Re vi -
sion of chem i cal com po si tion and crys tal struc ture. Amer i can
Min er al o gist, 95 (1): 11–18.

Passchier, C. W. & Trouw, R. A. J., 2005. Microtectonics.
Springer, Berlin, Hei del berg, New York, 366 pp.

Petrascheck, W. E., 1933. Die Erzlagerstätten des Schlesischen
Gebirges. Archiv für Lagerstättenforschung, H. 59, Berlin:
4–53.

Piestrzyñski, A. & Salamon, W., 1977. New data on polymetallic
min er al iza tion of quartz veins in the Wieœciszowice py rite de -
posit. (In Pol ish, Eng lish sum mary). Kwartalnik Geologiczny, 
21: 27–35.

Pin, C., Mierzejewski, M. P. & Duthou, J. L., 1987. Isochronous
age Rb/Sr of Karkonosze gran ite from the quarry Szklarska
Porêba Huta and sig nif i cance of ini tial 87Sr/86Sr in this gran -
ite. (In Pol ish, Eng lish sum mary). Przegl¹d Geologiczny, 35:
512–517.

Robb, L., 2004. In tro duc tion to Ore-Form ing Pro cesses. Black-
well Pub lish ing Co., Ox ford, 373 pp.

Roux, J. & Hovis, G. L., 1996. Ther mo dy namic mix ing mod els for 
mus co vite-paragonite flu ids based on so lu tion ca lo ri met ric
and phase equi lib rium data. Jour nal of Pe trol ogy, 37: 1241–
1254.

Sato, T., 1972. Be hav iors of ore-form ing flu ids in sea wa ter. Min -
ing Ge ol ogy, 22: 31–42.

Schnei der, G., 1894. Die Minerale des Riesen- und Isergebirges.
Wan derer im Riesengebirge, Bd. 6.

Schneiderhöhn, H., 1955. Erzlagerstätten Kurzvorlesungen zur
Einfürung und zur Wiederholung. Gustav Fischer Verlag,
Stuttgart, 375 pp.

Sillitoe, R. H. & Bur rows, D. R., 2003 New Field Ev i dence Bear -
ing on the Or i gin of the El Laco Mag ne tite De posit, North ern
Chile – A Re ply. Eco nomic Ge ol ogy, 98: 1501–1502.

Smith, R. E., 1967. Seg re ga tion ves i cles in ba saltic lava. Amer i can 
Jour nal of Sci ence, 265: 696–713.

Smulikowski, W., 1995. Ev i dence for glaucophane-schist fa cies
meta mor phism in the East Karkonosze com plex, West Sude-
tes, Po land. Geologische Rundschau, 84:720–737.

Smulikowski, W., 1999. Metabasic rocks of the Rudawy Jano-
wickie and Lasocki Range – their sig nif i cance in the study of
meta mor phic evo lu tion of the East Karkonosze Com plex
(West Sudetes, NE Bo he mian Mas sif). Archiwum Mineralo-
giczne, 52: 211–274.

Sza³amacha, J., 1969. Objaœnienia do Szczegó³owej mapy geolo-
gicznej Sudetów w skali 1:25 000, arkusz Szczepanów. (In
Pol ish). Wydawnictwa Geologiczne, Warszawa, 77 pp.

Sza³amacha, J. & Sza³amacha, M., 1991. Leszczyniec ophiolite in
the Rudawy Janowickie Mts. (In Pol ish, Eng lish sum mary).
Biuletyn Pañstwowego Instytutu Geologicznego, 367: 61–86.

Sza³amacha, J. & Sza³amacha, M., 1994. Objaœnienia do Szczegó-
³owej mapy geologicznej Sudetów w skali 1:25 000, arkusz
Pisarzowice. (In Pol ish). Wydawnictwa Geologiczne, War-
szawa, 77 pp.

Tay lor, S. R. & McLennan, S. M., 1985. The Con ti nen tal Crust:
Its Com po si tion and Evo lu tion: An Ex am i na tion of the Geo -
chem i cal Re cord Pre served in Sed i men tary Rocks. Blackwell
Sci en tific Pub li ca tions, 312 pp.

Teisseyre, J. H., 1973. Meta mor phic rocks of the Rudawy Jano-
wickie and Lasocki Range. (In Pol ish, Eng lish sum mary).
Geologia Sudetica, 8: 7–120.

Thomp son, R. N., 1982. Brit ish Ter tiary vol ca nic prov ince. Scot -
tish Jour nal of Ge ol ogy: 18, 49–107.

Vernon, R., 2004. A prac ti cal guide to rock microstructure. Cam -
bridge Uni ver sity Press, Cam bridge, 594 pp.

Whit ney, D. L. & Ev ans, B. W., 2010. Ab bre vi a tions for names of
rock-form ing min er als. Amer i can Min er al o gist, 95: 185–187.

Winchester, J. A. & Floyd, P. A., 1977. Geo chem i cal dis crim i na -
tion of dif fer ent magma se ries and their dif fer en ti a tion prod -
ucts us ing im mo bile el e ments. Chem i cal Ge ol ogy, 20: 325–
343.

Winchester, J. A., Floyd, P. A., Chocyk, M., Horbowy, K. &
Kozdrój, W., 1995. Geo chem is try and tec tonic en vi ron ment
of Or do vi cian meta-ig ne ous rocks in the Rudawy Janowickie
Com plex, SW Po land. Jour nal of the Geo log i cal So ci ety of
Lon don, 152: 105–115.

Xie, X., Byerly, G. R. & Ferrell Jr., R. E., 1997. IIb trioctahedral
chlorite from the Barberton greenstone belt: crys tal struc ture
and rock com po si tion con strains with im pli ca tions to geother- 
mometry. Con tri bu tions to Min er al ogy and Pe trol ogy, 126:
275–291.

Zane, A., Sassi, R. & Guidotti, C. V., 1998. New min eral data on
meta mor phic chlorite as a petro gen etic in di ca tor min eral,
with spe cial re gard to greenschist-fa cies rocks. Ca na dian
Mineralogist, 36: 713–726.

Zane, A. & Weiss, Z., 1998. A pro ce dure for clas si fy ing rock-
form ing chlorites based on microprobe data. Rendiconti
Fisiche, Accademia Nazionale dei Lincei, 9, 9: 51–56.

160  T. OBERC-DZIEDZIC ET AL. 


