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Our stud ies fo cus on ore min er al iza tion in a con tact-meta mor phic au re ole, us ing the Variscan Karkonosze Gran ite pluton as an ex am ple.
The Karkonosze in tru sion is en vel oped by an Early Palaeozoic (about 500 Ma) meta mor phic com plex of the Izera–Kowary Unit com -
posed of a di verse as sem blage of gneiss es, gra nitic gneiss es, schists, am phi bo lites and mar bles. The Budniki ore min er al iza tion site was
dis cov ered in the early 1950’s at the SE mar gin of the pluton. The un eco nomic Ti-ox ide/sil i cate, Fe-Cu-Ni-Co-sul phide-sulphoarsenide,
and ura nium min eral de pos its are hosted within am phi bo lites which were sub jected to re gional meta mor phism fol lowed by con tact meta -
mor phism. The Ti min er al iza tion in cludes an il men ite-ti tan ite as sem blage that orig i nated from re gional-meta mor phic trans for ma tion of
ig ne ous Ti-bear ing min er als, such as il men ite and tschermakite, of the ba sic protoliths of am phi bo lites. Dur ing sub se quent con tact meta -
mor phism, il men ite was de com posed and, af ter wards, Al-rich ti tan ite and rutile were formed. The Ti remobilization was co eval with an
early stage of su per im posed Fe-Cu-Ni-Co-sul phide/sulphoarsenide min er al iza tion (pyrrhotite, py rite, pentlandite, ar seno py rite, chal co -
py rite, sphalerite and Fe-Ni-Co-As-S phases), re lated to the ac tiv ity of the Karkonosze Gran ite hy dro ther mal sys tem. The ore min er als
formed suc ces sively within a wide range of tem per a tures (625–250°C). 
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INTRODUCTION

The south east ern part of the meta mor phic cover of the
Variscan Karkonosze Gran ite (Fig. 1) hosts di verse ore min er -
al iza tion. One of the min er al iza tion sites is the Budniki camp
sit u ated 3.5 km south-east of Karpacz, on the north ern slope of
the Kowary Range (Fig. 2). It is an aban doned ex plo ra tion
camp where ura nium min er als were sought in the 1950’s. This
ex plo ra tion ac tiv ity left three adits and small waste dumps still
ac ces si ble in a stream val ley. These adits and dumps have
yielded an in ter est ing set of sam ples of am phi bo lites and
quartzofeldspathic schists with Ti-Fe ox ides and Fe, Cu, As,
Co, Zn, Pb sulphides and sulphoarsenides. No ura nium min er -
als have re cently been de tected. 

The Budniki min er al iza tion site was de scribed briefly in an
un pub lished ura nium ex plo ra tion re port (Kaczmarek, 1959).

Based on that re port and an other early data (Borucki et al.,
1967), Mochnacka and Banaœ (2000) clas si fied the Budniki as
“U-Th min er al iza tion in nests spa tially re lated to the
Karkonosze Gran ite”. How ever, no fur ther de tailed stud ies
have been car ried out. 

The aim of this pa per is to de ter mine remobilization and
min er al iza tion pro cesses trig gered by con tact meta mor phism in 
a gran ite pluton au re ole. We de scribe mu tual re la tion ships be -
tween the host rocks and the ore min er al iza tion at the Budniki
camp based on microscope stud ies of rock fab ric, min eral inter -
growths, sup ported by elec tron microprobe anal y ses of
rock-form ing and ore min er als. As a re sult, the meta mor phic
pro cesses and re lated po si tion of ore min er al iza tion have been
cor re lated. The for ma tion of Ti-min er al iza tion is in ter preted in
terms of meta mor phic remobilization pro cesses dur ing con tact
meta mor phism con nected with the Karkonosze Gran ite in tru -
sion, fol lowed by sul phide and sulphosalt min er al iza tion orig i -
nat ing from the ac tiv ity of hy dro ther mal so lu tions.



MATERIALS AND METHODS

About 40 quartzofeldspathic schist and am phi bo lite sam -
ples were col lected from the Budniki area for petrographic,
min er al og i cal, geo chem i cal and ore min er al iza tion stud ies. De -
tailed microscope ex am i na tions were car ried out on 20 thin
sec tions un der trans mit ted light and on 65 pol ished sec tions ob -
served un der re flected light. 

The chem i cal com po si tion of min er als was an a lyzed us ing
the CAMECA SX 100 microprobe an a lyzer at the Elec tron
Microprobe Lab o ra tory, Uni ver sity of War saw, op er at ing at an 
ac cel er a tion volt age of 15 kV, a beam cur rent of 10 nA for
plagioclase and mica, and 20 nA for other min er als, a count ing
time of 20 s and a back ground time of 10 s. The raw data were
cor rected with the ZAF pro ce dure con tained in the PAP soft -
ware pro vided by CAMECA. 

GEOLOGICAL SETTING

The Karkonosze–Izera Mas sif (KIM; Fig. 1), sit u ated in the
West ern Sudetes, in cludes the Karkonosze Gran ite pluton dated
at 329 ±17 Ma us ing the Rb-Sr whole-rock method (Duthou et
al., 1991) and its Neoproterozoic-Palaeozoic meta mor phic en ve -
lope, which has been in ter preted as a se quence of four dis tinct
struc tural units: (l) the Izera–Kowary Unit, (2) the Ješted Unit,
(3) the South Karkonosze Unit and (4) the Leszczyniec Unit,
show ing dif fer ent lithostratigraphies and meta mor phic evo lu tion 
(Mazur and Aleksandrowski, 2001). These units have been in -
ter preted as el e ments of the nappe struc ture of the KIM formed
in the Late De vo nian and mod i fied dur ing the Early Car bon if er -
ous (op. cit.). The nappe pile was in truded by the Karkonosze
Gran ite pluton. Its con tact au re ole is 600 to 2000 m wide
(Mierzejewski and Oberc-Dziedzic, 1990).
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Fig. 1. Geo log i cal map of the Karkonosze–Izera Mas sif (com piled from Chaloupský, 1989;
 Mazur, 1995; Mazur and Aleksandrowski, 2001; Oberc-Dziedzic, 2003)

KIM — Karkonosze–Izera Mas sif; in set map: ISF — Intra-Sudetic Fault, MGCH — Mid-Ger man Crys tal line High, MO — Moldanubian Zone, MOFZ —
Mid dle Odra Fault Zone, MS — Moravo-Silesian Zone, NP — North ern Phyllite Zone, RH — Rhenohercynian Zone, SBF — Sudetic Bound ary Fault, ST
— Saxothuringian Zone, UEFZ — Up per Elbe Fault Zone; rect an gle shows the po si tion of the KIM in the Bo he mian Mas sif



The rocks stud ied be long to the south east ern part of the
Izera–Kowary Unit (IKU) ex posed be tween the south ern mar -
gin of the Karkonosze pluton and the state bor der (Fig. 1). This
part of the IKU (Fig. 2) in cludes the Kowary gneiss es sur -
rounded from the south by an as sem blage of mica schists,
quartzofeldspatic schists and am phi bo lites. The Budniki site is
lo cated in the north ern part of this as sem blage, about 1.5 km
south of the mar gin of the Karkonosze Gran ite pluton, within
the range of the con tact-metasomatic au re ole.

PETROGRAPHY

QUARTZOFELDSPATHIC SCHISTS

Quartzofeldspathic schists form small bod ies (Fig. 2)
within mica schists or 2–5 cm-thick in ter ca la tions in am phi bo -
lites. These are white-grey, very fine-grained rocks show ing
dis tinct fo li a tion and lineation. The fo li a tion is de fined by flat -

tened grains of quartz and al bite, and rare, min ute flakes of
mus co vite and bi o tite. Bi o tite oc ca sion ally also forms
porphyroblasts, oblique to the fo li a tion. Ap a tite is an ac ces sory
con stit u ent, whereas grains of tour ma line are lo cally abun dant.
Rutile forms min ute grains, some of which are ar ranged par al -
lel to the fo li a tion while oth ers fol low cross-cut ting cracks.
Such a po si tion proves a rel a tively young age of the rutile. 

AMPHIBOLITES 

Am phi bo lites are dark green to blackish-green,
fine-grained rocks, mostly of granoblastic tex ture. These can be 
sub di vided into two va ri et ies which dif fer in fab ric and in the
chem i cal com po si tions of the am phi boles and plagioclases.
The first va ri ety, rep re sented by sam ple B2, is com posed
mainly of parallel, elon gated grains of blu ish-green hornblende
and short pack ets of fine plagioclases, both de fin ing the fo li a -
tion. Strings of small, rounded or flat tened il men ite grains to -
gether with ti tan ite and epidote fol low the fo li a tion. All min er -
als seem to be in equi lib rium and show only weak signs of
plagioclase and tschermakite de com po si tion. 

The sec ond va ri ety of am phi bo lite, rep re sented by sam ple
B4 (Figs. 3 and 4), is com posed of four types of do main. Do -
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Fig. 2. Geo log i cal map of the Budniki site (af ter Ró¿añski, 1995)

Fig. 3. Am phi bo lite sam ple B4 from the Budniki site

A, B, C, D — rock do mains are de scribed in the text

Fig. 4. Mi cro scopic im age of A, B, C do mains 
from the am phi bo lite sam ple B4

Ap — ap a tite, Rt — rutile, crossed polars



main A has grey ish-green and dark green colours and shows a
per fect fo li a tion de fined by flakes of bi o tite, strips of
hornblende and lay ers of quartz and plagioclase. Long, blocky
epidote grains and strings of il men ite are par al lel to the fo li a -
tion. Do main B is com posed of cha ot i cally ori ented, short, pris -
matic grains of am phi boles of magnesiohornblende and
actinolite com po si tion, and strips of older hornblende. It con -
tains large crys tals of rutile and ap a tite, and small grains of
Ca-plagioclase and ti tan ite. Do main C is rep re sented by two el -
lip soi dal nod ules, 2 cm and 0.5 cm long, with tails char ac ter is -
tic of porphyroclasts. The de flec tion of the ma trix folia ob -
served near the larger nod ule may be in ter preted as a re sult of
lo cal de for ma tion around the pre-ex ist ing, rigid ob ject
(Vernon, 2004). The in ter nal part of do main C is com posed ex -
clu sively of ra di at ing, acicular ag gre gates of actinolite. The
nee dle-like actinolite crys tals be come thicker in the tails of the
do main, which re sem bles a flower-like struc ture. The mar ginal
part of do main C is com posed of par al lel grains of green or blu -
ish-green am phi bole, abun dant il men ite, the lat ter show ing
exsolution lamellae of rutile and re place ments by ti tan ite.
Small patches com pris ing Na-plagioclase, epidote and ti tan ite,
to gether with ap a tite crys tals, oc cur be tween am phi bole grains
and in the pres sure shad ows (tails). Do main D is com posed of
par al lel-aligned, long epidote crys tals, bi o tite flakes, small
plagioclase grains and rare pyroxene.

The am phi bo lites also form small, 2 cm-thick, in ter ca la -
tions in a quartzofeldspathic schist com posed of hornblende
and, lo cally, of al bite porphyroblasts. 

The struc tural fea tures and whole rock chem is try (not
shown here) sug gest that the rocks de scribed re flect dif fer en ti a -
tion prod ucts of an orig i nal bi modal vol ca nic suite: ba sic lavas

(the first va ri ety of am phi bo lite), ba sic tuffs (the sec ond va ri ety
of am phi bo lite), acidic tuffs (quartzofeldspathic schist) and in -
ter ca la tions of acidic and basic tuffs. 

CHEMISTRY OF THE ROCK-FORMING MINERALS

The min eral chem is try was stud ied in two sam ples of am -
phi bo lite (B2, B4) and in one sam ple show ing in ter ca la tions of
am phi bo lite in quartzofeldspathic schist (B6). Sys tem atic in -
ves ti ga tions were fo cused on plagioclases and amphiboles. 

PLAGIOCLASE

In sam ple B2, rep re sent ing the first va ri ety of am phi bo lite,
plagioclase var ies from An13.5 to An25.5. The Or-ad mix ture is
low, be tween 0.3% and 1.3%, but spo rad i cally can be as high as
8.2%. Some plagioclase grains show patches of al bite (Ab98–98.6

An0.4–0.8 and Or0.8–1.2) and K-feld spar, in ter preted as a prod uct of
plagioclase de com po si tion dur ing ret ro gres sion (Ta ble 1). 

In sam ple B4 (Fig. 4), rep re sent ing the sec ond va ri ety of
am phi bo lite, the An-con tents in the plagioclase vary sig nif i -
cantly on the scale of in di vid ual do mains. In do main A,
plagioclase grains show a compositional range of An53.0–An25.4

and con tain 1.0–9.2% of Or-ad mix ture. More Na-plagioclase
grains (An25.4) show patches (exsolutions) of K-feld spar, rich in 
Ab and An com po nents (Or87–Ab5.3–An7.6). Do main B, com -
posed of cha ot i cally ori ented am phi bole crys tals, con tains
small grains of Ca-plagioclase (An59.6–34.5). The mar ginal part
of do main C, com posed of green or blu ish-green am phi bole,
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 B2 B4 do main A
B4 

do main
B

B4 
do main

C
B6

SiO2 61.34 68.26 64.51 60.28 54.02 52.87 66.51 64.54 69.43

Al2O3 24.12 19.55 21.83 25.1  28.6  29.57 20.72 22.59 19.73

CaO   5.29   0.17   2.85   5.23 11.11 12.23   1.44   3.62   0.15

FeO   0.18   0.07   0.21   0.15   0.00   0.23   0.28   0.07   0.04

BaO 0    0    0     0.01   0.02   0.05   0.45 – –

Na2O   8.42 11.51   9.96   7.42   5.27   4.54 10.73   9.31 11.66

K2O   0.19   0.15   0.23 1.6   0.27   0.06   0.12   0.09   0.07

To tal 99.55 99.69 99.58 99.79 99.29 99.53 99.8  100.23 101.07  

Num ber of ions on the ba sis of 8 O

Si 2.735 2.992 2.858 2.696 2.458 2.407 2.922 2.836 2.998

Al 1.268 1.01  1.14  1.323 1.534 1.586 1.073 1.17  1.004

Fe+2 0.007 0.003 0.008 0.005 0,000 0.009 0.01  0.003 0.002

Ca 0.253 0.008 0.136 0.251 0.542 0.596 0.068 0.17  0.007

Ba 0.000 0.000 0.001 0       0       0.001 0.008 – –

Na 0.728 0.978 0.855 0.644 0.465 0.4    0.914 0.794 0.976

K 0.012 0.009 0.014 0.091 0.016 0.003 0.007 0.005 0.004

Mol.
%

or   1.1   0.8   1.3   9.2   1.5   0.3   0.7   0.5   0.4

ab 73.4 98.4 85.2 65.3 45.4 40.0 91.7 81.9 99.0

an 25.5   0.8 13.5 25.4 53.0 59.6   6.8 17.6   0.7

T a  b l e  1

 Se lected microprobe anal y ses of plagioclase from the Budniki am phi bo lite (in wt.%)



com prises Na-plagioclase (An6.8–3.1) with Or vary ing be tween 0.7
and 1.4 Mol. % (Ta ble 1). 

In the am phi bo lite in ter ca la tion within the quartzofeldspathic
schist (B6), plagioclase of An17.6–0.7 com po si tion forms small
porphyroblasts.

AMPHIBOLE

Am phi bole anal y ses are listed in Ta ble 2. The no men cla ture of
the am phi boles stud ied was de fined fol low ing the pro ce dure de -
scribed by Leake et al. (1997). Am phi boles from the Budniki site are
mem bers of the calcic group with CaB>1.5, 0.50 <(Na + K)A<0.50
and CaA<0.50. These min er als be long to two gen er a tions that form
sep a rate grains. The youn ger am phi boles do not over grow the older
ones. The older gen er a tion is the main con stit u ent in the first va ri ety
of am phi bo lite (B2 sam ple). It oc curs also in the sec ond va ri ety (B4
sam ple) in B4 do main A and as rel ict strips within youn ger am phi -
boles in B4 do main B. The older am phi bole is tschermakite with
Mg/(Mg+Fe) ra tios 0.57–0.61, or magnesiohornblende with
Mg/(Mg+Fe) ra tios of 0.62–0.78 (Fig. 5). Some tschermakite grains
are patchily ret ro graded to magnesiohornblende. The old am phi boles 
show much higher con tents of Al, Na, K and Ti, and lower con tents
of Ca than am phi boles of the new gen er a tion. Tschermakite is as so ci -
ated with plagioclase An13.5 to An25.5.

The youn ger gen er a tion of am phi boles oc curs in the am phi bo -
lite in ter ca la tion in quartzofeldspathic schist (sam ple B6) and in the
sec ond va ri ety of am phi bo lite (sam ple B4, Fig. 4) as: (1) cha ot i cally 
ori ented, short, pris matic grains (sam ple B6 and sam ple B4 do main
B) or (2) ra di at ing, acicular ag gre gates of sam ple B4 do main C (el -
lip soi dal nod ules), and (3) par al lel-ar ranged grains of green or blu -

ish-green am phi bole of the mar ginal part of do main C. The
new, cha ot i cally ori ented am phi boles do not show
compositional vari a tions in sin gle grains but re veal con sid -
er able vari a tion as the en tire group. In the Si-Mg/(Mg+Fe)
di a gram (Leake et al., 1997; Fig. 5) these min er als plot
mainly into the field of magnesiohornblende, form ing two
groups sep a rated by a dis tinct gap. Magnesiohornblende I
forms a com mon ar ray with the older gen er a tion of am phi -
boles. It has the same chem i cal char ac ter is tics as the
magnesiohornlende mem ber of the older am phi boles but
shows a dif fer ent struc tural po si tion ex pressed by a cha otic 
ori en ta tion. It is as so ci ated with An17.6-0.6 plagioclase. The
magnesiohornblende II plots close to the ad ja cent parts of
the actinolite and ferrohornblende fields (Fig. 5). Its com -
po si tion dif fers from the com po si tion of the
magnesiohornblende I in its higher Si and lower Al con -
tents. Magnesiohornblende II is as so ci ated with
plagioclase of An59.6–An34.5 com po si tion. 

Am phi boles form ing the ra di at ing and acicular ag gre -
gates in the nod ules show compositional vari a tions
(Fig. 5). The old est, cen tral parts of ra di at ing ag gre gates
and the root parts of nee dle-like crys tals are com posed of
actinolite low in Al and high in Mg. To wards the tailpieces
of nee dles, the am phi boles changes from actinolite to
magnesiohornblende and ferrohornblende in the outer
parts of the nee dles and be come sim i lar in com po si tion to
the cha ot i cally ori ented grains. The com po si tion of thicker
am phi bole crys tals which form ag gre gates re sem bling
flow ers changes in a sim i lar way as for nee dle-like crys tals.

Par al lel-ar ranged grains of am phi bole from the mar -
ginal part of the C do main plot into the
magnesiohornblende field. Their com po si tion dif fers from
the com po si tion of the cha otic magnesiohornblende in
hav ing higher Mg and lower Fe con tents (Fig. 5). Such dif -
fer ences com po si tion, the po si tion in the rocks and the as -
so ci a tion with al bite, epidote and ti tan ite al low def i ni tion
of this va ri ety of am phi bole as magnesiohornblende III. It
is as so ci ated with Na-plagioclase (An6.8–3.1)

METAMORPHISM 

The re con struc tion of the meta mor phic his tory of the
Budniki rocks is dif fi cult. The min eral as sem blage of the
quartzofeldspathic schists: quartz + al bite + mus co vite + bi -
o tite, which de fine the fo li a tion, is not di ag nos tic of a spe -
cific P–T range. How ever, the pres ence of mus co vite
allowes use of the phengite geobarometer. Mus co vite from
the quartzofeldspathic schist shows a rel a tively low phengite 
con tent (Si4+= 3.25 p.f.u. and Fe + Mg = 0.801). Thus, the
cal cu lated min i mum pres sure equal to 6 kb at 600°C
(Massonne and Schreyer, 1987) took place dur ing the for -
ma tion of the fo li a tion in the quartzofeldspathic schist. 

Fea tures of the am phi bo lite sam ples: (1) sig nif i cant dif -
fer ences in chem i cal com po si tion of the co ex ist ing
plagioclases and am phi boles, (2) re place ment tex tures of
Ti min er als, (3) new fab ric im posed on ear lier pre -
served-fab ric, all point to a lack of meta mor phic equi lib -
rium. How ever, the fact that am phi boles and plagioclases
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Fig. 5. Compositional vari a tion of am phi boles from the Budniki 
am phi bo lites shown on the Leake et al. (1997) clas si fi ca tion di a gram; 

97 anal y ses



of spe cific com po si tions form pairs which are char ac ter is tic of
par tic u lar types of do mains sug gests a lo cal equi lib rium and al -
lows for a par tial re con struc tion of meta mor phism con di tions.

The Budniki am phi bo lites un der went meta mor phic events
re corded by four pairs of am phi boles and plagioclases show ing 
dif fer ent com po si tions:

1. tschermakite + plagioclase An13.5 to An25.5;
2. magnesiohornblende I + plagioclase An~15;
3. actinolite/magnesiohornblende II/ferrohornblende +
Ca-plagioclase An59.6–34.5;
4. magnesiohornblende III + Na-plagioclase An6.8–3.1.
The tem per a tures of meta mor phism which af fected the am -

phi bo lites were es ti mated us ing the am phi bole-plagioclase
geothermometer for sil ica-sat u rated and sil ica-undersaturated
rocks (ther mom e ter B; Hol land and Blundy, 1994) and com -
pared with re sults de rived from the graph i cal geothermo -
barometer of Plyusnina (1982) based on the Al-con tent of am -
phi bole and Ca-content of plagioclase. 

As the Budniki am phi bo lite does not con tain crit i cal min er -
als such as gar net or orthoamphibole, many pop u lar
geobarometers for meta mor phic rocks can not be used for pres -
sure es ti ma tion. Sim i larly, the geobarometers based on the

Al-con tent in hornblende can not be ap plied for am phi bo lites be -
cause they are rec om mended for mag matic rocks. An ex cep tion
among these geobarometers is the graph i cal geothermo -
barometer of Plyusnina (1982) based on the Al-con tent of am -
phi bole and the Ca-con tent of plagioclase, and cal i brated for
metabasites meta mor phosed un der epidote-am phi bo lite- and
am phi bo lite-fa cies con di tions. We used this, al though it of ten
yielded un re al is tic val ues of tem per a ture and pres sure. The pres -
sure con di tions were also es ti mated, on the ba sis of the min eral
as sem blages in the hornfelses sur round ing the am phi bo lite, as
not higher than 2–3 kbar (Mochnacka et al., 2007). Such pres -
sure was as sumed in the cal cu la tion of tem per a ture for the sec -
ond, third and fourth plagioclase-am phi bole pairs. 

The first am phi bole-plagioclase pair de fines the fo li a tion
and re fers to the re gional stage of meta mor phism. At a pres sure
of 6 kbar (the value es ti mated for the quartzofeldspathic schist
ac com pa ny ing the am phi bo lite) the tem per a tures cal cu lated
with the Hol land and Blundy geothermometer (1994) were
675°C for the pair tschermakite + plagioclase An25.5 and 650°C
for the pair tschermakite + plagioclase An16.2. The graph i cal
geothermobarometer of Plyusnina (1982) yielded much lower
tem per a tures: 530°C and 510°C, re spec tively, and a pres sure of 
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B2

older am phi bole
B4 do main B new 

am phi bole
B4 do main C (nod ule) 

cen tral part thicker crys tals

SiO2 45.85 42.44 42.56 43.9 50.83 51.14 50.3  52.84 54.63 49.95 49.51 46.9  

TiO2   0.41   0.49   0.45   0.4   0.12   0.15 0.2   0.03   0.04   0.12 0.2   0.17

Al2O3 10.14 13.11 12.75 11.64   3.71   3.33   4.52   2.42   1.49   5.24   4.61   6.29

Cr2O3   0.01   0.03   0.00   0.04   0.00   0.00   0.02   0.01   0.01 0   0   0   

FeO 15.88 17.44 17.57 16.9  18.23 18.00 16.97 14.44 10.42 15.32 18.49 21.46

MnO   0.22 0.2   0.27   0.19   0.23   0.15   0.24   0.13 0.2   0.14   0.26   0.25

NiO   0.09   0.00   0.06   0.00   0.06   0.00   0.00 0   0     0.02   0.09 0   

MgO 11.31   9.27   9.45 10.00 11.21 10.96 11.65 14.18 17.25 12.62 11.1    8.74

CaO 11.1  11.15 11.32 10.68 12.57 12.47 12.57 12.7  13.01 12.87 12.49 12.42

Na2O   1.29   1.75   1.87   1.86   0.33   0.25   0.36   0.19   0.16   0.45 0.6   0.56

K2O   0.32   0.52   0.48   0.43   0.21   0.19   0.24   0.09   0.05   0.21   0.34 0.5

To tal 96.62 96.4  96.78 96.04 97.5 96.64 97.07 97.03 97.26 96.94 97.69 97.29

Si     6.734     6.351   6.36     6.549     7.553     7.656     7.468     7.713     7.802   7.38     7.365   7.12

AlIV     1.266     1.649   1.64     1.451     0.447     0.344     0.532     0.287     0.198   0.62     0.635   0.88

AlVI     0.49      0.664     0.607     0.596     0.203     0.244     0.259     0.129     0.053     0.292     0.173     0.245

Fe+3     0.764     0.686   0.67     0.726     0.079     0.000     0.076     0.106 0.1     0.055     0.199     0.293

Cr     0.001     0.003     0.000     0.005     0.000     0.000     0.002     0.001     0.001     0.001     0.000     0.000

Ti     0.046     0.056     0.051     0.044     0.013     0.017     0.023     0.003     0.004     0.013     0.022     0.019

Mg     2.475     2.069     2.104     2.223     2.483     2.446     2.579     3.086     3.673   2.78     2.461     1.978

Fe     1.187     1.497     1.526     1.382     2.186     2.253     2.031     1.658     1.145     1.838     2.101     2.432

Mn     0.027     0.025     0.034     0.024     0.029     0.019     0.030     0.016     0.024     0.018     0.033     0.032

Ni     0.01      0.000     0.007     0.000     0.007     0.000     0.000     0.000     0.000     0.002     0.011     0.000

Ca     1.747     1.788     1.813     1.708     2.000     2.000     2.000     1.986     1.991     2.037     1.991     2.020

Na     0.367     0.509     0.542     0.538     0.095     0.072     0.103     0.054    0.044     0.129     0.173     0.165

K     0.059 0.1     0.092     0.082     0.040     0.037     0.046     0.017     0.009   0.04     0.065     0.097

c — cen tral part of the grain, r — mar ginal part of the grain; 
for mu las of am phi boles cal cu lated ac cord ing to pro ce dure of Rob in son et al. (1982)

Se lected microprobe anal y ses of am phi bole



6.3–8 kbar, com pa ra ble with the value of pres sure es ti mated for 
the quartzofeldspathic schists. 

The tem per a tures cal cu lated for the first am phi -
bole-plagioclase pair us ing Hol land and Blundy (1994)
geothermometer seem to be too high. The range of tem per a -
tures dur ing the first  stage of meta mor phism is con fined by the
ab sence of clinopyroxene which should ap pear around 650°C
and the pres ence of small amount of epidote which is not typ i -
cally found in am phi bo lites that were meta mor phosed at tem -
per a tures higher than 600°C (Bucher and Frey, 1994). The ab -
sence of clinopyroxene and the pres ence of epidote in di cate
max i mum peak-meta mor phic con di tions of about 600°C. On
the con trary, the re sults — 530°C and 510°C — of the graph i -
cal geothermobarometer af ter Plyusnina (1982) seem to be too
low. In such tem per a tures, plagioclase and am phi bole should
have dif fer ent chem i cal com po si tions than the first pair of
hornblende and plagioclase, and chlorite should be pres ent.
The ab sence of chlorite sug gests that the min i mum tem per a ture 
was about 550°C, be cause this min eral com pletely dis ap pears
at this tem per a ture. 

Over 100°C dis crep an cies be tween the two
geothermometers used cor rob o rate opin ions (Nasir and
Okrusch, 1997; John et al., 1999) that the plagioclase-

 hornblende ther mom e ters yield ei ther too low (Plyushnina,
1982) or too high tem per a tures (Hol land and Blundy, 1994).

The sec ond pair: magnesiohornblende I + plagioclase An~15

was found in the am phi bo lite in ter ca la tion in
quartzofeldspathic schist (sam ple B6). The cha otic ori en ta tion
of both min er als indicates crys tal li za tion with out stress. The
tem per a ture cal cu lated with the Hol land and Blundy
geothermometer (Hol land and Blundy, 1994) for the sec ond
pair was about 540°C, at the as sumed pres sure of 2 kbar and
510°C and 2 kbar us ing the graph i cal geothermobarometer of
Plyusnina (1982). 

In sam ple B4, some older am phi boles in strips pre served
within youn ger, cha otic am phi boles show the same com po si -
tion as magnesiohornblende I and magnesiohornblende patches 
in the tschermakite. This ob ser va tion sug gests that the ret ro -
gres sion of the tschermakite took place un der sim i lar P–T con -
di tions as the crys tal li za tion of magnesiohornblende I.

The third pair — cha ot i cally ori ented actinolite/mag -
nesiohornblende II/ferrohornblende and Ca-plagioclase
An59.6–34.5 — was found in sev eral do mains. As in the sec ond
pair, the lack of pre ferred ori en ta tion of am phi boles suggests
crys tal li za tion with out stress. The crys tal li za tion tem per a ture
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B4 do main C (nod ule) 
B6 B4 a

nee dle crys tal mar ginal part

55.22 52.63 49.28 50.99 49.79 50.29 45.02 45.17 47.39 48.78

  0.02   0.02   0.22   0.07   0.16   0.18   0.41   0.34  0.17   0.17

  1.22   2.82   6.23   4.04   6.14 5.4 12.19 13.13  7.17   7.14

  0.02   0.01   0.01   0.05 0   0   0     0.06 0     0.02

  9.59 14.18 14.21 14.27 15.73 14.62 14.94 15.64 19.66 15.14

  0.13   0.19   0.18   0.17   0.23   0.21 0.2   0.24   0.25   0.32

0   0     0.05   0.00   0.04   0.04 0   0     0.09 0   

17.56 14.31 13.7 14.81 12.68 13.45 11.55 10.74   9.75 12.68

13.14 12.79 12.3 11.73 12.44 12.58 11.09 10.41 12.51 12.53

  0.13   0.27   0.66   0.26    0.68   0.62   1.84   1.65   0.61   0.87

  0.05   0.12   0.14   0.09    0.12   0.11   0.21   0.26   0.44   0.11

97.08 97.34 96.98 96.48 98.01 97.5 97.45 97.64 98.04 97.76

    7.879     7.659     7.175     7.366     7.238     7.323     6.534     6.507     7.062     7.112

    0.121     0.341     0.825     0.634     0.762     0.677     1.466     1.493     0.938     0.888

    0.084     0.143     0.244     0.053   0.29   0.25     0.619     0.736     0.321     0.339

    0.000     0.105     0.482     0.839     0.349     0.267     0.753     0.954     0.322   0.33

    0.001     0.001     0.001     0.005 0   0   0       0.007 0       0.002

    0.003     0.002     0.024     0.008     0.017   0.02     0.045     0.037     0.019     0.018

    3.735     3.105     2.973     3.189     2.748   2.92     2.499     2.306     2.165     2.756

    1.145     1.621     1.249     0.885     1.563     1.513     1.061     0.931     2.129     1.516

    0.016     0.023     0.021    0.021     0.028     0.026     0.025     0.029     0.032     0.039

    0.000     0.000     0.006     0.000     0.005     0.005 0   0       0.011 0   

    2.009     1.994     1.918     1.816     1.938     1.963     1.724     1.607     1.998     1.957

    0.036     0.076     0.187     0.073     0.192     0.175     0.518     0.461     0.176     0.247

    0.009     0.022     0.026     0.016     0.022   0.02     0.039     0.048     0.084   0.02

T a  b l e  2

from the Budniki am phi bo lite (in wt.%)



of the third pair was es ti mated at 622–635°C at the as sumed
pres sure of 2 kbar (Hol land and Blundy, 1994). This es ti ma tion 
seems to be re al is tic and is sup ported by the ap pear ance of
clinopyroxene in the same as so ci a tion. In the Plyusnina (1982)
di a gram, anal y ses of the third pair are sit u ated out side the
boundary conditions of this geothermo barometer.

The fourth pair: magnesiohornblende III + Na-plagioclase
An6.8–3.1 oc curs in the mar ginal part of the am phi bole nod ule.
The es ti mated tem per a ture is 473–511°C at the as sumed pres -
sure of 2 kbar (Hol land and Blundy, 1994). A similar re sult was 
ob tained us ing the Plyushnina (1982) geothermobarometer.

The cal cu lated tem per a tures, to gether with the ob served
suc ces sion of min er als and fab rics, al low the se quence of meta -
mor phic events in the Budniki area to be determined. We in ter -
pret these as two dis crete meta mor phic events, with older re -
gional meta mor phism and youn ger con tact meta mor phism, the
lat ter con nected with the Karkonosze Gran ite in tru sion. Dur ing 
the first event, i.e. the Variscan re gional meta mor phism, the
prod ucts of Early Palaeozic (Oberc-Dziedzic et al., in press) bi -
modal vol ca nism were meta mor phosed and de formed un der
am phi bo lite fa cies con di tions, within tem per a tures range es ti -
mated from the first am phi bole-plagioclase pair (600–550°C).
The signs of plagioclase and tschermakite de com po si tion sug -
gest a sub se quent de crease in tem per a ture, still dur ing that re -
gional meta mor phic event.

The con tact meta mor phism con nected with the Karkonosze 
in tru sion caused re mark able but un evenly dis trib uted changes
in min eral com po si tion, min eral as so ci a tions and rock tex tures, 
leav ing some parts of am phi bo lites un touched and oth ers com -
pletely trans formed. Such het er o ge ne ity of change in di cates
that the de gree of meta mor phism was caused not only by tem -
per a ture but also by mag matic flu ids. The mi gra tion of flu ids
was fa cil i tated by struc tural and compositional dis con ti nu ities
such as fo li a tion and lay er ing. Dur ing the con tact meta mor -
phism, the rocks were sub jected to chang ing tem per a tures, as
sug gested by the cal cu la tions for the 2nd, 3rd and 4th pairs of
am phi bole and plagioclase. The first ep i sode of con tact meta -
mor phism took place at about 540°C, i.e. at tem per a ture lower
than those of the re gional meta mor phism. It caused ret ro graded 
re ac tions in the ex ist ing tschermakite and plagioclase An13.5 to
An25.5 in some places, and crys tal li za tion of the new am phi bole
and plagioclase (magnesiohornblende I + plagioclase An~15)
hav ing sim i lar chem i cal com po si tions as the ret ro graded
patches in tschermakite and plagioclase An25.5. In the course of
the next ep i sode, the tem per a ture grad u ally in creased, as re -
corded by the changes of am phi bole com po si tion from
actinolite to magnesiohornblende and ferrohornblende in the
nod ules. The peak tem per a ture of 622–635°C dur ing that ep i -
sode is re flected by the co ex is tence of cha otic
magnesiohornblende II and Ca-plagioclase grains, and by the
ap pear ance of clinopyroxene. The actinolite + Ca-plagioclase
as sem blage is rel a tively com mon in metabasites from con tact
au re oles and usu ally oc curs im me di ately on the low-tem per a -
ture side of the am phi bo lite fa cies zone (Miyashiro, 1994). Our
cal cu la tions show that the magnesiohornblende II +
Ca-plagioclase assemblage, typical of the Budniki am phi bo -
lites, crystallized at higher temperatures. 

The actinolite/magnesio-/ferrohornblende nod ule shows a
porphyroclast-like shape. This fea ture, to gether with the par al -

lel ar range ment of am phi boles sur round ing the nod ule, are ev i -
dence of shear ing af ter the for ma tion of the nod ule. The shear -
ing took place at tem per a tures of 473–511°C cal cu lated from
the fourth am phi bole + plagioclase pair. The rocks were again
sub jected to ret ro gres sion, which caused de com po si tion of
Ca-plagioclase into al bite and epidote. The am phi bole + al bite
+ epidote as sem blage is char ac ter is tic of the late phase of con -
tact meta mor phism.

TI MINERALIZATION

In the Budniki quartzofeldspathic schist, the to tal con tent of 
TiO2 is 0.545 wt.% (Oberc-Dziedzic et al., in press). Ti min er -
al iza tion is rep re sented by rutile. It oc curs as sin gle, min ute
grains, ar ranged par al lel to the fo li a tion or scat tered along
cracks. Rutile grains oc cur also near mus co vite and chlorite,
both re plac ing bi o tite (Fig. 6A). The tex tural po si tion of rutile
in di cates crys tal li za tion af ter brit tle de for ma tion and is prob a -
bly con nected with hy dro ther mal flu ids cir cu lat ing along the
fo li a tion planes and cracks. It does not nec es sar ily mean that Ti
was sup plied from an ex ter nal source, but it might have been
pres ent in the protolith of the quartzofeldspathic schist. How -
ever, bi o tite should be ex cluded as the main source of Ti be -
cause of its scar city in the quartzofeldspathic schist. 

The Budniki am phi bo lites con tain much more TiO2

(4.398 wt.%) than the quartzofeldspathic schist (Oberc-
 Dziedzic et al., in press). Ti-min er als are rep re sented by il men -
ite, rutile and ti tan ite. The re la tion ships be tween these min er als, 
their se quence and their po si tion in the rock do mains high light
the de vel op ment of Ti min er al iza tion and help to de fine more
pre cisely the metamorphic conditions.

In the first va ri ety of am phi bo lite (B2), Ti min er als are rep re -
sented by clus ters or ag gre gates of il men ite and ti tan ite which
par al lel the fo li a tion (Fig. 6B); in places these are ac com pa nied
by min ute grains of chal co py rite (Fig. 6C). Ini tially, these two
Ti-phases were ap par ently in equi lib rium (Fig. 6C) as they do
not ex hibit any re ac tion or tex ture al ter ation. The mu tual in clu -
sions: il men ite in ti tan ite and ti tan ite in il men ite are prob a bly an
ef fect of the sec tion or in di cate some ret ro gres sion. The struc -
tural po si tion of il men ite and ti tan ite sug gests that their crys tal li -
za tion was co eval with the de for ma tion which pro duced the fo li -
a tion de fined by tschermakite and plagioclase An13.5 to An25.5.

Some il men ite grains show inter growths with rutile. Such
grains were found in the am phi bo lite in ter ca la tion in
quartzofeldspathic schists (sam ple B6, Fig. 6D, E) where these
min er als form in clu sions in the plagioclase that de fines the fo li -
a tion. Il men ite inter growths with rutile also oc cur in the ma trix
of the ex ter nal part of the actinolite nod ule in sam ple B4
(Fig. 6F). In both cases the po si tion of il men ite-rutile inter -
growths sug gests that their or i gin is re lated to shear ing along
the fo li a tion. 

In the sec ond va ri ety of am phi bo lite (sam ple B4) the re la -
tion ships be tween Ti min er als are more com pli cated. Gen er -
ally, il men ite is re placed by ti tan ite (Fig. 6F, G). This pro cess
usu ally be gins at the mar gins of il men ite crys tals and grad u ally
pro ceeds into the in te ri ors, leav ing small patches of il men ite in -
side the ti tan ite (Fig. 6G). The ti tan ite rims around il men ite,
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Fig. 6. BSE im ages of Ti min er als from the Budniki site

Quartzofeldspathic schist: A — rutile grains as so ci ated with cal cite, mus co vite and chlorite re plac ing bi o tite; sam ple B3; am phi bo lite: B — ag gre gates of
il men ite and ti tan ite ar ranged par al lel to the fo li a tion in am phi bo lite; sam ple B2; C — il men ite and ti tan ite as so ci ated with min ute grains of chal co py rite;
sam ple B2; D, E — rutile-il men ite inter growths show ing dif fer ent pro por tions of Ilm and Rt; am phi bo lite in ter ca la tion in quartzofeldspathic schist, sam -
ple B6; F — rutile-il men ite inter growths sur rounded by ti tan ite; sam ple B4; G — il men ite patchily re placed by ti tan ite; sam ple B4; H — il men ite grain
elon gated con cor dantly with fo li a tion, patchily re placed by rutile rimmed by ti tan ite and intergrown by pyrrhotite, sam ple Bud-7; I — pseudomorph af ter
il men ite com posed of rutile nee dles form ing a trigonal net work; min ute patches of ti tan ite oc cur in the ex ter nal part of the pseudomorph; sam ple Bud-Z; J
— large rutile grain hav ing il men ite exsolutions along net work of cleav age planes and al tered to il men ite at the mar gins; sam ple B4; ab bre vi a tions: Am —
am phi bole, Ap — ap a tite, Cal — cal cite, Ccp — chal co py rite, Chl — chlorite, Ilm — il men ite, Ms — mus co vite, Po — pyrrhotite, Py — py rite, Rt —
rutile, Ttn — ti tan ite



intergrown with rutile (Fig. 6F) in di cate that the re place ment of 
il men ite by ti tan ite took place af ter the de for ma tion and it af -
fected only grains in the ma trix (Fig. 6F) which were not pro -
tected by the host plagioclase (Fig. 6D, E). 

Oc ca sion ally, il men ite is re placed by rutile (Fig. 6H, I). The 
re place ment leads to the for ma tion of rutile patches rimmed by
ti tan ite (Fig. 6H). Small in clu sions of chal co py rite and
pyrrhotite sug gest that such re place ment might have been
caused by hy dro ther mal pro cesses and might have used Fe re -
leased from il men ite (Ramdohr, 1969). An other pat tern of re -
place ment leads to the ap pear ance of rutile pseudo morphs af ter
il men ite com posed of rutile nee dles form ing a trigonal net work 

(Fig. 6I). The pseudo morphs have the shape of d-type
porphyroclasts and are as so ci ated with long, asym met ri cally
folded crys tals of il men ite. The ro ta tion of pseudo morphs took
place af ter the re place ment and was co eval with the de for ma -
tion of the am phi bole nod ule. 

The next gen er a tion of Ti min er als is rutile as so ci ated with
new, cha otic magnesiohornblende II and large ap a tite crys tals.
This rutile reaches up to sev eral milli metres in size and tends to
host nu mer ous il men ite exsolutions along cleav age planes and,
lo cally, re veals dis tinct al ter ation into il men ite at the mar gins
(Fig. 6J).

The chem i cal com po si tion of Ti min er als is given in Ta ble 3.
The large rutile grains show vari able com po si tion with ir reg u lar
zones en riched in Nb2O5 (up to 3.25 wt.%), FeO (up to 1.94
wt.%), WO3 (up to 1.09 wt.%) and traces of Ta2O5 (Ta ble 3,
anal y sis I), sur rounded by zones with dis tinctly lower con tents of 
these com po nents (Ta ble 3, anal y ses II, III). The rutile nee dles in
pseudo morphs af ter il men ite usu ally con tain only traces of Fe
and Nb, some times also W (Ta ble 3, anal y ses IV, V) whereas va -
na dium is a com mon com po nent (0.6–0.8 wt.%).

By con trast, the il men ite is highly ho mo ge neous. Smaller
grains of il men ite dis persed within am phi bo lite of ten show
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Rutile
Il men ite A-1

Ti tan ite

I II III IV V 1 2 3 4 5

SiO2 0.00 0.00 0.00 0.00 0.00 0.00 30.47 29.96  30.44  30.46  30.24  30.44  

Ta2O5 0.16 0.08 0.02 0.00 0.01 0.04 – 0.19 0.21 0.20 0.19 0.00

FeO 1.94 1.00 0.75 0.46 0.29 45.21   0.41 0.70 0.65 0.74 0.56 1.24

MnO 0.00 0.00 0.00 0.00 0.00 1.83   0.09 0.04 0.00 0.00 0.03 0.02

TiO2 92.69  96.30  96.83  98.42  98.46  51.80 38.63 34.36  35.27  36.90  37.24   35.13  

SnO2 0.04 0.02 0.04 0.01 0.02 0.00 – 2.20 0.44 0.21 0.00 0.00

ZrO2 0.00 0.00 0.00 0.00 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00

Nb2O5 3.25 1.73 0.57 0.25 0.05 0.04 – 0.08 0.02 0.00 0.00 0.00

ThO2 0.00 0.00 0.00 0.00 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00

UO2 0.00 0.00 0.00 0.00 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00

CaO 0.00 0.00 0.00 0.00 0.00 0.00 28.89 27.32  28.00  27.70  28.42  28.59  

WO3 1.09 0.27 0.84 0.04 0.01 0.00 – 0.00 0.00 0.00 0.00 0.00

Al2O3 0.00 0.00 0.00 0.00 0.00 0.00   1.11 2.36 2.88 1.87 1.71 2.45

V2O3 0.85 0.76 0.80 0.62 0.76 0.36   0.22 0.16 0.19 0.15 0.11 0.05

H2O – – – – – – – 0.18 0.24 0.14 0.21 0.39

To tal 100.01 100.15 99.46  99.81  99.60  99.28 99.85 97.56  98.34  98.37  98.72  98.32  

Num ber of ions on: 2 O (rutile), 3 O (il men ite), 4 O (ti tan ite)

Si 0.000 0.000 0.000 0.000 0.000 0.000 – 1.005 1.002 1.006 0.994 0.999

Ta 0.001 0.000 0.000 0.000 0.000 0.000 – 0.002 0.002 0.002 0.002 0.000

Fe 0.022 0.010 0.008 0.005 0.003 0.963 – 0.019 0.018 0.020 0.015 0.034

Mn 0.000 0.000 0.000 0.000 0.000 0.040 – 0.001 0.000 0.000 0.001 0.001

Ti 0.950 0.971 0.979 0.989 0.992 0.992 – 0.867 0.873 0.917 0.921 0.867

Sn 0.000 0.000 0.000 0.000 0.000 0.000 – 0.029 0.006 0.003 0.000 0.000

Zr 0.000 0.000 0.000 0.000 0.000 0.000 – 0.000 0.000 0.000 0.000 0.000

Nb 0.020 0.010 0.003 0.002 0.000 0.001 – 0.001 0.000 0.000 0.000 0.000

Th 0.000 0.000 0.000 0.000 0.000 0.000 – 0.000 0.000 0.000 0.000 0.000

U 0.000 0.000 0.000 0.000 0.000 0.000 – 0.000 0.000 0.000 0.000 0.000

Ca 0.000 0.000 0.000 0.000 0.000 0.000 – 0.982 0.987 0.980 1.001 1.005

W 0.004 0.001 0.003 0.000 0.000 0.000 – 0.000 0.000 0.000 0.000 0.000

Al 0.000 0.000 0.000 0.000 0.000 0.000 – 0.093 0.112 0.073 0.066 0.095

V 0.009 0.008 0.009 0.007 0.008 0.007 – 0.004 0.005 0.004 0.003 0.001

OH– – – – – – – 0.041 0.052 0.030 0.045 0.085

To tal 1.006 1.001 1.002 1.002 1.004 2.003

T a  b l e  3

Av er age chem i cal com po si tion and for mu lae of Ti min er als from the Budniki am phi bo lite an a lyzed 
us ing an elec tron microprobe (in wt.%)



high en rich ment in Mn, with a mean MnO con tent of about
4.5 wt.% (not shown in Ta ble 3). Both the il men ite form ing the
lamellar exsolutions within large rutile grains and over grow ing 
them, as well as the il men ite form ing asym met ri cally folded
crys tals, are slightly less en riched in Mn, with a mean MnO
con tent of 1.83 wt.% (Ta ble 3). Be sides Mn, only V2O3 is a sig -
nif i cant com po nent (0.36 wt.%). 

The chem i cal com po si tion of the ti tan ite is also vari able. In
the first-type am phi bo lite (B2), ti tan ite which is in equi lib rium
with il men ite con tains 1.11 wt.% Al2O3 (Ta ble 3, anal y sis
A-1). In the sec ond va ri ety of am phi bo lite (B4), all an a lyzed
crys tals of ti tan ite re plac ing il men ite are en riched in Al com -
pared with the first va ri ety. They con tain 1.8 to al most 2.9 wt.% 
Al2O3 (Ta ble 3, anal y ses 1–5), and spo rad i cally, up to
4.5 wt.%. The V2O3 con tent is low, usu ally 0.1–0.2 wt.%. Ti -
tan ite crys tals with sig nif i cant amounts of Sn (up to 2.2 wt.%
SnO2) were only oc ca sion ally ob served. 

The pro cesses of mu tual re place ment of Ti min er als prob a -
bly started at the end of the re gional metamorphic event and be -
came very in tense dur ing the con tact meta mor phism. The re -
place ment pro cesses were con trolled by tem per a ture, flu ids, lo -
cal min eral as sem blages (chem i cal com po si tion) and rock
struc tures. 

The re place ment of il men ite by ti tan ite was con nected with
ret ro gres sion at the end of the re gional metamorphic event
and/or at the be gin ning of the con tact meta mor phism, as well as 
dur ing the late phase of the lat ter. The ret ro gres sion was en -
hanced by the pres ence of flu ids and it caused the de com po si -
tion of plagioclases and the re lease of Ca and Al, fa cil i tat ing the 
for ma tion of ti tan ite en riched in Al. Harlov et al. (2006)
showed that the for ma tion of Al-bear ing ti tan ite dur ing am phi -
bo lite and greenschists fa cies meta mor phism de pends not only
on P, T, bulk-rock com po si tion and com po si tion of the co ex ist -
ing flu ids but also on fO2 and fH2O.

The re place ment of il men ite by rutile is only oc ca sion ally
ob served. It might have oc curred at the same time as the re place -
ment of il men ite by ti tan ite and might have been con fined to the
do mains of rock de void of Ca — the nec es sary com po nent in the 
for ma tion of ti tan ite. How ever, it is also pos si ble that the re -
place ment of il men ite by rutile took place a lit tle later than the re -
place ment of il men ite by ti tan ite and oc curred dur ing the crys tal -
li za tion of the actinolite/magnesiohornblende II + Ca-plagio -
clase as sem blage, which con sumed all the avail able Ca. The
changes of chem i cal com po si tion of am phi boles in the nod ules
point to a con tin u ous in crease of Fe con tent dur ing crys tal li za -
tion of the actinolite–magnesiohornblende II–ferrohornblende
ar ray. The am phi boles of this ar ray con tain also con sid er ably
less Ti than tschermakite, which was an orig i nal con stit u ent of
the rocks and be came un sta ble un der new con di tions. A si mul ta -
neous de crease of Fe and Ca ions, es pe cially in do mains com -
posed of new, cha otic magnesiohornblende II, re sulted in the
crys tal li za tion of large grains of rutile which were sub se quently
im per cep ti bly alterated to il men ite along the cleav age planes and 
grain mar gins.

The later ret ro gres sion was re spon si ble for the crys tal li za -
tion of magnesiohornblende III + al bite + epidote + ti tan ite as -
sem blage. It also pro vided con di tions for a con tin u a tion of the
re place ment of ilmenite by titanite.

SULPHIDE/SULPHOARSENIDE MINERALIZATION

Microscopy ob ser va tions re vealed the pres ence of a di ver -
si fied as sem blage of ore min er als. Be sides Ti phases and en -
closed, tiny in clu sions of schee lite and wolf ram ite, the ore as -
sem blage is com posed mainly of pyrrhotite, py rite, chal co py -
rite, sphalerite and ar seno py rite. Other phases, such as
cobaltite, gersdorffite, marcasite, ga lena and pentlandite, oc cur
only oc ca sion ally.

The ore min er als form dis sem i nated, spotty, streaky and
veinlet struc tures within var i ous types of am phi bo lites. Be -
cause the sam ples were col lected ex clu sively from dumps, it is
im pos si ble to eval u ate the re la tion ships be tween the var i ous
ore structures. 

PYRRHOTITE

Pyrrhotite forms dis sem i nated and spot ted struc tures. Some 
grains are ar ranged con cor dantly with the am phi bo lite fo li a -
tion, while other, larger, iso met ric or elon gated ag gre gates are
com monly intergrown with gangue min er als (Fig 7A).
Pyrrhotite forms inter growths with chal co py rite. Both phases
seem to be con tem po ra ne ous (Fig 7B). Pyrrhotite crys tals are
com monly re placed by marcasite which rims its grains and
grows in side, along cleav age planes (Fig 7C). 

The chem i cal com po si tion of pyrrhotite is gen er ally uni -
form. Grains host ing exsolutions of pentlandite are high est in
Ni (mean value about 1.10 wt.%; Ta ble 4), whereas in the re -
main ing grains Ni con tents range typ i cally from 0.40 to
0.80 wt.%. In con trast, Co does not con cen trate in pyrrhotite as
its mean con tent never ex ceeds 0.1 wt.% (Ta ble 4). 

PYRITE

Py rite forms fine, dis sem i nated crys tals, inter growths with
pyrrhotite (Fig. 7C), ag gre gates of hipidiomorphic crys tals ar -
ranged par al lel to the fo li a tion (Fig. 8B) and inter growths with
chal co py rite.

CHALCOPYRITE

Chal co py rite oc curs as sin gle, dis sem i nated, xenomorphic
grains or inter growths with pyrrhotite (Fig. 7B), ar seno py rite
(Fig. 7D), marcasite (Fig. 8A) and sphalerite (Fig. 8D). Com -
mon also are tiny exsolutions in sphalerite. 

The typ i cal com po si tion of chal co py rite is al most
stoichiometric (Ta ble 5, Chal co py rite I) but exsolutions in
sphalerite show a mean con tent of 0.87 ±0.40 wt.% Zn (some -
times up to 2.64 wt.%; Ta ble 5, Chal co py rite II and III). 

SPHALERITE

Sphalerite oc curs as sin gle crys tals, ag gre gates of
xenomorphic grains and inter growths with marcasite (Figs. 7E
and 8A, C), ga lena (Fig. 8C) and chal co py rite (Fig. 8D). Com -
monly, sphalerite ag gre gates re veal the pres ence of fine, oval
exsolutions of chal co py rite. 
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Fig. 7. BSE and mi cro scopic im ages of ore min er als from the Budniki site

A — ac cu mu la tion of pyrrhotite (Po) grains intergrown and partly re plac ing rock-form ing min er als, sam ple Bud B, re flected light; B — ag gre gates of
pyrrhotite (Po) intergrown with chal co py rite (Ccp) and lamellar pentlandite (Pn), sam ple Bud N2, re flected light; C — pyrrhotite ag gre gate (Po) with py -
rite (Py) inter growths; pyrrhotite is re placed along grain bound aries and cracks by a mix ture of marcasite (Mr) and py rite re sult ing from ini tial weath er ing
pro cesses, sam ple Bud B2, BSA im age; D — hipidiomorphic crys tals of ar seno py rite (Apy) re placed by chal co py rite (Ccp), sam ple Bud A2, re flected
light; E — ag gre gate of ar seno py rite (Apy) and marcasite (Mr) ac com pa nied by small, idiomorphic crys tals of cobaltite (Cbt); large sphalerite (Sp) grain
with rel ics of marcasite is also vis i ble, sam ple Bud 7a, BSE im age; F — idiomorphic crys tals of cobaltite (Cbt) show ing inhomogeneous chem i cal com po -
si tion, sam ple Bud 7a, BSE im age; ab bre vi a tions: Apy — ar seno py rite, Cbt — cobaltite, Mr — marcasite, Pn — pentlandite, Sp — sphalerite, other ex pla -
na tions as in Fig ure 6



Both the sin gle sphalerite crys tals and the ag gre gates show
vari able chem i cal com po si tion. Par tic u larly Fe, which is the
prin ci pal sub sti tute for Zn in sphalerite (Ta ble 5a–e), re veals
dif fer ences in con cen tra tion: the high est Fe con tents ex ceed
7 wt.%, which cor re sponds to 13.8 ±1.2 mol% FeS, whereas
the low est val ues are be low 0.5 wt.%, cor re spond ing to
0.4 ±0.2 mol% FeS. The Cd con tents are usu ally about
0.45–0.55 wt.% but, val ues up to 1.1 wt.%. were found also
(Ta ble 5a–e).

MARCASITE

Marcasite oc curs as micrometres-thick rims over grow ing
some pyrrhotite crys tals (Fig. 7C), as thin streaks grow ing
along the cleav age planes within large pyrrhotite ag gre gates,
and as ir reg u lar inter growths with pyrrhotite. 

Marcasite rims around pyrrhotite are en riched in Ni (about
0.3 wt.%).

GALENA

Ga lena was en coun tered in small amounts as inter growths
with sphalerite (Fig. 8C) and chal co py rite, and as dis sem i nated
crys tals. Chem i cal anal y ses did not re veal any sig nif i cant trace
el e ments (e.g., Ag, Se, As).

PENTLANDITE

Rel a tively rare pentlandite was found as small, flame-like
exsolutions within pyrrhotite ag gre gates (Fig. 7B). Its com po -
si tion (Ta ble 4) re veals that the grains an a lyzed are mem bers of
solid so lu tion formed by (Fe4.5Ni4.5)S8, Ni3±xS2 and Co4S3

(Kitakaze and Sugaki, 2004).

ARSENOPYRITE

Ar seno py rite forms iso met ric ag gre gates, up to sev eral
milli metres across, em bed ded within and scat tered around
quartz veinlets (Fig. 7D, E). Com mon are xenomorphic ag gre -
gates of ar seno py rite and Co-ar seno py rite whereas
idiomorphic grains are rare. Ar seno py rite forms inter growths
with cobaltite, chal co py rite (the lat ter fills cracks in and ce -
ments the ar seno py rite crys tals; Fig. 7D) and sphalerite.

COBALTITE 

The iden ti fi ca tion of cobaltite and glaucodote grains brings
some prob lems due to their op ti cal sim i lar ity and unequivocal
chem i cal com po si tion. Tak ing into ac count the higher ac tiv ity
of S than As dur ing the crys tal li za tion of the ore as sem blage
from Budniki re flected by the ab sence of (Co, Ni, Fe)-ar sen -
ides, all Co-rich phases are clas si fied here as cobaltite, par tic u -
larly if they form idiomorphic crystals.

Cobaltite tends to form fine (about 30 micrometres across),
idiomorphic crys tals scat tered within quartz grains of
quartz-ar seno py rite veinlets cut ting the am phi bo lite. More -
over, cobaltite com monly forms hipidiomorphic grains, over

100 mm across, co ex ist ing with ar seno py rite and/or ac com pa -
ny ing marcasite (Fig. 7E). This va ri ety is de scribed as

cobaltite 1. Small, euhedral crys tals, reach ing at most 30 mm in
size, and scat tered within quartz and sphalerite, were de ter -
mined as cobaltite 2.

Large grains of cobaltite 1 show poor zonation (Fig. 7F). A
rep re sen ta tive com po si tion of the ir reg u lar in ter nal zone was
re cal cu lated to atomic %: 41.0 at.% S, 25.4 at.% As, 17.3 at. %
Co, 12.0 at.% Fe and 4.3 at.% Ni. This is dis tin guished as the
cobaltite 1a va ri ety. The suc ceed ing outer zone con tains (af ter
re cal cu la tion): 37.6 at.% S, 28.7 at.% As, 21.2 at.% Co,
8.5 at.% Fe and 4.0 at.% Ni. This is the cobaltite 1b va ri ety. The 
out er most rim has 34.9 at.% S, 31.5 at.% As, 18.7 at.% Co, 7.6
at.% Fe and 7.3 at.% Ni. This was de scribed as the cobaltite 1c
va ri ety. It is clear that dur ing the crys tal li za tion of cobaltite, the
S/As ra tio pro gres sively de creased (Fig. 9). 

GERSDORFFITE

Gersdorffite is a rare ore com po nent and is dis sem i nated
within the am phi bo lites to gether with the Ti min er als and
pyrrhotite. Only oc ca sion ally it was en coun tered as tiny in clu -
sions in sphalerite hosted in quartz-ar seno py rite veinlets. 

Sul phide/sulphoarsenide min er al iza tion is en tirely ge net i -
cally linked to the sec ond va ri ety of am phi bo lite. With the re -
spect to the do mains dis tin guished within the am phi bo lites, this 
min er al iza tion is hosted in do mains B and C.

MINERAL SUCCESSION AND FORMATION
CONDITIONS OF THE ORE ASSEMBLAGE 

FROM THE BUDNIKI SITE

The ore min eral suc ces sion (Ta ble 6) was ob tained from mi -
cro scopic stud ies of both the pol ished and thin sec tions, tak ing
into ac count tex tures of min eral as sem blages and host-rocks,
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Pentlandite Pyrrhotite

S 32.37  32.51  32.61  39.04  39.24  

Sb 0.00 0.00 0.00 0.01 0.01

As 0.02 0.05 0.04 0.02 0.01

Fe 28.66  27.72  28.56  58.70  59.87  

Cu 0.00 0.00 0.00 0.00 0.00

Ni 35.24  35.43  35.95  1.10 0.26

Co 2.56 3.13 1.84 0.07 0.00

Mn 0.00 0.00 0.00 0.01 0.00

To tal 98.86  98.84  99.00  98.96  99.39  

Num ber of ions

S 7.852 7.913 7.923 1.000 1.000

Sb 0.000 0.000 0.000 0.000 0.000

As 0.002 0.005 0.004 0.000 0.000

Fe 3.991 3.874 3.984 0.863 0.876

Cu 0.000 0.000 0.000 0.000 0.000

Ni 4.671 4.711 4.773 0.015 0.004

Co 0.338 0.415 0.243 0.001 0.000

Mn 0.000 0.000 0.000 0.000 0.000

NFeS 0.927 0.933

T a  b l e  4

Av er age chem i cal com po si tions and for mu lae of pentlandite 
and pyrrhotite from the Budniki site an a lyzed 

us ing an elec tron microprobe (in wt.%)



inter growths of ore and rock-form ing min er als, and the chem i cal 
com po si tions of the main con stit u ents of the ore as sem blage. 

The ob ser va tions re vealed that the old est as sem blage com -
prises dis sem i nated il men ite and ti tan ite blasts elon gated con -
cor dantly to the fo li a tion of the first va ri ety of am phi bo lite.
This min er al iza tion is as signed to the meta mor phic
remobilization of el e ments from the am phi bo lite protoliths rep -
re sented by ba sic volcanics and tuffs. A youn ger gen er a tion of
Ti min er als in cludes a com plex suc ces sion of mu tu ally re plac -
ing il men ite, ti tan ite and rutile, all hosted in the sec ond va ri ety
of am phi bo lite and re lated to ret ro gres sion at the end of re -
gional meta mor phism, and to suc ceed ing stages of con tact
meta mor phism. Gen er ally, the Ti min er als are older than the
sulphide-sulphoarsenide assemblage. 

Among the sul phide-sulphoarsenide as sem blage, pyrrhotite
seems to be the ear li est min eral. Pyrrhotite grains com monly

con tain flame-like exsolutions of pentlandite, which also seems
to be an early phase. The suc ces sion of the re main ing sulphides
and sulphoarsenides ob served un der the mi cro scope ap pears to
be un equiv o cal. Hence, crys tal li za tion tem per a tures ob tained
with ar seno py rite (580–440°C) and sphalerite (450–250°C)
geothermometers were used as ad di tional cri te ria. As ar seno py -
rite crys tal lized in equi lib rium with pyrrhotite and, later on, with
py rite and pyrrhotite, it is rea son able to in fer the roughly con tem -
po ra ne ous for ma tion of these phases. Chal co py rite fol lows ar -
seno py rite, pyrrhotite and py rite in the min eral suc ces sion. The
po si tion of Fe-Ni-Co-As-S phases is doubt ful. Again, our mi cro -
scopic ob ser va tions do not pro vide un am big u ous ev i dence,
how ever, we think that cobaltite and gersdorffite are con tem po -
ra ne ous and fol low the for ma tion of the ar seno py -
rite-pyrrhotite-py rite as sem blage. The lower-tem per a ture as sem -
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Sphalerite Chal co py rite

a b c d e I II III

S 33.18 32.82 33.06 33.36 33.21 34.54 34.93 34.77

Mn 0.02 0.00 0.00 0.02 0.02 0.01 0.00 0.03

Fe 0.23 1.60 4.35 6.16 7.91 30.19 29.80 28.84

Cu 0.02 0.00 0.05 0.15 0.54 33.94 33.68 32.72

Zn 66.22 63.90 61.52 59.24 56.95 0.08 0.87 2.64

As 0.00 0.00 0.00 0.02 0.02 0.02 0.03 0.03

Se 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ag 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cd 0.55 1.11 0.54 0.46 0.50 0.00 0.00 0.00

In 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00

Sn 0.03 0.01 0.00 0.00 0.01 0.00 0.02 0.00

Sb 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00

Te 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Bi 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Hg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

To tal 100.27  99.44  99.54  99.44  99.17 98.77 99.33 99.03

Num ber of ions

S 1.012 1.008 1.006 1.017 1.009 2.002 2.023 2.022

Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001

Fe 0.004 0.028 0.076 0.108 0.138 1.005 0.991 0.963

Cu 0.000 0.000 0.001 0.002 0.008 0.993 0.984 0.960

Zn 0.990 0.962 0.918 0.885 0.849 0.002 0.025 0.075

As 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001

Se 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Ag 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Cd 0.005 0.010 0.005 0.004 0.004 0.000 0.000 0.000

In 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Sn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Sb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Te 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Pb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Bi 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Hg 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

% ZnS 0.4 ±0.2 2.8 ±0.6 7.6 ±1.1 10.8 ±0.4 13.8 ±1.2

T a  b l e  5

Av er age chem i cal com po si tions and for mu lae of sphalerite and chal co py rite from the Budniki site
 an a lyzed us ing an elec tron microprobe (in wt.%)
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Fig. 8. BSE and mi cro scopic im ages of ore min er als from the Budniki site

A — rib-like struc ture of marcasite ag gre gate (Mr) intergrown with sphalerite (Sp) and chal co py rite (Ccp); small crys tals of ar seno py rite (Apy) are also
vis i ble, sam ple Bud 6a, re flected light; B — ac cu mu la tion of hipidiomorphic py rite (Py) crys tals ar ranged par al lel to the fo li a tion of the am phi bo lite, sam -
ple Bud 7, re flected light; C — rel ics of marcasite (Mr) re placed by (Sp) and ga lena (Gn) bor der a large ar seno py rite grain (Apy), sam ple Bud A (2), BSE
im age; D — marcasite (Mr) re placed by sphalerite (Sp) and chal co py rite (Ccp), sam ple Bud 7a, re flected light; E — ac cu mu la tion of il men ite (Ilm) partly
re placed by ti tan ite and ce mented by pyrrhotite (Po), sam ple Bud 4, re flected light; F — lensoid ag gre gate of il men ite (Ilm) em bed ded within youn ger ag -
gre gate of xenomorphic pyrrhotite (Po) crys tals with min ute py rite (Py) in clu sions, sam ple Bud 8, BSE im age; ab bre vi a tions: Gn — ga lena, other ex pla na -
tions as in Fig ures 6 and 7



blage com prises sphalerite and ga lena, with dis tinct evo lu tion of
the ZnS com po si tion from high-Fe to low-Fe va ri et ies.

Marcasite is ob served as a late phase, rim ming large,
nest-like pyrrhotite ag gre gates and fill ing the cracks within
these aggregates. Its for ma tion is pre sum ably re lated to the
early stages of weath er ing at waste dumps. Trace amounts of
covel lite re sult from late trans for ma tions of chal co py rite and
may also be re lated to the ini tial weath er ing processes. 

DISCUSSION 

As shown ear lier, the crys tal li za tion of il men ite and part of
the ti tan ite was con nected mainly with the re gional meta mor -
phism dur ing which the prod ucts of Early Palaeozoic bi modal
vol ca nism were meta mor phosed un der am phi bo lite fa cies con -
di tions (550–600°C, p ~ 6 kbar) and trans formed into am phi bo -
lites. Ma jor and trace el e ment anal y ses of the Budniki am phi -
bo lite (B2) in di cate an al kali ba salt char ac ter and
within-plate-type tec tonic em place ment set ting of its protolith
(Oberc-Dziedzic et al., in press.). Al though the Ti con tent in the 
Budniki am phi bo lite is higher (4.4 wt.%) than those in typ i cal
within-plate bas alts (3.09–2.11 wt.%; Wil son, 1993) and in
other al kali metabasalts from the south east ern part of the
Izera–Kowary Unit (3.7–3.25 wt.%; Winchester et al., 1995),
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Fig. 9. Ter nary plot of CoAsS-FeAsS-NiAsS sys tem from Budniki 
(in atomic %)

Gdf — gersdorffite; grey ar rows show compositional trends re lated to
tem per a ture de crease and prog ress of crys tal li za tion; 

other ex pla na tions as in Fig ure 7
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such fea tures as the ar range ment of il men ite grains par al lel to
the fo li a tion, and the lack of ev i dence for crys tal li za tion of il -
men ite from ex ter nal sources, sug gest that Ti should be de rived 
from the protolith of the am phi bo lites. The source of Ti for
Al-ti tan ite and rutile might have been il men ite and
tschermakite.

Dur ing the con tact meta mor phism caused by the
Karkonosze in tru sion, which evolved from ret ro gres sion
(540°C) to peak tem per a tures (635°C) and then, again to ret ro -
gres sion (470°C) Ti min er al iza tion was sub jected to in ten sive
al ter ation, as in di cated by the re place ment of il men ite by
Al-rich ti tan ite, il men ite by rutile, and the crys tal li za tion of
large rutile grains. High-tem per a ture flu ids de rived from the in -
tru sion, car ry ing both S and As (with S dom i nat ing over As) re -
sulted in the crys tal li za tion of an ore as sem blage composed of
sulphides and sulphoarsenides. 

Thermochemical con di tions of ore min eral for ma tion were
de ter mined based on the com po si tions of pyrrhotite, ar seno py -
rite and sphalerite, tak ing into ac count tex tural re la tion ships
be tween these min er als and the co ex ist ing phases. The com po -
si tions of ar seno py rite crys tals were drawn onto the sul phur
fugacity (log fS2) vs. tem per a ture (T) di a gram for the Fe-As-S
sys tem (see Kretschmar and Scott, 1976, mod i fied by Sharp et
al., 1985; Fig. 10). Lim i ta tions of the ar seno py rite
geothermometer, re sult ing from the com mon inhomogenity of
the ar seno py rite crys tals (Kerestedjian, 1997), were taken into
ac count. Fol low ing Sharp et al. (1985), the im pact of pres sure
on ar seno py rite com po si tion buf fered by pyrrhotite and py rite
in low-pres sure hy dro ther mal de pos its is in sig nif i cant and here
it has been ig nored. Ad di tion ally, NFeS iso pleths of the FeS
mole frac tion in the FeS-S2 sys tem (Toulmin and Barton, 1964) 
and con cen tra tion lines of FeS con tent (mole %) in sphalerite
(Barton and Toulmin, 1966; Scott, 1983) were marked in the
Fe-As-S di a gram. 

Our data sug gest that the ore min er als crys tal lized suc ces -
sively from hot, hy dro ther mal flu ids of com plex
Fe-Ni-Co-Cu-Zn-S-As com po si tion, start ing from Ni-en riched 
pyrrhotite, (Fe, Ni)-en riched cobaltite, Co-ar seno py rite and
Co-free ar seno py rite. Exsolutions of pentlandite within some
pyrrhotite grains co ex ist ing with chal co py rite and, on the other
hand, the crys tal li za tion of (Co, Fe)-sulphoarsenides only in
quartz veins cut ting both the am phi bo lite and the ad ja cent
quartzofeldspathic schists, in di cate that sul phur fugacity
strongly pre dom i nated over that of ar senic at the be gin ning of
the min er al iza tion pro cess. Pentlandite is a phase un known in
the (Fe-Co-Ni)-As-S sys tem, and Ni clearly con cen trates in the
monosulphide solid so lu tion (mss) cor re spond ing to pyrrhotite
with a high S/As ra tio (Hem and Makovicky, 2001). Ac cord ing 
to many au thors (e.g. Kullerud, 1963; Vaasjoki et al., 1974;
Kaneda et al., 1986; Vaughan and Craig, 1997), pentlandite in
the Fe-Co-Ni-S sys tem forms at tem per a tures be low 610°C.
Kullerud (1963) showed even a cor re la tion be tween the Co
con tent of pentlandite and the tem per a ture of its for ma tion.
How ever, Sugaki and Kitakaze (1998) and Kitakaze and
Sugaki (2004) proved that pentlandite of com po si tion close to
Fe4.5Ni4.5S8 does not break at a tem per a ture of 615 ±3°C, but in -
verts to a high-tem per a ture form sta ble up to 865 ±3°C. Tak ing
into ac count these data, the pyrrhotite-pentlandite as sem blage
found in the Budniki site could be the prod uct of de com po si -

tion of a higher-tem per a ture mss, en riched in Ni. This phase
exsolved into pentlandite and re sid ual mss (pyrrhotite) with
lower Ni con tent. The rep re sen ta tive com po si tion of such
high-tem per a ture pyrrhotite can be close to those grains which
re veal the high est Ni and Co con tents, and are as so ci ated ei ther
with exsolutions or with sep a rate grains of pentlandite. Tak ing
into ac count the Co-T cor re la tion af ter Kullerud (1963), the
exsolution tem per a ture of pentlandite from high-tem per a ture
mss can be es ti mated as about 625°C. The tem per a ture of
pyrrhotite crys tal li za tion can be es ti mated based on the com po -
si tion of pyrrhotite in FeS-S2 sys tem (Toulmin and Barton,
1964) but, un for tu nately, the pyrrhotite from Budniki com -
monly con tains sig nif i cant amounts of Ni and traces of Co.
There fore, the frac tion NFeS = 0.930(4) was ob tained only for
the grains low est in Ni (about 0.4 wt.%). This value of NFeS in -
di cates the crys tal li za tion of pyrrhotite close to the Py/Po-equi -
lib rium at tem per a tures of about 510–560°C (Fig. 10).
Pyrrhotite con tain ing higher amounts of Ni prob a bly crys tal -
lized at higher tem per a tures, cor re spond ing even to those at
which pentlandite exsolved. 

Phase re la tion ships in the (Fe, Co, Ni)As0.5S1.5 sys tem at
650 and 500°C have re cently been in ves ti gated by Hem and
Makovicky (2004). Ac cord ing to these au thors, Fe-rich
cobaltite co ex ists with the mss and As1–xSx melt at 650°C, and it 
crys tal lizes to gether with ar seno py rite and py rite at 500°C. Fur -
ther more, the mss (Fe, Co, Ni)1–xS, is al ways formed in
Fe-bear ing sys tems, and at 650°C it con tains up to 0.2 at.% As,
along with vari able amounts of (Fe, Co, Ni), rang ing be tween
45.5–47.4 at.% (Fe + Co + Ni). At 500°C, the mss con tains up
to 0.7 at.% As, <3.7 at.% Co and vari able amounts of Fe and
Ni. Cobaltite, which crys tal lizes at 650°C, con tains <10.8 at.%
Fe, but at 500°C this phase re veals up to 4 at.% Fe and <7.9
at.% Ni. Pentlandite was not ob served in the sys tem in ves ti -
gated (Hem and Makovicky, 2004).

We sug gest that in the Budniki min er al iza tion the fol low ing 
phases crys tal lized suc ces sively from the (Fe-Co-Ni-As-S)-flu -
ids: (Fe, Co) gersdorffite, (Fe, Ni) cobaltite and Co ar seno py rite 
of com po si tion close to (Fe, Co)AsS. These were fol lowed by
gersdorffite, cobaltite and ar seno py rite rel a tively low in Co and 
Ni (Fig. 9). Gersdorffite crys tal lized only in the form of small,
dis sem i nated grains within am phi bo lite, but it is al most ab sent
from all other forms of ore min er al iza tion at the Budniki site,
es pe cially from the quartz-ar seno py rite veinlets con tain ing
Co-rich min er al iza tion. There fore, it seems to be a prod uct of
re ac tion be tween the am phi bo lite and the flu ids. The crys tal li -
za tion of gersdorffite and (Fe, Ni) cobaltite might have taken
place at tem per a tures close even to 600°C. Ac cord ing to Hem
and Makovicky (2004), at this tem per a ture the mss be comes
more and more en riched in Fe, and more de pleted in both Co
and Ni. At the fi nal stage of ar seno py rite crys tal li za tion (Co,
Ni)-free ar seno py rite can crys tal lize, ac cord ing to the re ac tion:
FeS(pyrrhotite) + As(lq) = FeAsS and FeS2(py rite) + As(lq) = FeAsS.
The tem per a ture and sul phur fugacity f(S2) dur ing this crys tal li -
za tion pro cess has been es ti mated us ing the ar seno py rite
geothermometer (Toulmin and Barton, 1964; Sharp et al.,
1985). For the ob served As con tent in the Co-low ar seno py rite
(rang ing from 35.1 to 32.4 at.%) it can be as sumed that crys tal -
li za tion was first buf fered by pyrrhotite at 580°C, than also by
py rite at about 440°C. The sul phur fugacity ex pressed as
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logf(S2) var ied in time from about –4 to about –6. The (Fe, Ni)
cobaltite was com monly ob served in side the Co-low ar seno py -
rite grains. It had to crys tal lize af ter the exsolution of
pentlandite, pos si bly to gether with pyrrhotite, at a slightly
higher tem per a ture than that de ter mined for ar seno py rite. Dur -
ing the crys tal li za tion of gersdorffite, cobaltite and ar seno py -
rite, the con tents of Fe and Ni in these min er als pro gres sively
de creased and the fi nal, (Fe, Ni)-low cobaltite could crys tal lize
at tem per a tures be low 500°C (Fig. 10), as for Co-free ar seno -
py rite.

Chal co py rite forms inter growths with pyrrhotite, ar seno py -
rite, py rite and sphalerite, which sug gests a wide range of crys -
tal li za tion tem per a tures. In the Budniki min er al iza tion
sphalerite very of ten oc curs as large, polymineral ag gre gates in
which it re places and co alesces all the ear lier phases. Sphalerite 
grains are inhomogeneous in com po si tion. Dur ing its con tin u -
ous crys tal li za tion, the Fe con tent pro gres sively de creased,
from about 13.8 to about 0.4 mol% FeS. Based on the FeS con -
tent in sphalerite quoted by Scott (1983), the tem per a tures of
ZnS crys tal li za tion can be es ti mated as 450°C for the early
phases, down to about 250°C for the late ones (Fig. 10).

Cor re spond ingly, sul phur fugacity var ied from –7 to about
–10. Many sphalerite crys tals show nu mer ous in clu sions, par -
tic u larly of chal co py rite. Inter growths of sphalerite with chal -
co py rite and less com monly with ga lena were also ob served.
Chal co py rite in clu sions within sphalerite con tains as much as
2.6 wt.% Zn. The tem per a ture of such exsolutions was es ti -
mated at 440–370°C (Scott, 1983; Fig. 10). 

A con cep tual model of the Budniki min er al iza tion (Ta -
ble 7) in cludes the fol low ing stages: Early Or do vi cian bi modal
vol ca nism and Early Or do vi cian in tru sion of the Kowary
Gneiss protolith suc ceeded by Early Variscan re gional meta -
mor phism and, fi nally, fol lowed by Variscan magmatism (the
Karkonosze Gran ite in tru sion), and re lated con tact meta mor -
phism ac com pa nied by hy dro ther mal ac tiv ity. 

In such a scheme, the bulk of Ti min er al iza tion is re lated to
both the re gional and con tact meta mor phism. The source of Ti
could be the protolith of the am phi bo lites. By contrast, the bulk
of the Fe-Ni-Co-Cu-Zn-Pb sul phide and ar se nide min er al iza -
tion is clearly linked to the con tact meta mor phism and re lated
hy dro ther mal ac tiv ity of the Karkonosze Gran ite. The in tru sion 
was, most likely, the source of both the ther mal en ergy and the
el e ments, ex cept for a part of the Fe, which might have come
from trans for ma tion of am phi boles and il men ite. One can as -
sume that the early stage of min er al iza tion (high-tem per a ture
pyrrhotite with pentlandite exsolutions, ar seno py rite) could
have been re lated to the sec ond ep i sode of con tact meta mor -
phism rep re sented by the Mg-hornblende II/Ca-plagioclase/
clinopyroxene as sem blage (tem per a tures 622–635°C). The re -
place ment of ra di at ing am phi bole crys tals by pyrrhotite may be 
a sign of this pro cess. The fur ther min er al iza tion stages took
place dur ing the third ep i sode of con tact meta mor phism (tem -
per a tures 473–511°C) con nected with shear ing, which ap par -
ently fa cil i tated the cir cu la tion of hy dro ther mal flu ids. This is
sup ported by the presence of ore minerals within and around
the quartz-feldspar veinlets.
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Fig. 10. Patch of physical-chem i cal evo lu tion (heavy line) of crys tal li za tion en vi ron ment of pyrrhotite-
ar seno py rite-sphalerite as sem blage from the Budniki camp in the sul phur fugacity (log f S2) vs tem per a -
ture (T) di a gram (af ter Toulmin and Barton, 1964, Barton and Toulmin, 1966; Kretschmar and Scott,

1976; Sharp et al., 1985; Scott, 1983)



Based on the ore min eral suc ces sion, we sug gest that hy -
dro ther mal so lu tions evolved from high-tem per a ture, high
S/high Fe, to high As/high Ni/Co, then to high Zn flu ids. Be -
cause Cu, Ni, Co, Zn, Pb and As do not oc cur in large quan ti ties 
in the host am phi bo lites, a mag matic or i gin for the hy dro ther -
mal so lu tions is prob a ble.

In con clu sion, the Budniki min er al iza tion be longs to the
Variscan ore-form ing ep i sode re lated to the ac tiv ity of the
Karkonosze Gran ite. Con sid er ing the min er al iza tion stages in
the east ern en ve lope of the Karkonosze Gran ite dis tin guished by 
Mochnacka (2000), the Budniki min er al iza tion can be cor re lated 
with the tran si tion from stages II to III. Stage II was pro posed to
rep re sent the high-tem per a ture min er al iza tion in the con tact
zone of the gran ite whereas stage III was a typ i cal vein-type hy -
dro ther mal min er al iza tion, also re lated to the gran ite ac tiv ity.

CONCLUSIONS

Based on mi cro scopic ob ser va tions and chem i cal anal y ses,
the fol low ing char ac ter is tics of the ore-form ing pro cesses can
be formulated:

1. The Budniki Ti-ox ide/Fe-Cu-Ni-Co-Zn-Pb-sul -
phide-sulphoarsenide min er al iza tion, al though un eco nomic,
pro vides an in ter est ing con tri bu tion to the un der stand ing of the
re la tion ships be tween meta mor phism, hy dro ther mal pro cesses
and ore min er al iza tion re lated to the ac tiv ity of the Variscan
Karkonosze Granite intrusion.

2. Ore min er al iza tion is hosted in am phi bo lites and, much
less sig nif i cantly, in quartzofeldspathic schists. 

3. The source of Ti is in ter preted to be the protolith of the
am phi bo lites. Ti min er al iza tion in cludes the il men ite-ti tan ite
as sem blage formed dur ing re gional meta mor phism, fol lowed
by de com po si tion of il men ite and crys tal li za tion of Al-ti tan ite
and rutile dur ing con tact metamorphism.

4. Polymetallic sul phide-sulphoarsenide min er al iza tion in -
cludes: pyrrhotite, py rite, chal co py rite, ar seno py rite, gersdorffite,
cobaltite, sphalerite, ga lena and marcasite pre cip i tated dur ing con -
tact meta mor phism from hy dro ther mal so lu tions, at a tem per a ture
range from 625°C (based on pyrrhotite-pentlandite inter growths)
through 580–440°C (ar seno py rite geothermometer) to
450–250°C (sphalerite geothermometer). 

5. Hy dro ther mal so lu tions were of mag matic or i gin, as the
host ing am phi bo lites do not con tain sig nif i cant amounts of
met als (ex cept iron) to be leached and de pos ited as a sul -
phide-sulphoarsenide assemblage. 

6. The Budniki min er al iza tion be longs to the Variscan
ore-form ing ep i sode re lated to the ac tiv ity of the Karkonosze
Gran ite and is cor re lated with the early stage of polymetallic
min er al iza tion, which cul mi nated in the for ma tion the
well-known Kowary and Miedzianka polymetallic de pos its,
both in tensely mined in the past. 
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