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Ti remobilization and sulphide/sulphoarsenide mineralization in amphibolites:
effect of granite intrusion (the Karkonosze—Izera Massif, SW Poland)
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Our studies focus on ore mineralization in a contact-metamorphic aureole, using the Variscan Karkonosze Granite pluton as an example.
The Karkonosze intrusion is enveloped by an Early Palaeozoic (about 500 Ma) metamorphic complex of the Izera—Kowary Unit com-
posed of a diverse assemblage of gneisses, granitic gneisses, schists, amphibolites and marbles. The Budniki ore mineralization site was
discovered in the early 1950’s at the SE margin of the pluton. The uneconomic Ti-oxide/silicate, Fe-Cu-Ni-Co-sulphide-sulphoarsenide,
and uranium mineral deposits are hosted within amphibolites which were subjected to regional metamorphism followed by contact meta-
morphism. The Ti mineralization includes an ilmenite-titanite assemblage that originated from regional-metamorphic transformation of
igneous Ti-bearing minerals, such as ilmenite and tschermakite, of the basic protoliths of amphibolites. During subsequent contact meta-
morphism, ilmenite was decomposed and, afterwards, Al-rich titanite and rutile were formed. The Ti remobilization was coeval with an
early stage of superimposed Fe-Cu-Ni-Co-sulphide/sulphoarsenide mineralization (pyrrhotite, pyrite, pentlandite, arsenopyrite, chalco-
pyrite, sphalerite and Fe-Ni-Co-As-S phases), related to the activity of the Karkonosze Granite hydrothermal system. The ore minerals
formed successively within a wide range of temperatures (625-250°C).
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INTRODUCTION Based on that report and an other early data (Borucki et al.,
1967), Mochnacka and Banas (2000) classified the Budniki as
“U-Th mineralization in nests spatially related to the
Karkonosze Granite”. However, no further detailed studies
have been carried out.

The aim of this paper is to determine remobilization and
mineralization processes triggered by contact metamorphism in
a granite pluton aureole. We describe mutual relationships be-
tween the host rocks and the ore mineralization at the Budniki
camp based on microscope studies of rock fabric, mineral inter-
growths, supported by electron microprobe analyses of
rock-forming and ore minerals. As a result, the metamorphic
processes and related position of ore mineralization have been
correlated. The formation of Ti-mineralization is interpreted in
terms of metamorphic remobilization processes during contact
metamorphism connected with the Karkonosze Granite intru-
sion, followed by sulphide and sulphosalt mineralization origi-
nating from the activity of hydrothermal solutions.

The southeastern part of the metamorphic cover of the
Variscan Karkonosze Granite (Fig. 1) hosts diverse ore miner-
alization. One of the mineralization sites is the Budniki camp
situated 3.5 km south-east of Karpacz, on the northern slope of
the Kowary Range (Fig. 2). It is an abandoned exploration
camp where uranium minerals were sought in the 1950’s. This
exploration activity left three adits and small waste dumps still
accessible in a stream valley. These adits and dumps have
yielded an interesting set of samples of amphibolites and
quartzofeldspathic schists with Ti-Fe oxides and Fe, Cu, As,
Co, Zn, Pb sulphides and sulphoarsenides. No uranium miner-
als have recently been detected.

The Budniki mineralization site was described briefly in an
unpublished uranium exploration report (Kaczmarek, 1959).
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Fig. 1. Geological map of the Karkonosze—Izera Massif (compiled from Chaloupsky, 1989;
Mazur, 1995; Mazur and Aleksandrowski, 2001; Oberc-Dziedzic, 2003)

KIM — Karkonosze—Izera Massif; inset map: ISF — Intra-Sudetic Fault, MGCH — Mid-German Crystalline High, MO — Moldanubian Zone, MOFZ —
Middle Odra Fault Zone, MS — Moravo-Silesian Zone, NP — Northern Phyllite Zone, RH — Rhenohercynian Zone, SBF — Sudetic Boundary Fault, ST
— Saxothuringian Zone, UEFZ — Upper Elbe Fault Zone; rectangle shows the position of the KIM in the Bohemian Massif

MATERIALS AND METHODS

About 40 quartzofeldspathic schist and amphibolite sam-
ples were collected from the Budniki area for petrographic,
mineralogical, geochemical and ore mineralization studies. De-
tailed microscope examinations were carried out on 20 thin
sections under transmitted light and on 65 polished sections ob-
served under reflected light.

The chemical composition of minerals was analyzed using
the CAMECA SX 100 microprobe analyzer at the Electron
Microprobe Laboratory, University of Warsaw, operating at an
acceleration voltage of 15 kV, a beam current of 10 nA for
plagioclase and mica, and 20 nA for other minerals, a counting
time of 20 s and a background time of 10 s. The raw data were
corrected with the ZAF procedure contained in the PAP soft-
ware provided by CAMECA.

GEOLOGICAL SETTING

The Karkonosze—Izera Massif (KIM; Fig. 1), situated in the
Western Sudetes, includes the Karkonosze Granite pluton dated
at 329 +17 Ma using the Rb-Sr whole-rock method (Duthou e?
al., 1991) and its Neoproterozoic-Palacozoic metamorphic enve-
lope, which has been interpreted as a sequence of four distinct
structural units: (1) the Izera—Kowary Unit, (2) the Jested Unit,
(3) the South Karkonosze Unit and (4) the Leszczyniec Unit,
showing different lithostratigraphies and metamorphic evolution
(Mazur and Aleksandrowski, 2001). These units have been in-
terpreted as elements of the nappe structure of the KIM formed
in the Late Devonian and modified during the Early Carbonifer-
ous (op. cit.). The nappe pile was intruded by the Karkonosze
Granite pluton. Its contact aureole is 600 to 2000 m wide
(Mierzejewski and Oberc-Dziedzic, 1990).
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Fig. 2. Geological map of the Budniki site (after Rézanski, 1995)

The rocks studied belong to the southeastern part of the
Izera—Kowary Unit (IKU) exposed between the southern mar-
gin of the Karkonosze pluton and the state border (Fig. 1). This
part of the IKU (Fig. 2) includes the Kowary gneisses sur-
rounded from the south by an assemblage of mica schists,
quartzofeldspatic schists and amphibolites. The Budniki site is
located in the northern part of this assemblage, about 1.5 km
south of the margin of the Karkonosze Granite pluton, within
the range of the contact-metasomatic aureole.

PETROGRAPHY

QUARTZOFELDSPATHIC SCHISTS

Quartzofeldspathic schists form small bodies (Fig. 2)
within mica schists or 2-5 cm-thick intercalations in amphibo-
lites. These are white-grey, very fine-grained rocks showing
distinct foliation and lineation. The foliation is defined by flat-

Fig. 3. Amphibolite sample B4 from the Budniki site

A, B, C, D — rock domains are described in the text

Fig. 4. Microscopic image of A, B, C domains
from the amphibolite sample B4

Ap — apatite, Rt — rutile, crossed polars

tened grains of quartz and albite, and rare, minute flakes of
muscovite and biotite. Biotite occasionally also forms
porphyroblasts, oblique to the foliation. Apatite is an accessory
constituent, whereas grains of tourmaline are locally abundant.
Rutile forms minute grains, some of which are arranged paral-
lel to the foliation while others follow cross-cutting cracks.
Such a position proves a relatively young age of the rutile.

AMPHIBOLITES

Amphibolites are dark green to blackish-green,
fine-grained rocks, mostly of granoblastic texture. These can be
subdivided into two varieties which differ in fabric and in the
chemical compositions of the amphiboles and plagioclases.
The first variety, represented by sample B2, is composed
mainly of parallel, elongated grains of bluish-green hornblende
and short packets of fine plagioclases, both defining the folia-
tion. Strings of small, rounded or flattened ilmenite grains to-
gether with titanite and epidote follow the foliation. All miner-
als seem to be in equilibrium and show only weak signs of
plagioclase and tschermakite decomposition.

The second variety of amphibolite, represented by sample
B4 (Figs. 3 and 4), is composed of four types of domain. Do-
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main A has greyish-green and dark green colours and shows a
perfect foliation defined by flakes of biotite, strips of
hornblende and layers of quartz and plagioclase. Long, blocky
epidote grains and strings of ilmenite are parallel to the folia-
tion. Domain B is composed of chaotically oriented, short, pris-
matic grains of amphiboles of magnesiohornblende and
actinolite composition, and strips of older hornblende. It con-
tains large crystals of rutile and apatite, and small grains of
Ca-plagioclase and titanite. Domain C is represented by two el-
lipsoidal nodules, 2 cm and 0.5 cm long, with tails characteris-
tic of porphyroclasts. The deflection of the matrix folia ob-
served near the larger nodule may be interpreted as a result of
local deformation around the pre-existing, rigid object
(Vernon, 2004). The internal part of domain C is composed ex-
clusively of radiating, acicular aggregates of actinolite. The
needle-like actinolite crystals become thicker in the tails of the
domain, which resembles a flower-like structure. The marginal
part of domain C is composed of parallel grains of green or blu-
ish-green amphibole, abundant ilmenite, the latter showing
exsolution lamellae of rutile and replacements by titanite.
Small patches comprising Na-plagioclase, epidote and titanite,
together with apatite crystals, occur between amphibole grains
and in the pressure shadows (tails). Domain D is composed of
parallel-aligned, long epidote crystals, biotite flakes, small
plagioclase grains and rare pyroxene.

The amphibolites also form small, 2 cm-thick, intercala-
tions in a quartzofeldspathic schist composed of hornblende
and, locally, of albite porphyroblasts.

The structural features and whole rock chemistry (not
shown here) suggest that the rocks described reflect differentia-
tion products of an original bimodal volcanic suite: basic lavas

Selected microprobe analyses of plagiocla

(the first variety of amphibolite), basic tuffs (the second variety
of amphibolite), acidic tuffs (quartzofeldspathic schist) and in-
tercalations of acidic and basic tuffs.

CHEMISTRY OF THE ROCK-FORMING MINERALS

The mineral chemistry was studied in two samples of am-
phibolite (B2, B4) and in one sample showing intercalations of
amphibolite in quartzofeldspathic schist (B6). Systematic in-
vestigations were focused on plagioclases and amphiboles.

PLAGIOCLASE

In sample B2, representing the first variety of amphibolite,
plagioclase varies from Anjss to Anpss. The Or-admixture is
low, between 0.3% and 1.3%, but sporadically can be as high as
8.2%. Some plagioclase grains show patches of albite (Abgg og6
Ang, g and Oryg 1,) and K-feldspar, interpreted as a product of
plagioclase decomposition during retrogression (Table 1).

In sample B4 (Fig. 4), representing the second variety of
amphibolite, the An-contents in the plagioclase vary signifi-
cantly on the scale of individual domains. In domain A,
plagioclase grains show a compositional range of Ansz ;—Anys 4
and contain 1.0-9.2% of Or-admixture. More Na-plagioclase
grains (Anys 4) show patches (exsolutions) of K-feldspar, rich in
Ab and An components (Org—Abs;—An;4). Domain B, com-
posed of chaotically oriented amphibole crystals, contains
small grains of Ca-plagioclase (Ansgg 345). The marginal part
of domain C, composed of green or bluish-green amphibole,

Table 1

se from the Budniki amphibolite (in wt.%)

B4 B4
B2 B4 domain A domain | domain B6
SiO, 61.34 68.26 64.51 60.28 54.02 52.87 66.51 64.54 69.43
Al 04 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 - -
Na,O 8.42 11.51 9.96 7.42 5.27 4.54 10.73 9.31 11.66
K,0 0.19 0.15 0.23 1.6 0.27 0.06 0.12 0.09 0.07
Total 99.55 99.69 99.58 99.79 99.29 99.53 99.8 100.23 | 101.07
Number of ions on the basis 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™ 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

or 1.1 0.8 1.3 9.2 1.5 0.3 0.7 0.5 0.4
},\/301' 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
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comprises Na-plagioclase (Angg 3;) with Or varying between 0.7
and 1.4 Mol. % (Table 1).

In the amphibolite intercalation within the quartzofeldspathic
schist (B6), plagioclase of Anj;¢¢7; composition forms small
porphyroblasts.

AMPHIBOLE

Amphibole analyses are listed in Table 2. The nomenclature of
the amphiboles studied was defined following the procedure de-
scribed by Leake ef al. (1997). Amphiboles from the Budniki site are
members of the calcic group with Cag>1.5, 0.50 <(Na + K)5<0.50
and Cax<0.50. These minerals belong to two generations that form
separate grains. The younger amphiboles do not overgrow the older
ones. The older generation is the main constituent in the first variety
of amphibolite (B2 sample). It occurs also in the second variety (B4
sample) in B4 domain A and as relict strips within younger amphi-
boles in B4 domain B. The older amphibole is tschermakite with
Mg/(Mg+Fe) ratios 0.57-0.61, or magnesiohomblende with
Mg/(Mg+Fe) ratios of 0.62-0.78 (Fig. 5). Some tschermakite grains
are patchily retrograded to magnesiohornblende. The old amphiboles
show much higher contents of Al, Na, K and Ti, and lower contents
of Ca than amphiboles of the new generation. Tschermakite is associ-
ated with plagioclase Anyss to Anyss.

The younger generation of amphiboles occurs in the amphibo-
lite intercalation in quartzofeldspathic schist (sample B6) and in the
second variety of amphibolite (sample B4, Fig. 4) as: (1) chaotically
oriented, short, prismatic grains (sample B6 and sample B4 domain
B) or (2) radiating, acicular aggregates of sample B4 domain C (el-
lipsoidal nodules), and (3) parallel-arranged grains of green or blu-
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Fig. 5. Compositional variation of amphiboles from the Budniki
amphibolites shown on the Leake et al. (1997) classification diagram;
97 analyses

ish-green amphibole of the marginal part of domain C. The
new, chaotically oriented amphiboles do not show
compositional variations in single grains but reveal consid-
erable variation as the entire group. In the Si-Mg/(Mg+Fe)
diagram (Leake et al., 1997; Fig. 5) these minerals plot
mainly into the field of magnesiohornblende, forming two
groups separated by a distinct gap. Magnesiohornblende I
forms a common array with the older generation of amphi-
boles. It has the same chemical characteristics as the
magnesiohornlende member of the older amphiboles but
shows a different structural position expressed by a chaotic
orientation. It is associated with An;;.¢¢ plagioclase. The
magnesiohornblende II plots close to the adjacent parts of
the actinolite and ferrohornblende fields (Fig. 5). Its com-
position differs from the composition of the
magnesiohornblende I in its higher Si and lower Al con-
tents. Magnesiohornblende II is associated with
plagioclase of Ansgc—An;z4 s composition.

Amphiboles forming the radiating and acicular aggre-
gates in the nodules show compositional variations
(Fig. 5). The oldest, central parts of radiating aggregates
and the root parts of needle-like crystals are composed of
actinolite low in Al and high in Mg. Towards the tailpieces
of needles, the amphiboles changes from actinolite to
magnesiohornblende and ferrohornblende in the outer
parts of the needles and become similar in composition to
the chaotically oriented grains. The composition of thicker
amphibole crystals which form aggregates resembling
flowers changes in a similar way as for needle-like crystals.

Parallel-arranged grains of amphibole from the mar-
ginal part of the C domain plot into the
magnesiohornblende field. Their composition differs from
the composition of the chaotic magnesiohornblende in
having higher Mg and lower Fe contents (Fig. 5). Such dif-
ferences composition, the position in the rocks and the as-
sociation with albite, epidote and titanite allow definition
of this variety of amphibole as magnesiohornblende III. It
is associated with Na-plagioclase (Angg 3.1)

METAMORPHISM

The reconstruction of the metamorphic history of the
Budniki rocks is difficult. The mineral assemblage of the
quartzofeldspathic schists: quartz + albite + muscovite + bi-
otite, which define the foliation, is not diagnostic of a spe-
cific P-T range. However, the presence of muscovite
allowes use of the phengite geobarometer. Muscovite from
the quartzofeldspathic schist shows a relatively low phengite
content (Si*'= 3.25 p.fu. and Fe + Mg = 0.801). Thus, the
calculated minimum pressure equal to 6 kb at 600°C
(Massonne and Schreyer, 1987) took place during the for-
mation of the foliation in the quartzofeldspathic schist.

Features of the amphibolite samples: (1) significant dif-
ferences in chemical composition of the coexisting
plagioclases and amphiboles, (2) replacement textures of
Ti minerals, (3) new fabric imposed on earlier pre-
served-fabric, all point to a lack of metamorphic equilib-
rium. However, the fact that amphiboles and plagioclases
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Selected microprobe analyses of amphibole

B2 B4 domain B new B4 domain C (nodule)

older amphibole amphibole central part thicker crystals
SiO, 45.85 42.44 | 42.56 43.9 50.83 51.14 50.3 52.84 | 54.63 49.95 49.51 46.9
TiO, 0.41 0.49 0.45 0.4 0.12 0.15 0.2 0.03 0.04 0.12 0.2 0.17
ALO; | 10.14 13.11 12.75 11.64 3.71 3.33 4.52 2.42 1.49 5.24 4.61 6.29
Cr,0; 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
Na,O 1.29 1.75 1.87 1.86 0.33 0.25 0.36 0.19 0.16 0.45 0.6 0.56
K,0 0.32 0.52 0.48 0.43 0.21 0.19 0.24 0.09 0.05 0.21 0.34 0.5
Total | 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
Al"Y 1.266 1.649 1.64 1.451 0.447 0.344 0.532| 0.287| 0.198 0.62 0.635 0.88
AlY! 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"’ 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| 2223 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

¢ — central part of the grain, r — marginal part of the grain;
formulas of amphiboles calculated according to procedure of Robinson ez al. (1982)

of specific compositions form pairs which are characteristic of
particular types of domains suggests a local equilibrium and al-
lows for a partial reconstruction of metamorphism conditions.

The Budniki amphibolites underwent metamorphic events
recorded by four pairs of amphiboles and plagioclases showing
different compositions:

1. tschermakite + plagioclase Anyss to Anyss;

2. magnesiohornblende I + plagioclase An_s;

3. actinolite/magnesiohornblende II/ferrohornblende +

Ca-plagioclase Ansgg 345;

4. magnesiohornblende IIT + Na-plagioclase Angg 3.

The temperatures of metamorphism which affected the am-
phibolites were estimated using the amphibole-plagioclase
geothermometer for silica-saturated and silica-undersaturated
rocks (thermometer B; Holland and Blundy, 1994) and com-
pared with results derived from the graphical geothermo-
barometer of Plyusnina (1982) based on the Al-content of am-
phibole and Ca-content of plagioclase.

As the Budniki amphibolite does not contain critical miner-
als such as gamnet or orthoamphibole, many popular
geobarometers for metamorphic rocks cannot be used for pres-
sure estimation. Similarly, the geobarometers based on the

Al-content in hornblende cannot be applied for amphibolites be-
cause they are recommended for magmatic rocks. An exception
among these geobarometers is the graphical geothermo-
barometer of Plyusnina (1982) based on the Al-content of am-
phibole and the Ca-content of plagioclase, and calibrated for
metabasites metamorphosed under epidote-amphibolite- and
amphibolite-facies conditions. We used this, although it often
yielded unrealistic values of temperature and pressure. The pres-
sure conditions were also estimated, on the basis of the mineral
assemblages in the hornfelses surrounding the amphibolite, as
not higher than 2-3 kbar (Mochnacka et al., 2007). Such pres-
sure was assumed in the calculation of temperature for the sec-
ond, third and fourth plagioclase-amphibole pairs.

The first amphibole-plagioclase pair defines the foliation
and refers to the regional stage of metamorphism. At a pressure
of 6 kbar (the value estimated for the quartzofeldspathic schist
accompanying the amphibolite) the temperatures calculated
with the Holland and Blundy geothermometer (1994) were
675°C for the pair tschermakite + plagioclase Anys s and 650°C
for the pair tschermakite + plagioclase Anjg,. The graphical
geothermobarometer of Plyusnina (1982) yielded much lower
temperatures: 530°C and 510°C, respectively, and a pressure of
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Table 2
from the Budniki amphibolite (in wt.%)
B4 domain C (nodule)
needle crystal marginal part Bo Bda
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

6.3—8 kbar, comparable with the value of pressure estimated for
the quartzofeldspathic schists.

The temperatures calculated for the first amphi-
bole-plagioclase pair using Holland and Blundy (1994)
geothermometer seem to be too high. The range of tempera-
tures during the first stage of metamorphism is confined by the
absence of clinopyroxene which should appear around 650°C
and the presence of small amount of epidote which is not typi-
cally found in amphibolites that were metamorphosed at tem-
peratures higher than 600°C (Bucher and Frey, 1994). The ab-
sence of clinopyroxene and the presence of epidote indicate
maximum peak-metamorphic conditions of about 600°C. On
the contrary, the results — 530°C and 510°C — of the graphi-
cal geothermobarometer after Plyusnina (1982) seem to be too
low. In such temperatures, plagioclase and amphibole should
have different chemical compositions than the first pair of
hornblende and plagioclase, and chlorite should be present.
The absence of chlorite suggests that the minimum temperature
was about 550°C, because this mineral completely disappears
at this temperature.

Over 100°C  discrepancies between the two
geothermometers used corroborate opinions (Nasir and
Okrusch, 1997; John et al., 1999) that the plagioclase-

hornblende thermometers yield either too low (Plyushnina,
1982) or too high temperatures (Holland and Blundy, 1994).

The second pair: magnesiohornblende I + plagioclase An._;s
was found in the amphibolite intercalation in
quartzofeldspathic schist (sample B6). The chaotic orientation
of both minerals indicates crystallization without stress. The
temperature calculated with the Holland and Blundy
geothermometer (Holland and Blundy, 1994) for the second
pair was about 540°C, at the assumed pressure of 2 kbar and
510°C and 2 kbar using the graphical geothermobarometer of
Plyusnina (1982).

In sample B4, some older amphiboles in strips preserved
within younger, chaotic amphiboles show the same composi-
tion as magnesiohornblende I and magnesiohornblende patches
in the tschermakite. This observation suggests that the retro-
gression of the tschermakite took place under similar P-T con-
ditions as the crystallization of magnesiohornblende I.

The third pair — chaotically oriented actinolite/mag-
nesiohornblende  II/ferrohornblende and Ca-plagioclase
Ansg g 345 — was found in several domains. As in the second
pair, the lack of preferred orientation of amphiboles suggests
crystallization without stress. The crystallization temperature
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of the third pair was estimated at 622—635°C at the assumed
pressure of 2 kbar (Holland and Blundy, 1994). This estimation
seems to be realistic and is supported by the appearance of
clinopyroxene in the same association. In the Plyusnina (1982)
diagram, analyses of the third pair are situated outside the
boundary conditions of this geothermobarometer.

The fourth pair: magnesiohornblende III + Na-plagioclase
Angg 3 occurs in the marginal part of the amphibole nodule.
The estimated temperature is 473-511°C at the assumed pres-
sure of 2 kbar (Holland and Blundy, 1994). A similar result was
obtained using the Plyushnina (1982) geothermobarometer.

The calculated temperatures, together with the observed
succession of minerals and fabrics, allow the sequence of meta-
morphic events in the Budniki area to be determined. We inter-
pret these as two discrete metamorphic events, with older re-
gional metamorphism and younger contact metamorphism, the
latter connected with the Karkonosze Granite intrusion. During
the first event, i.e. the Variscan regional metamorphism, the
products of Early Palacozic (Oberc-Dziedzic ef al., in press) bi-
modal volcanism were metamorphosed and deformed under
amphibolite facies conditions, within temperatures range esti-
mated from the first amphibole-plagioclase pair (600-550°C).
The signs of plagioclase and tschermakite decomposition sug-
gest a subsequent decrease in temperature, still during that re-
gional metamorphic event.

The contact metamorphism connected with the Karkonosze
intrusion caused remarkable but unevenly distributed changes
in mineral composition, mineral associations and rock textures,
leaving some parts of amphibolites untouched and others com-
pletely transformed. Such heterogeneity of change indicates
that the degree of metamorphism was caused not only by tem-
perature but also by magmatic fluids. The migration of fluids
was facilitated by structural and compositional discontinuities
such as foliation and layering. During the contact metamor-
phism, the rocks were subjected to changing temperatures, as
suggested by the calculations for the 2nd, 3rd and 4th pairs of
amphibole and plagioclase. The first episode of contact meta-
morphism took place at about 540°C, i.e. at temperature lower
than those of the regional metamorphism. It caused retrograded
reactions in the existing tschermakite and plagioclase Any; 5 to
Anys 5 in some places, and crystallization of the new amphibole
and plagioclase (magnesiohornblende I + plagioclase An.;s)
having similar chemical compositions as the retrograded
patches in tschermakite and plagioclase Anys s. In the course of
the next episode, the temperature gradually increased, as re-
corded by the changes of amphibole composition from
actinolite to magnesiohornblende and ferrohornblende in the
nodules. The peak temperature of 622—635°C during that epi-
sode is reflected by the coexistence of chaotic
magnesiohornblende II and Ca-plagioclase grains, and by the
appearance of clinopyroxene. The actinolite + Ca-plagioclase
assemblage is relatively common in metabasites from contact
aureoles and usually occurs immediately on the low-tempera-
ture side of the amphibolite facies zone (Miyashiro, 1994). Our
calculations show that the magnesiohornblende II +
Ca-plagioclase assemblage, typical of the Budniki amphibo-
lites, crystallized at higher temperatures.

The actinolite/magnesio-/ferrohornblende nodule shows a
porphyroclast-like shape. This feature, together with the paral-

lel arrangement of amphiboles surrounding the nodule, are evi-
dence of shearing after the formation of the nodule. The shear-
ing took place at temperatures of 473-511°C calculated from
the fourth amphibole + plagioclase pair. The rocks were again
subjected to retrogression, which caused decomposition of
Ca-plagioclase into albite and epidote. The amphibole + albite
+ epidote assemblage is characteristic of the late phase of con-
tact metamorphism.

TI MINERALIZATION

In the Budniki quartzofeldspathic schist, the total content of
TiO; is 0.545 wt.% (Oberc-Dziedzic et al., in press). Ti miner-
alization is represented by rutile. It occurs as single, minute
grains, arranged parallel to the foliation or scattered along
cracks. Rutile grains occur also near muscovite and chlorite,
both replacing biotite (Fig. 6A). The textural position of rutile
indicates crystallization after brittle deformation and is proba-
bly connected with hydrothermal fluids circulating along the
foliation planes and cracks. It does not necessarily mean that Ti
was supplied from an external source, but it might have been
present in the protolith of the quartzofeldspathic schist. How-
ever, biotite should be excluded as the main source of Ti be-
cause of its scarcity in the quartzofeldspathic schist.

The Budniki amphibolites contain much more TiO,
(4.398 wt.%) than the quartzofeldspathic schist (Oberc-
Dziedzic et al., in press). Ti-minerals are represented by ilmen-
ite, rutile and titanite. The relationships between these minerals,
their sequence and their position in the rock domains highlight
the development of Ti mineralization and help to define more
precisely the metamorphic conditions.

In the first variety of amphibolite (B2), Ti minerals are repre-
sented by clusters or aggregates of ilmenite and titanite which
parallel the foliation (Fig. 6B); in places these are accompanied
by minute grains of chalcopyrite (Fig. 6C). Initially, these two
Ti-phases were apparently in equilibrium (Fig. 6C) as they do
not exhibit any reaction or texture alteration. The mutual inclu-
sions: ilmenite in titanite and titanite in ilmenite are probably an
effect of the section or indicate some retrogression. The struc-
tural position of ilmenite and titanite suggests that their crystalli-
zation was coeval with the deformation which produced the foli-
ation defined by tschermakite and plagioclase Anj;5 to Anps:s.

Some ilmenite grains show intergrowths with rutile. Such
grains were found in the amphibolite intercalation in
quartzofeldspathic schists (sample B6, Fig. 6D, E) where these
minerals form inclusions in the plagioclase that defines the foli-
ation. [lmenite intergrowths with rutile also occur in the matrix
of the external part of the actinolite nodule in sample B4
(Fig. 6F). In both cases the position of ilmenite-rutile inter-
growths suggests that their origin is related to shearing along
the foliation.

In the second variety of amphibolite (sample B4) the rela-
tionships between Ti minerals are more complicated. Gener-
ally, ilmenite is replaced by titanite (Fig. 6F, G). This process
usually begins at the margins of ilmenite crystals and gradually
proceeds into the interiors, leaving small patches of ilmenite in-
side the titanite (Fig. 6G). The titanite rims around ilmenite,
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Fig. 6. BSE images of Ti minerals from the Budniki site

Quartzofeldspathic schist: A — rutile grains associated with calcite, muscovite and chlorite replacing biotite; sample B3; amphibolite: B — aggregates of
ilmenite and titanite arranged parallel to the foliation in amphibolite; sample B2; C — ilmenite and titanite associated with minute grains of chalcopyrite;
sample B2; D, E — rutile-ilmenite intergrowths showing different proportions of Ilm and Rt; amphibolite intercalation in quartzofeldspathic schist, sam-
ple B6; F — rutile-ilmenite intergrowths surrounded by titanite; sample B4; G — ilmenite patchily replaced by titanite; sample B4; H — ilmenite grain
elongated concordantly with foliation, patchily replaced by rutile rimmed by titanite and intergrown by pyrrhotite, sample Bud-7; I — pseudomorph after
ilmenite composed of rutile needles forming a trigonal network; minute patches of titanite occur in the external part of the pseudomorph; sample Bud-Z; J
— large rutile grain having ilmenite exsolutions along network of cleavage planes and altered to ilmenite at the margins; sample B4; abbreviations: Am —
amphibole, Ap — apatite, Cal — calcite, Ccp — chalcopyrite, Chl — chlorite, [lm — ilmenite, Ms — muscovite, Po — pyrrhotite, Py — pyrite, Rt —
rutile, Ttn — titanite
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Table 3
Average chemical composition and formulae of Ti minerals from the Budniki amphibolite analyzed
using an electron microprobe (in wt.%)
Rutile . Titanite
I 1 I v y | Mmenite] A 1 2 3 4 5
SiO, 0.00 0.00 0.00 0.00 0.00 0.00 30.47 | 29.96 30.44 30.46 30.24 30.44
Ta,05 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
TiO, 92.69 96.30 96.83 98.42 98.46 51.80 38.63 | 34.36 35.27 36.90 37.24 35.13
SnO, 0.04 0.02 0.04 0.01 0.02 0.00 - 2.20 0.44 0.21 0.00 0.00
Zr0, 0.00 0.00 0.00 0.00 0.00 0.00 — 0.00 0.00 0.00 0.00 0.00
Nb,Os | 3.25 1.73 0.57 0.25 0.05 0.04 - 0.08 0.02 0.00 0.00 0.00
ThO, 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00
uo, 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
WO, 1.09 0.27 0.84 0.04 0.01 0.00 - 0.00 0.00 0.00 0.00 0.00
Al O4 0.00 0.00 0.00 0.00 0.00 0.00 1.11 2.36 2.88 1.87 1.71 2.45
V,0, 0.85 0.76 0.80 0.62 0.76 0.36 0.22 0.16 0.19 0.15 0.11 0.05
H,0 - - - - - - - 0.18 0.24 0.14 0.21 0.39
Total 100.01 | 100.15 | 99.46 99.81 99.60 99.28 99.85 | 97.56 98.34 98.37 98.72 98.32
Number of ions on: 2 O (rutile), 3 O (ilmenite), 4 O (titanite)

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
\% 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
Total 1.006 1.001 1.002 1.002 1.004 2.003

intergrown with rutile (Fig. 6F) indicate that the replacement of
ilmenite by titanite took place after the deformation and it af-
fected only grains in the matrix (Fig. 6F) which were not pro-
tected by the host plagioclase (Fig. 6D, E).

Occasionally, ilmenite is replaced by rutile (Fig. 6H, I). The
replacement leads to the formation of rutile patches rimmed by
titanite (Fig. 6H). Small inclusions of chalcopyrite and
pyrrhotite suggest that such replacement might have been
caused by hydrothermal processes and might have used Fe re-
leased from ilmenite (Ramdohr, 1969). Another pattern of re-
placement leads to the appearance of rutile pseudomorphs after
ilmenite composed of rutile needles forming a trigonal network
(Fig. 6I). The pseudomorphs have the shape of d&-type
porphyroclasts and are associated with long, asymmetrically
folded crystals of ilmenite. The rotation of pseudomorphs took
place after the replacement and was coeval with the deforma-
tion of the amphibole nodule.

The next generation of Ti minerals is rutile associated with
new, chaotic magnesiohornblende II and large apatite crystals.
This rutile reaches up to several millimetres in size and tends to
host numerous ilmenite exsolutions along cleavage planes and,
locally, reveals distinct alteration into ilmenite at the margins
(Fig. 6J).

The chemical composition of Ti minerals is given in Table 3.
The large rutile grains show variable composition with irregular
zones enriched in Nb,Os (up to 3.25 wt.%), FeO (up to 1.94
wt.%), WO; (up to 1.09 wt.%) and traces of Ta,Os (Table 3,
analysis I), surrounded by zones with distinctly lower contents of
these components (Table 3, analyses II, III). The rutile needles in
pseudomorphs after ilmenite usually contain only traces of Fe
and Nb, sometimes also W (Table 3, analyses IV, V) whereas va-
nadium is a common component (0.6-0.8 wt.%).

By contrast, the ilmenite is highly homogeneous. Smaller
grains of ilmenite dispersed within amphibolite often show
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high enrichment in Mn, with a mean MnO content of about
4.5 wt.% (not shown in Table 3). Both the ilmenite forming the
lamellar exsolutions within large rutile grains and overgrowing
them, as well as the ilmenite forming asymmetrically folded
crystals, are slightly less enriched in Mn, with a mean MnO
content of 1.83 wt.% (Table 3). Besides Mn, only V,0; is a sig-
nificant component (0.36 wt.%).

The chemical composition of the titanite is also variable. In
the first-type amphibolite (B2), titanite which is in equilibrium
with ilmenite contains 1.11 wt.% Al,O; (Table 3, analysis
A-1). In the second variety of amphibolite (B4), all analyzed
crystals of titanite replacing ilmenite are enriched in Al com-
pared with the first variety. They contain 1.8 to almost 2.9 wt.%
ALO; (Table 3, analyses 1-5), and sporadically, up to
4.5 wt.%. The V,0; content is low, usually 0.1-0.2 wt.%. Ti-
tanite crystals with significant amounts of Sn (up to 2.2 wt.%
SnO,) were only occasionally observed.

The processes of mutual replacement of Ti minerals proba-
bly started at the end of the regional metamorphic event and be-
came very intense during the contact metamorphism. The re-
placement processes were controlled by temperature, fluids, lo-
cal mineral assemblages (chemical composition) and rock
structures.

The replacement of ilmenite by titanite was connected with
retrogression at the end of the regional metamorphic event
and/or at the beginning of the contact metamorphism, as well as
during the late phase of the latter. The retrogression was en-
hanced by the presence of fluids and it caused the decomposi-
tion of plagioclases and the release of Ca and Al, facilitating the
formation of titanite enriched in Al. Harlov er al. (2006)
showed that the formation of Al-bearing titanite during amphi-
bolite and greenschists facies metamorphism depends not only
on P, T, bulk-rock composition and composition of the coexist-
ing fluids but also on fO, and fH,0.

The replacement of ilmenite by rutile is only occasionally
observed. It might have occurred at the same time as the replace-
ment of ilmenite by titanite and might have been confined to the
domains of rock devoid of Ca — the necessary component in the
formation of titanite. However, it is also possible that the re-
placement of ilmenite by rutile took place a little later than the re-
placement of ilmenite by titanite and occurred during the crystal-
lization of the actinolite/magnesiohornblende II + Ca-plagio-
clase assemblage, which consumed all the available Ca. The
changes of chemical composition of amphiboles in the nodules
point to a continuous increase of Fe content during crystalliza-
tion of the actinolite—-magnesiohornblende II—ferrohornblende
array. The amphiboles of this array contain also considerably
less Ti than tschermakite, which was an original constituent of
the rocks and became unstable under new conditions. A simulta-
neous decrease of Fe and Ca ions, especially in domains com-
posed of new, chaotic magnesiohornblende II, resulted in the
crystallization of large grains of rutile which were subsequently
imperceptibly alterated to ilmenite along the cleavage planes and
grain margins.

The later retrogression was responsible for the crystalliza-
tion of magnesiohornblende III + albite + epidote + titanite as-
semblage. It also provided conditions for a continuation of the
replacement of ilmenite by titanite.

SULPHIDE/SULPHOARSENIDE MINERALIZATION

Microscopy observations revealed the presence of a diver-
sified assemblage of ore minerals. Besides Ti phases and en-
closed, tiny inclusions of scheelite and wolframite, the ore as-
semblage is composed mainly of pyrrhotite, pyrite, chalcopy-
rite, sphalerite and arsenopyrite. Other phases, such as
cobaltite, gersdorffite, marcasite, galena and pentlandite, occur
only occasionally.

The ore minerals form disseminated, spotty, streaky and
veinlet structures within various types of amphibolites. Be-
cause the samples were collected exclusively from dumps, it is
impossible to evaluate the relationships between the various
ore structures.

PYRRHOTITE

Pyrrhotite forms disseminated and spotted structures. Some
grains are arranged concordantly with the amphibolite folia-
tion, while other, larger, isometric or elongated aggregates are
commonly intergrown with gangue minerals (Fig 7A).
Pyrrhotite forms intergrowths with chalcopyrite. Both phases
seem to be contemporaneous (Fig 7B). Pyrrhotite crystals are
commonly replaced by marcasite which rims its grains and
grows inside, along cleavage planes (Fig 7C).

The chemical composition of pyrrhotite is generally uni-
form. Grains hosting exsolutions of pentlandite are highest in
Ni (mean value about 1.10 wt.%; Table 4), whereas in the re-
maining grains Ni contents range typically from 0.40 to
0.80 wt.%. In contrast, Co does not concentrate in pyrrhotite as
its mean content never exceeds 0.1 wt.% (Table 4).

PYRITE

Pyrite forms fine, disseminated crystals, intergrowths with
pyrrhotite (Fig. 7C), aggregates of hipidiomorphic crystals ar-
ranged parallel to the foliation (Fig. 8B) and intergrowths with
chalcopyrite.

CHALCOPYRITE

Chalcopyrite occurs as single, disseminated, xenomorphic
grains or intergrowths with pyrrhotite (Fig. 7B), arsenopyrite
(Fig. 7D), marcasite (Fig. 8A) and sphalerite (Fig. 8D). Com-
mon also are tiny exsolutions in sphalerite.

The typical composition of chalcopyrite is almost
stoichiometric (Table 5, Chalcopyrite I) but exsolutions in
sphalerite show a mean content of 0.87 +£0.40 wt.% Zn (some-
times up to 2.64 wt.%; Table 5, Chalcopyrite IT and III).

SPHALERITE

Sphalerite occurs as single crystals, aggregates of
xenomorphic grains and intergrowths with marcasite (Figs. 7E
and 8A, C), galena (Fig. 8C) and chalcopyrite (Fig. 8D). Com-
monly, sphalerite aggregates reveal the presence of fine, oval
exsolutions of chalcopyrite.
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Fig. 7. BSE and microscopic images of ore minerals from the Budniki site

A — accumulation of pyrrhotite (Po) grains intergrown and partly replacing rock-forming minerals, sample Bud B, reflected light; B — aggregates of
pyrrhotite (Po) intergrown with chalcopyrite (Ccp) and lamellar pentlandite (Pn), sample Bud N2, reflected light; C — pyrrhotite aggregate (Po) with py-
rite (Py) intergrowths; pyrrhotite is replaced along grain boundaries and cracks by a mixture of marcasite (Mr) and pyrite resulting from initial weathering
processes, sample Bud B2, BSA image; D — hipidiomorphic crystals of arsenopyrite (Apy) replaced by chalcopyrite (Ccp), sample Bud A2, reflected
light; E — aggregate of arsenopyrite (Apy) and marcasite (Mr) accompanied by small, idiomorphic crystals of cobaltite (Cbt); large sphalerite (Sp) grain
with relics of marcasite is also visible, sample Bud 7a, BSE image; F — idiomorphic crystals of cobaltite (Cbt) showing inhomogeneous chemical compo-
sition, sample Bud 7a, BSE image; abbreviations: Apy — arsenopyrite, Cbt — cobaltite, Mr — marcasite, Pn — pentlandite, Sp — sphalerite, other expla-
nations as in Figure 6
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Table 4

Average chemical compositions and formulae of pentlandite
and pyrrhotite from the Budniki site analyzed
using an electron microprobe (in wt.%)

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
Total | 98.86 98.84 99.00 98.96 99.39
Number 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
NEes 0.927 0.933

Both the single sphalerite crystals and the aggregates show
variable chemical composition. Particularly Fe, which is the
principal substitute for Zn in sphalerite (Table 5a—¢), reveals
differences in concentration: the highest Fe contents exceed
7 wt.%, which corresponds to 13.8 £1.2 mol% FeS, whereas
the lowest values are below 0.5 wt.%, corresponding to
0.4 £0.2 mol% FeS. The Cd contents are usually about
0.45-0.55 wt.% but, values up to 1.1 wt.%. were found also
(Table 5a—e).

MARCASITE

Marcasite occurs as micrometres-thick rims overgrowing
some pyrrhotite crystals (Fig. 7C), as thin streaks growing
along the cleavage planes within large pyrrhotite aggregates,
and as irregular intergrowths with pyrrhotite.

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

GALENA

Galena was encountered in small amounts as intergrowths
with sphalerite (Fig. 8C) and chalcopyrite, and as disseminated
crystals. Chemical analyses did not reveal any significant trace
elements (e.g., Ag, Se, As).

PENTLANDITE

Relatively rare pentlandite was found as small, flame-like
exsolutions within pyrrhotite aggregates (Fig. 7B). Its compo-
sition (Table 4) reveals that the grains analyzed are members of
solid solution formed by (FessNiys)Ss, NizixS; and Co,S;
(Kitakaze and Sugaki, 2004).

ARSENOPYRITE

Arsenopyrite forms isometric aggregates, up to several
millimetres across, embedded within and scattered around
quartz veinlets (Fig. 7D, E). Common are xenomorphic aggre-
gates of arsenopyrite and Co-arsenopyrite whereas
idiomorphic grains are rare. Arsenopyrite forms intergrowths
with cobaltite, chalcopyrite (the latter fills cracks in and ce-
ments the arsenopyrite crystals; Fig. 7D) and sphalerite.

COBALTITE

The identification of cobaltite and glaucodote grains brings
some problems due to their optical similarity and unequivocal
chemical composition. Taking into account the higher activity
of S than As during the crystallization of the ore assemblage
from Budniki reflected by the absence of (Co, Ni, Fe)-arsen-
ides, all Co-rich phases are classified here as cobaltite, particu-
larly if they form idiomorphic crystals.

Cobaltite tends to form fine (about 30 micrometres across),
idiomorphic crystals scattered within quartz grains of
quartz-arsenopyrite veinlets cutting the amphibolite. More-
over, cobaltite commonly forms hipidiomorphic grains, over
100 wm across, coexisting with arsenopyrite and/or accompa-
nying marcasite (Fig. 7E). This variety is described as
cobaltite 1. Small, euhedral crystals, reaching at most 30 um in
size, and scattered within quartz and sphalerite, were deter-
mined as cobaltite 2.

Large grains of cobaltite 1 show poor zonation (Fig. 7F). A
representative composition of the irregular internal zone was
recalculated 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 distinguished as the
cobaltite 1a variety. The succeeding outer zone contains (after
recalculation): 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 variety. The
outermost 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 described as the cobaltite 1c
variety. It is clear that during the crystallization of cobaltite, the
S/As ratio progressively decreased (Fig. 9).

GERSDORFFITE

Gersdorffite is a rare ore component and is disseminated
within the amphibolites together with the Ti minerals and
pyrrhotite. Only occasionally it was encountered as tiny inclu-
sions in sphalerite hosted in quartz-arsenopyrite veinlets.

Sulphide/sulphoarsenide mineralization is entirely geneti-
cally linked to the second variety of amphibolite. With the re-
spect to the domains distinguished within the amphibolites, this
mineralization is hosted in domains B and C.

MINERAL SUCCESSION AND FORMATION
CONDITIONS OF THE ORE ASSEMBLAGE
FROM THE BUDNIKI SITE

The ore mineral succession (Table 6) was obtained from mi-
croscopic studies of both the polished and thin sections, taking
into account textures of mineral assemblages and host-rocks,
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Table 5

Average chemical compositions and formulae of sphalerite and chalcopyrite from the Budniki site
analyzed using an electron microprobe (in wt.%)

Sphalerite Chalcopyrite
a b c d e 1 1I 111
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
Total 100.27 99.44 99.54 99.44 99.17 98.77 99.33 99.03
Number 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 04+0.2 | 2.8+0.6 | 7.6+1.1 | 10.8+0.4 | 13.8+1.2

intergrowths of ore and rock-forming minerals, and the chemical
compositions of the main constituents of the ore assemblage.

The observations revealed that the oldest assemblage com-
prises disseminated ilmenite and titanite blasts elongated con-
cordantly to the foliation of the first variety of amphibolite.
This mineralization is assigned to the metamorphic
remobilization of elements from the amphibolite protoliths rep-
resented by basic volcanics and tuffs. A younger generation of
Ti minerals includes a complex succession of mutually replac-
ing ilmenite, titanite and rutile, all hosted in the second variety
of amphibolite and related to retrogression at the end of re-
gional metamorphism, and to succeeding stages of contact
metamorphism. Generally, the Ti minerals are older than the
sulphide-sulphoarsenide assemblage.

Among the sulphide-sulphoarsenide assemblage, pyrrhotite
seems to be the earliest mineral. Pyrrhotite grains commonly

contain flame-like exsolutions of pentlandite, which also seems
to be an early phase. The succession of the remaining sulphides
and sulphoarsenides observed under the microscope appears to
be unequivocal. Hence, crystallization temperatures obtained
with arsenopyrite (580-440°C) and sphalerite (450-250°C)
geothermometers were used as additional criteria. As arsenopy-
rite crystallized in equilibrium with pyrrhotite and, later on, with
pyrite and pyrrhotite, it is reasonable to infer the roughly contem-
poraneous formation of these phases. Chalcopyrite follows ar-
senopyrite, pyrrhotite and pyrite in the mineral succession. The
position of Fe-Ni-Co-As-S phases is doubtful. Again, our micro-
scopic observations do not provide unambiguous evidence,
however, we think that cobaltite and gersdorffite are contempo-
raneous and follow the formation of the arsenopy-
rite-pyrrhotite-pyrite assemblage. The lower-temperature assem-



Ti remobilization and sulphide/sulphoarsenide mineralization in amphibolites: effect of granite intrusion ... 363

Fig. 8. BSE and microscopic images of ore minerals from the Budniki site

A — rib-like structure of marcasite aggregate (Mr) intergrown with sphalerite (Sp) and chalcopyrite (Ccp); small crystals of arsenopyrite (Apy) are also
visible, sample Bud 6a, reflected light; B— accumulation of hipidiomorphic pyrite (Py) crystals arranged parallel to the foliation of the amphibolite, sam-
ple Bud 7, reflected light; C — relics of marcasite (Mr) replaced by (Sp) and galena (Gn) border a large arsenopyrite grain (Apy), sample Bud A (2), BSE
image; D — marcasite (Mr) replaced by sphalerite (Sp) and chalcopyrite (Ccp), sample Bud 7a, reflected light; E — accumulation of ilmenite (Ilm) partly
replaced by titanite and cemented by pyrrhotite (Po), sample Bud 4, reflected light; F — lensoid aggregate of ilmenite (Ilm) embedded within younger ag-
gregate of xenomorphic pyrrhotite (Po) crystals with minute pyrite (Py) inclusions, sample Bud 8, BSE image; abbreviations: Gn — galena, other explana-
tions as in Figures 6 and 7
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Fig. 9. Ternary plot of CoAsS-FeAsS-NiAsS system from Budniki

(in atomic %)

Gdf — gersdorffite; grey arrows show compositional trends related to
temperature decrease and progress of crystallization;
other explanations as in Figure 7

blage comprises sphalerite and galena, with distinct evolution of
the ZnS composition from high-Fe to low-Fe varieties.

Marcasite is observed as a late phase, rimming large,
nest-like pyrrhotite aggregates and filling the cracks within
these aggregates. Its formation is presumably related to the
carly stages of weathering at waste dumps. Trace amounts of
covellite result from late transformations of chalcopyrite and
may also be related to the initial weathering processes.

DISCUSSION

As shown earlier, the crystallization of ilmenite and part of
the titanite was connected mainly with the regional metamor-
phism during which the products of Early Palacozoic bimodal
volcanism were metamorphosed under amphibolite facies con-
ditions (550-600°C, p ~ 6 kbar) and transformed into amphibo-
lites. Major and trace element analyses of the Budniki amphi-
bolite (B2) indicate an alkali basalt character and
within-plate-type tectonic emplacement setting of its protolith
(Oberc-Dziedzic et al., in press.). Although the Ti content in the
Budniki amphibolite is higher (4.4 wt.%) than those in typical
within-plate basalts (3.09-2.11 wt.%; Wilson, 1993) and in
other alkali metabasalts from the southeastern part of the
Izera—Kowary Unit (3.7-3.25 wt.%; Winchester et al., 1995),

Table 6

Ore mineral succession of the Budniki site (uranium mineralization data after Kaczmarek, 1959)

Mineral

Stages

Protolith

Regional
metamorphism

600-550°C
6 kbar

Contact metamorphism Weathering

Ilmenite

Titanite

Rutile

====(I) 625

Pyrrhotite

1(6257) 11 (560-510)

Wolframite, scheelite

Pentlandite

Gersdorffite

(6007)

Arsenopyrite

(580-440)

Cobaltite

Pyrite

Chalcopyrite

9 ===9

Sphalerite

Galena

Marcasite

Covellite

Uranium minerals
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such features as the arrangement of ilmenite grains parallel to
the foliation, and the lack of evidence for crystallization of il-
menite from external sources, suggest that Ti should be derived
from the protolith of the amphibolites. The source of Ti for
Al-titanite and rutile might have been ilmenite and
tschermakite.

During the contact metamorphism caused by the
Karkonosze intrusion, which evolved from retrogression
(540°C) to peak temperatures (635°C) and then, again to retro-
gression (470°C) Ti mineralization was subjected to intensive
alteration, as indicated by the replacement of ilmenite by
Al-rich titanite, ilmenite by rutile, and the crystallization of
large rutile grains. High-temperature fluids derived from the in-
trusion, carrying both S and As (with S dominating over As) re-
sulted in the crystallization of an ore assemblage composed of
sulphides and sulphoarsenides.

Thermochemical conditions of ore mineral formation were
determined based on the compositions of pyrrhotite, arsenopy-
rite and sphalerite, taking into account textural relationships
between these minerals and the coexisting phases. The compo-
sitions of arsenopyrite crystals were drawn onto the sulphur
fugacity (log fS,) vs. temperature (T) diagram for the Fe-As-S
system (see Kretschmar and Scott, 1976, modified by Sharp et
al., 1985; Fig. 10). Limitations of the arsenopyrite
geothermometer, resulting from the common inhomogenity of
the arsenopyrite crystals (Kerestedjian, 1997), were taken into
account. Following Sharp et al. (1985), the impact of pressure
on arsenopyrite composition buffered by pyrrhotite and pyrite
in low-pressure hydrothermal deposits is insignificant and here
it has been ignored. Additionally, N isopleths of the FeS
mole fraction in the FeS-S, system (Toulmin and Barton, 1964)
and concentration lines of FeS content (mole %) in sphalerite
(Barton and Toulmin, 1966; Scott, 1983) were marked in the
Fe-As-S diagram.

Our data suggest that the ore minerals crystallized succes-
sively from hot, hydrothermal fluids of complex
Fe-Ni-Co-Cu-Zn-S-As composition, starting from Ni-enriched
pyrrhotite, (Fe, Ni)-enriched cobaltite, Co-arsenopyrite and
Co-free arsenopyrite. Exsolutions of pentlandite within some
pyrrhotite grains coexisting with chalcopyrite and, on the other
hand, the crystallization of (Co, Fe)-sulphoarsenides only in
quartz veins cutting both the amphibolite and the adjacent
quartzofeldspathic schists, indicate that sulphur fugacity
strongly predominated over that of arsenic at the beginning of
the mineralization process. Pentlandite is a phase unknown in
the (Fe-Co-Ni)-As-S system, and Ni clearly concentrates in the
monosulphide solid solution (mss) corresponding to pyrrhotite
with a high S/As ratio (Hem and Makovicky, 2001). According
to many authors (e.g. Kullerud, 1963; Vaasjoki et al., 1974;
Kaneda et al., 1986; Vaughan and Craig, 1997), pentlandite in
the Fe-Co-Ni-S system forms at temperatures below 610°C.
Kullerud (1963) showed even a correlation between the Co
content of pentlandite and the temperature of its formation.
However, Sugaki and Kitakaze (1998) and Kitakaze and
Sugaki (2004) proved that pentlandite of composition close to
Fe, 5Niy 5Sg does not break at a temperature of 615 £3°C, but in-
verts to a high-temperature form stable up to 865 £3°C. Taking
into account these data, the pyrrhotite-pentlandite assemblage
found in the Budniki site could be the product of decomposi-

tion of a higher-temperature mss, enriched in Ni. This phase
exsolved into pentlandite and residual mss (pyrrhotite) with
lower Ni content. The representative composition of such
high-temperature pyrrhotite can be close to those grains which
reveal the highest Ni and Co contents, and are associated either
with exsolutions or with separate grains of pentlandite. Taking
into account the Co-T correlation after Kullerud (1963), the
exsolution temperature of pentlandite from high-temperature
mss can be estimated as about 625°C. The temperature of
pyrrhotite crystallization can be estimated based on the compo-
sition of pyrrhotite in FeS-S, system (Toulmin and Barton,
1964) but, unfortunately, the pyrrhotite from Budniki com-
monly contains significant amounts of Ni and traces of Co.
Therefore, the fraction N = 0.930(4) was obtained only for
the grains lowest in Ni (about 0.4 wt.%). This value of N in-
dicates the crystallization of pyrrhotite close to the Py/Po-equi-
librium at temperatures of about 510-560°C (Fig. 10).
Pyrrhotite containing higher amounts of Ni probably crystal-
lized at higher temperatures, corresponding even to those at
which pentlandite exsolved.

Phase relationships in the (Fe, Co, Ni)AsysS; s system at
650 and 500°C have recently been investigated by Hem and
Makovicky (2004). According to these authors, Fe-rich
cobaltite coexists with the mss and As;_, S, melt at 650°C, and it
crystallizes together with arsenopyrite and pyrite at 500°C. Fur-
thermore, the mss (Fe, Co, Ni);,S, is always formed in
Fe-bearing systems, and at 650°C it contains up to 0.2 at.% As,
along with variable amounts of (Fe, Co, Ni), ranging between
45.5-47.4 at.% (Fe + Co + Ni). At 500°C, the mss contains up
to 0.7 at.% As, <3.7 at.% Co and variable amounts of Fe and
Ni. Cobaltite, which crystallizes at 650°C, contains <10.8 at.%
Fe, but at 500°C this phase reveals up to 4 at.% Fe and <7.9
at.% Ni. Pentlandite was not observed in the system investi-
gated (Hem and Makovicky, 2004).

We suggest that in the Budniki mineralization the following
phases crystallized successively from the (Fe-Co-Ni-As-S)-flu-
ids: (Fe, Co) gersdorffite, (Fe, Ni) cobaltite and Co arsenopyrite
of composition close to (Fe, Co)AsS. These were followed by
gersdorffite, cobaltite and arsenopyrite relatively low in Co and
Ni (Fig. 9). Gersdorffite crystallized only in the form of small,
disseminated grains within amphibolite, but it is almost absent
from all other forms of ore mineralization at the Budniki site,
especially from the quartz-arsenopyrite veinlets containing
Co-rich mineralization. Therefore, it seems to be a product of
reaction between the amphibolite and the fluids. The crystalli-
zation of gersdorffite and (Fe, Ni) cobaltite might have taken
place at temperatures close even to 600°C. According to Hem
and Makovicky (2004), at this temperature the mss becomes
more and more enriched in Fe, and more depleted in both Co
and Ni. At the final stage of arsenopyrite crystallization (Co,
Ni)-free arsenopyrite can crystallize, according to the reaction:
Fes(pyrrhotite) + AS(|q) = FeAsS and FeSz(pyﬁte) + AS(lq) = FeAsS.
The temperature and sulphur fugacity f{.S,) during this crystalli-
zation process has been estimated using the arsenopyrite
geothermometer (Toulmin and Barton, 1964; Sharp et al.,
1985). For the observed As content in the Co-low arsenopyrite
(ranging from 35.1 to 32.4 at.%) it can be assumed that crystal-
lization was first buffered by pyrrhotite at 580°C, than also by
pyrite at about 440°C. The sulphur fugacity expressed as
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Fig. 10. Patch of physical-chemical evolution (heavy line) of crystallization environment of pyrrhotite-
arsenopyrite-sphalerite assemblage from the Budniki camp in the sulphur fugacity (log f'S,) vs tempera-
ture (T) diagram (after Toulmin and Barton, 1964, Barton and Toulmin, 1966; Kretschmar and Scott,
1976; Sharp et al., 1985; Scott, 1983)

logf(S) varied in time from about —4 to about —6. The (Fe, Ni)
cobaltite was commonly observed inside the Co-low arsenopy-
rite grains. It had to crystallize after the exsolution of
pentlandite, possibly together with pyrrhotite, at a slightly
higher temperature than that determined for arsenopyrite. Dur-
ing the crystallization of gersdorffite, cobaltite and arsenopy-
rite, the contents of Fe and Ni in these minerals progressively
decreased and the final, (Fe, Ni)-low cobaltite could crystallize
at temperatures below 500°C (Fig. 10), as for Co-free arseno-
pyrite.

Chalcopyrite forms intergrowths with pyrrhotite, arsenopy-
rite, pyrite and sphalerite, which suggests a wide range of crys-
tallization temperatures. In the Budniki mineralization
sphalerite very often occurs as large, polymineral aggregates in
which it replaces and coalesces all the earlier phases. Sphalerite
grains are inhomogeneous in composition. During its continu-
ous crystallization, the Fe content progressively decreased,
from about 13.8 to about 0.4 mol% FeS. Based on the FeS con-
tent in sphalerite quoted by Scott (1983), the temperatures of
ZnS crystallization can be estimated as 450°C for the early
phases, down to about 250°C for the late ones (Fig. 10).

Correspondingly, sulphur fugacity varied from —7 to about
—10. Many sphalerite crystals show numerous inclusions, par-
ticularly of chalcopyrite. Intergrowths of sphalerite with chal-
copyrite and less commonly with galena were also observed.
Chalcopyrite inclusions within sphalerite contains as much as
2.6 wt.% Zn. The temperature of such exsolutions was esti-
mated at 440-370°C (Scott, 1983; Fig. 10).

A conceptual model of the Budniki mineralization (Ta-
ble 7) includes the following stages: Early Ordovician bimodal
volcanism and Early Ordovician intrusion of the Kowary
Gneiss protolith succeeded by Early Variscan regional meta-
morphism and, finally, followed by Variscan magmatism (the
Karkonosze Granite intrusion), and related contact metamor-
phism accompanied by hydrothermal activity.

In such a scheme, the bulk of Ti mineralization is related to
both the regional and contact metamorphism. The source of Ti
could be the protolith of the amphibolites. By contrast, the bulk
of the Fe-Ni-Co-Cu-Zn-Pb sulphide and arsenide mineraliza-
tion is clearly linked to the contact metamorphism and related
hydrothermal activity of the Karkonosze Granite. The intrusion
was, most likely, the source of both the thermal energy and the
elements, except for a part of the Fe, which might have come
from transformation of amphiboles and ilmenite. One can as-
sume that the early stage of mineralization (high-temperature
pyrrhotite with pentlandite exsolutions, arsenopyrite) could
have been related to the second episode of contact metamor-
phism represented by the Mg-hornblende II/Ca-plagioclase/
clinopyroxene assemblage (temperatures 622—635°C). The re-
placement of radiating amphibole crystals by pyrrhotite may be
a sign of this process. The further mineralization stages took
place during the third episode of contact metamorphism (tem-
peratures 473-511°C) connected with shearing, which appar-
ently facilitated the circulation of hydrothermal fluids. This is
supported by the presence of ore minerals within and around
the quartz-feldspar veinlets.
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Table 7
Model of ore mineralization in the Budniki site related to geological processes
MAGMATISM AND TRANSFORMATION OF COUNTRY Ti MINERALS IN ORE TEMPERATURE
METAMORPHISM ROCKS AMPHIBOLITE MINERALS (°0)
: ] U-minerals*
. § sphalerite 450-250
. 2 chalcopyrite I, IT 440-370
= cobaltite 500?
VARISCAN ' g Al-titanite arsenopyrite 580-440
MAGMATISM g <600
% r‘i ilmenite exsolutions in rutile gersdorffite 600?
5 .
& an) o pentlandite 625
KARKONOSZE g amphibolite II rutile (large crystals) pyrrhotite I, IT 635-620
<
RANITE o
G g ] ilmenite—rutile (needle) ?
3} 1
8
s 1 ilmenite—Al-titanite 540
o ]
EARLY VARISCAN . . A
ilmenite-rutile intergrowths
Kowary a4 quartzofelds ilmenite,
REGIONAL gneiss amphibolite I patic rocks titanite 600-550
METAMORPHISM ? traces of pyrrhotite
EARLY ORDOVICIAN basic VOdlcaniC acidic Ti-bearing rock-forming
. an .
granite | o canoclastic vol'cano— minerals
BIMODAL MAGMATISM i clastic rocks ilmenite

Based on the ore mineral succession, we suggest that hy-
drothermal solutions evolved from high-temperature, high
S/high Fe, to high As/high Ni/Co, then to high Zn fluids. Be-
cause Cu, Ni, Co, Zn, Pb and As do not occur in large quantities
in the host amphibolites, a magmatic origin for the hydrother-
mal solutions is probable.

In conclusion, the Budniki mineralization belongs to the
Variscan ore-forming episode related to the activity of the
Karkonosze Granite. Considering the mineralization stages in
the eastern envelope of the Karkonosze Granite distinguished by
Mochnacka (2000), the Budniki mineralization can be correlated
with the transition from stages II to III. Stage II was proposed to
represent the high-temperature mineralization in the contact
zone of the granite whereas stage Il was a typical vein-type hy-
drothermal mineralization, also related to the granite activity.

CONCLUSIONS

Based on microscopic observations and chemical analyses,
the following characteristics of the ore-forming processes can
be formulated:

1. The Budniki Ti-oxide/Fe-Cu-Ni-Co-Zn-Pb-sul-
phide-sulphoarsenide mineralization, although uneconomic,
provides an interesting contribution to the understanding of the
relationships between metamorphism, hydrothermal processes
and ore mineralization related to the activity of the Variscan
Karkonosze Granite intrusion.

2. Ore mineralization is hosted in amphibolites and, much
less significantly, in quartzofeldspathic schists.

3. The source of Ti is interpreted to be the protolith of the
amphibolites. Ti mineralization includes the ilmenite-titanite
assemblage formed during regional metamorphism, followed
by decomposition of ilmenite and crystallization of Al-titanite
and rutile during contact metamorphism.

4. Polymetallic sulphide-sulphoarsenide mineralization in-
cludes: pyrrhotite, pyrite, chalcopyrite, arsenopyrite, gersdorffite,
cobaltite, sphalerite, galena and marcasite precipitated during con-
tact metamorphism from hydrothermal solutions, at a temperature
range from 625°C (based on pyrrhotite-pentlandite intergrowths)
through  580-440°C  (arsenopyrite  geothermometer) to
450-250°C (sphalerite geothermometer).

5. Hydrothermal solutions were of magmatic origin, as the
hosting amphibolites do not contain significant amounts of
metals (except iron) to be leached and deposited as a sul-
phide-sulphoarsenide assemblage.

6. The Budniki mineralization belongs to the Variscan
ore-forming episode related to the activity of the Karkonosze
Granite and is correlated with the early stage of polymetallic
mineralization, which culminated in the formation the
well-known Kowary and Miedzianka polymetallic deposits,
both intensely mined in the past.
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