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Adam PIECZKA1, Krzysztof £OBOS2, Micha³ SACHANBIÑSKI3

THE FIRST OCCURRENCE OF ELBAITE IN POLAND

A b s t r a c t . An amphibolite-hosted quartzo-feldspar-mica pegmatite with schorl, green elbaite, spes-
sartine, andalusite, spinel, hyalophane, zircon, columbite and beryl was found near Gilów in the E part of the
Góry Sowie gneissic block (Lower Silesia, Poland). The black tourmaline crystals are chracterized by the
change of their composition from Mg- and Al-enriched schorl, typical of the Góry Sowie block, to Al- and,
Al- and Li-enriched schorl, and to Fe-bearing elbaite. Light green tourmaline corresponds to (Fe,Mn)-
-bearing elbaite. The crystallization sequence of the tourmaline varieties results from progressive change of
composition of pegmatite melts in the last metamorphic stage of a parent sedimentary protolith around
370–380 Ma ago. The stage of Li-bearing tourmaline formation corresponds to crystallization of a phosphate
assemblage with ferrisicklerite-sarcopside-graftonite lamellar intergrowths known from other pegmatites of
the Góry Sowie block.

Key-words: tourmaline, elbaite, the Góry Sowie gneissic block, Lower Silesia, Poland

INTRODUCTION

Tourmaline is a relatively common mineral in igneous and metamorphic rocks in
some geological units of the Polish part of the Sudety Mts. Except green-grey dravite
from the pass between Czo³o and Wo³owa Góra hills near Kowary (the Karkonosze
Mts), in all other occurrences it is represented by black, (Al,Mg)-bearing varieties of
schorl or less frequent, Al-depleted, Fe-rich tourmaline. The latter is usually enriched in
Fe3+ as a result of the (NaFe2+)–1�Fe3+ and the (Fe2+OH)–1Fe3+O substitutions, both
typical of the tourmaline group minerals (Foit, Rosenberg 1977). Such tourmaline
varieties are common in pegmatoidal secretions within the Izera granitogneisses,
some pegmatites of the Karkonosze, Strzegom and Strzelin granite massifs, pegma-
tites of the Góry Sowie gneissic block, and in some parts of the Œnie¿nik meta-
morphic unit (Pieczka 1996). The coloured varieties of elbaite in the Polish part of
the Sudety Mts have not been mentioned in the older, German-language literature.
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As late as the autumn of 2001, one of the authors (K.£.) found in the NE part of the Góry
Sowie block fragments of a pegmatite with few prismatic crystals of green tourmaline.

The Góry Sowie block is a geological unit of the triangular shape, situated in the
central part of the Sudety Mts among Z¹bkowice Œl¹skie, Nowa Ruda and Œwidnica, east
of Wa³brzych (Fig. 1). The Sudetic Marginal Fault separates the block into an elevated,
mountainous, SW part of the Góry Sowie Mts proper, and the down-thrown, NE part,
developed as a hilly foreland. The borders with the surrounding units (the metamorphic
rocks of the Niemcza dislocation zone to E, the metamorphic envelope of the Upper
Carboniferous Strzegom-Sobótka granite massif and Upper Devonian-Lower Carbo-
niferous sedimentary sequence of the Œwiebodzice depression to N, the Carboniferous-
-Permian rocks of the Intrasudetic depression and Ordovician-Lower Carboniferous
sedimentary sequence of the Bardo basin to SW) are tectonic, while to NE the Góry Sowie
block borders on ultrabasic and basic rocks of the Mt. Œlê¿a ophiolite.

The major rocks of the Góry Sowie block represent oligoclase-biotite paragneisses
and migmatites, dated at around 384–370 MA (van Breemen et al. 1988; Bröcker et al.
1998; Timmermann et al. 2000; Aftalion, Bowes 2002). They are accompanied by much
less frequent and locally occurring granulites, metamorphosed around 402 ± 1 MA
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(light-coloured variety; O’Brien et al. 1997), two-stage metamorphosed amphibolites
(402 ± 3 MA and around 380 MA; Brueckner et al. 1996), and serpentinites. In these
rocks, particularly in the gneisses and migmatites, can be locally found pegmatite veins
or vein-nest bodies, reaching a length of even some tens of metres. More common are
fine pegmatoidal secretions, concordant with the textures of the enclosing gneisses and
migmatites. The age of the pegmatites was established at 370 ± 4 MA by van Breemen
et al. (1988), using Rb-Sr dating of muscovite from the Lutomia pegmatite.

In the Góry Sowie Mts pegmatites predominate such typical minerals as quartz,
feldspars (albite-oligoclase, orthoclase, microcline), muscovite, biotite, schorl, garnet
transitional members from the almandine-spessartine series, apatite, less frequent are
zircon, disthene, sillimanite, rutile, beryl, columbite, cordierite, monacite, xenotime, sar-
copside, triplite, hureaulite, magnetite, pyrite, sphalerite, uraninite and goethite (fide Lis
and Sylwestrzak 1986). Pieczka (2002) found in the Góry Sowie block area a rich assem-
blage of phosphate minerals with graftonite, ferrisicklerite, sarkopside, beusite, stanekite,
alluaudite, hagendorfite, whitlockite, fairfieldite, whitmoreite, earlshannonite, jahnsite,
phosphoferrite-kryzhanovskite and apatite, containing small inclusions of monacite,
xenotime, uraninite, hematite, pyrite, sphalerite, cuprite, chalcocite, oligonite and, pro-
bably, native copper.

A pegmatite with green tourmaline described in this paper was found in an old
trenche localized in upper part of a hill in the E, down-thrown part of the Góry Sowie
block near Gilów.

DESCRIPTION OF THE PEGMATITE

Fragments of the pegmatite were spotted in an old trench, mingled with soil and
accompanied by numerous pieces of amphibolites, which most probably represent the
host rock. The pegmatite vein itself is not directly exposed. The fragments of the
pegmatite differ slightly in their mineral composition. Usually they represent a typical,
medium-grained pegmatite, containing quartz with weak undulatory extinction, white
feldspars, light-coloured mica sometimes with pale-greenish tint, numerous crystals of
black tourmaline reaching the length of 10 cm, grains of Mn-bearing almandine up to
2–3 cm large, very seldom prisms of green tourmaline up to 4 cm long (Fig. 2), and
yellowish beryl up to 2 cm long. Some of the pegmatite fragments are devoid of
feldspars and composed mainly of intergrowing booklets of mica with flakes 1–3 cm in
size, sporadical, some-millimetre-long black tourmaline crystals, equally fine, dark
brownish garnets with composition close to spessartine, and pinkish-red grains of
andalusite, reaching some millimetres.

METHODS

Microprobe analyses were carried out in the EDS mode at the Institute of Non-
-Ferrous Metals in Gliwice (Poland), using a Jeol JCXA-733 Superprobe. The conditions
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were as follows: accelerating voltage 20 kV, current 20 nA, beam diameter around 2 �m,
counting time 60 sec. The contents of Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe, Co, Zn, Ba and F
were measured from the K� lines, while the Ba content from the L� line. The data were
first drift- and dead time-corrected, then ZAF-corrected. The standards included: albite
(Na), periclase (Mg), corundum (Al), quartz (Si), MAD-10 (K), wollastonite (Ca), flu-
orite (F), BaF2 (Ba) and metallic Ti, Mn, Fe, Co and Zn.

The formulae of the tourmaline varietes were calculated after normalization of
atomic contents to 6 Si atoms per formula unit (apfu), and in the case when the amount
of octahedral components was higher than 9 apfu to the �(Y+Z+Si) = 15 apfu, assu-
ming the excess of Al above 9(Y+Z) apfu substituting for an Si deficiency. The B2O3
content was calculated stoichiometrically, assuming the presence of 3 B atoms pfu. The
content of Fe3+ was accepted as 5% of the total Fe, as such an amount had been obtained
earlier for other dark-coloured tourmaline species from the Góry Sowie area (Pieczka
1996). In the case of elbaite, the total Fe was assumed as Fe2+, while the Li content was
estimated as a supplement of octahedral cations to 9 pfu. The H2O(+) amount was
calculated stoichiometrically after supplementing the composition of tourmaline with
Fe3+, B and Li.

The chemical composition of white mica was normalized to 12 oxygens, assuming
the presence of OH groups in two (OH, F) sites, and applying a relation between the
amount of tetrahedral cations (Si+Ti+AlT) = 4 pfu and their charge, which together
with the charge of alkalies should total 16 units. The deficiency of alkalies and some
excess of Si were accepted as effects of the �Si(KAlT)–1 substitution. The presence of Li
in white mica was tested using AAS, but in the microprobe analyses the Li amount was
estimated as supplementing to 6 the charge of the octahedral cations.

The chemical compositions of some other minerals found (Ba-rich feldspar, garnet,
andalusite and (Zn-Fe)-bearing spinel) were recalculated after normalizaton to 4, 12, 5
and 4 oxygen atoms, respectively.

X-ray investigations of black and green tourmaline crystals, and also of accom-
panying garnet and beryl were carried out with a Philips X’pert diffractometer under
the following conditions: CuK� radiation, a graphite monochromator, the range recorded
3–71o(2�), the step 0.02o(2�)/s, quartz as an internal standard. Unit-cell parameters of
tourmaline, garnet and beryl were refined with the PDS’94 computer program.

The Raman spectra of the green elbaite oriented �� c were obtained from several
points using a Jobin-Yvon T-64000 spectrometer equipped with an Argon laser beam
(� = 514.5 nm).

RESULTS

T o u r m a l i n e

Black tourmaline crystals are heterogenous under the microscope. They consist of
two colour varieties showing relatively distinct pleochroism in the shades: � — an
intensively blue core and a blue-grey mantle; the latter with grey, blue and pale blue
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zones parallel to crystal elongation, and also with irregular, intensively blue patches,
� — a colourless core and light pinkish mantle. In some zones of these crystals oriented
parallel to the z axis, and also in small veins cutting them across as well as in irregular
patches, there appear a variety with somewhat lighter pleochroism: � — light bluish
(very delicate), � — colourless. Within this zone are visible elongated, colourless (both �
and �) domains arranged parallel to the length of the zone as well as relicts of the major,
blue-grey variety (Fig. 3). In some fragments of the bluish-coloured crystals can be
observed a very thin rim of colourless tourmaline. Birefringence assessed on the basis of
interference colours in the crystals cut parallel to the z axis has been estimated at
0.029–0.028 in the strong coloured varieties, 0.021–0.020 in pale blue tourmaline, and
0.014–0.013 in the colourless domains. The heterogeneity of the black tourmaline
crystals is also pronounced in BSE images. The crystals of green tourmaline seem to be
wholly homogenous. Under the microscope they are colourless, with birefringence
around 0.013–0.012.

The blue grey zones predominating in the black tourmaline show composition I
presented in Table 1. Analysis II represents the composition of the pale bluish zone
parallel to the crystal elongation, while analyses III and IV correspond to the very
light-coloured and colourless, elongated patchy zones, visible within the turmaline II.
The tourmaline I can be classified as an Mg- and Al-enriched schorl, a typical black
tourmaline from the Góry Sowie gneissic block (Pieczka 1996). Its total iron exceeding
2 apfu is the highest of the recorded in this region so far, while the F content, usually
low in the Góry Sowie tourmalines, is only 0.01–0.02 apfu in the sample analysed.
The unit-cell parameters of the tourmaline I are: a = 15.979(1) Å and c = 7.171(1) Å, and
correspond to an Al- and Mg-bearing schorl. The less frequent tourmaline II, although
can be classified as the former, reveals a very high Al content, reaching almost one
atom of possible three in the triad of the Y octahedra. The amount of Li reaching
0.03 apfu, estimated as a supplement of the Y cations up to the amount of 3 apfu, is
negligible, but may be result from the accepted assumptions and/or possible errors in
the microprobe analyses. On the other hand, this amount of lithium may be treated as
a sign of progressing enrichment in Al and Li that is distinctly visible in tourmalines
III and IV (Fig. 4). Both latter varieties forming patchy, elongated zones, despite
their comparable Al contents are characterized by more pronounced deficiency of
octahedral cations that may be explained by an increasing Li content, an element
non-determinable in microprobe analyses. Therefore, the zones with the composition
III may be identified as Li-enriched, Al-bearing schorl, while those of analysis IV as
Fe-rich elbaite. In the dark tourmaline varieties (from I to IV), the contents of Fe total
and Mg progressively decrease while those of Al, Li, traces of Mn and F increase, the
process expressed by the change of the Mn/(Mn+Fe) ratio from around 0.03 to 0.07.
The tourmaline I normalized to 6 Si pfu indicates the amount of octahedral cations
higher than nine, allowed by structural constraints. Normalization of the same ana-
lysis to the amount of the octahedral cations and silicon equal to 15 apfu shows a small
deficiency of Si (0.04 apfu) that is compensated by an equivalent excess of Al. It has
not been possible to recognize fully a role of boron, whose amount particularly
in the Li-bearing varieties of tourmaline may exceed 3 apfu, also partly entering
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TABLE 1

Representative compositions of schorl and elbaite from the Gilów pegmatite

Component
Schorl Elbaite

I II III IV V VI VII

Na2O 2.49 2.38 2.62 2.64 2.09 2.62 2.49
CaO 0.09 0.18 0.26 0.27 0.21 0.21 0.15
K2O 0.03 0.01 0.00 0.00 0.02 0.01 0.02
MgO 1.65 1.34 0.93 0.99 0.00 0.14 0.10
FeO 13.35 10.19 8.98 7.64 2.82 2.95 2.91
Fe2O3* 0.78 0.60 0.52 0.45 0.00 0.00 0.00
MnO 0.40 0.56 0.58 0.61 1.90 1.99 1.89
CoO 0.05 0.08 0.02 0.06 0.00 0.04 0.10
ZnO 0.16 0.20 0.10 0.12 0.04 0.05 0.00
TiO2 0.18 0.19 0.13 0.02 0.09 0.07 0.04
Li2O* 0.00 0.04 0.55 1.11 1.65 1.48 1.36
Al2O3 32.14 34.79 35.37 34.54 38.32 37.90 38.40
B2O3* 10.14 10.23 10.40 10.44 10.79 10.64 10.63
SiO2 34.80 35.32 35.90 36.03 37.25 36.73 36.70
H2O* 3.10 2.61 2.85 3.35 3.58 3.23 3.11
F 0.03 0.24 0.34 0.44 0.38 0.44 0.49
Total 99.40 98.97 99.54 98.70 99.15 98.51 98.40

Number of ions

Na 0.828 0.783 0.847 0.854 0.651 0.831 0.789
Ca 0.016 0.033 0.046 0.049 0.036 0.036 0.026
K 0.008 0.002 0.000 0.000 0.004 0.003 0.005
	 0.148 0.182 0.107 0.097 0.309 0.130 0.180
X 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Mg 0.421 0.340 0.231 0.247 0.000 0.035 0.025
Fe2+* 1.913 1.448 1.255 1.064 0.380 0.403 0.398
Fe3+* 0.101 0.076 0.066 0.056 0.000 0.000 0.000
Mn 0.059 0.081 0.083 0.085 0.259 0.276 0.262
Co 0.006 0.011 0.003 0.008 0.000 0.005 0.014
Zn 0.021 0.026 0.012 0.015 0.005 0.006 0.000
Ti 0.024 0.025 0.016 0.002 0.011 0.009 0.005
Li* 0.000 0.028 0.367 0.743 1.069 0.970 0.897
Al. 0.456 0.966 0.968 0.780 1.275 1.297 1.399
Y 3.000 3.000 3.000 3.000 3.000 3.000 3.000

AlZ 6.000 6.000 6.000 6.000 6.000 6.000 6.000
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.964 6.000 6.000 6.000 6.000 6.000 6.000
IVAl 0.036
T 6.000 6.000 6.000 6.000 6.000 6.000 6.000

OH* 3.548 2.954 3.183 3.719 3.851 3.523 3.388
F 0.017 0.130 0.180 0.232 0.194 0.226 0.253
O 27.435 27.916 27.637 27.049 26.955 27.251 27.359
Mn/(Mn+Fe) 0.028 0.051 0.056 0.070 0.405 0.407 0.397

* Calculated from stoichiometry.



tetrahedral sites (Hawthorne 1996; Hughes et al. 2000; Hughes et al. 2001; Hawthorne
2002).

The green elbaite does not show changes in its chemical composition that may be
revealed in its BSE images. Within the grain studied, there clearly dominates com-
position corresponding to analysis VI (Table 1), while the compositions corresponding
to analyses V and VII (their differences from analyses VI are, in fact, small) are sporadic.
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The features characteristic of this elbaite include: practically constant amounts of Fe
(0.38–0.40 apfu), Mn (0.26–0.28 apfu), and F (0.20–0.25 apfu), and as a consequence also
the stable Mn/(Mn+Fe) ratio around 0.40–0.41, and additional oscillations of the Li
amount around 1 apfu. More significant diversification of the elbaite composition has
been noted at the X site occupancy, as in few analyses the amount of Na decreases from
0.85–0.78 apfu, typical Na concentrations not only in the green elbaite but also in the
accompanying black tourmaline, to 0.65 apfu. The unit-cell parameters of the green
elbaite (composition VI) are: a = 15.884(1) Å and c = 7.115(1) Å, being typical of
(Fe,Mn)-bearing elbaites. The Raman spectrum of a prismatic green crystal recorded in
the frequency range 100–3800 cm–1 (Fig. 5) shows strong similarities with the ones of an
elbaite-type tourmaline (Gasharova et al. 1997). The tourmaline studied is characterized
by sharp peaks at 222, 373, 707 cm–1, and 3496, 3565 and 3596 cm–1.

O t h e r a s s o c i a t e d p h a s e s

Next to the black tourmaline, the major minerals of the pegmatite studied include
white, coarse-tabular feldspar and plates or flakes of pale-coloured mica. Relatively
common are fine crystals of garnet, light brownish to dark brownish-red, and equally
fine crystals of raspberry-red to red-grey and pink andalusite. Only in BSE images
have been observed small inclusions of a Ba-enriched K-feldspar, spinel, zircon, and
columbite.

The feldspars are represented almost exclusively by chequered albite. In one case,
within a polycrystalline aggregate of white mica and andalusite, a small grain of
a Ba-enriched K-feldspar has been found; the grain reveals the composition transitional
between orthoclase and celsian with an amount of around 34 mol.% of the Ba[Al2Si2O8]
end-member (Table 2). This phase can be identified as hyalophane. An excess of Al
above one atom in its composition corresponds well with the amount of bivalent alkali
earth cations (Ca+Ba). Although Mn and Fe occur in traces, the Mn/(Mn+Fe) value
around 0.25 points to formation of this feldspar in a later stage of pegmatite frac-
tionation.

The white micas show typical features, including their birefringence around
0.035–0.032. Chemical analyses were done on two mica varieties: mica-A — platy,
polycrystalline aggregates containing grains of andalusite and fine crystals of dark
tourmaline; and mica-B — vein mica aggregates among garnet grains. Both types can be
identified as Al-micas, but the B type contains distinctly higher admixtures, particularly
of Fe, Mg and Mn, while the A variety is Na-enriched (Table 2). The amount of
octahedral Li in the mica-A has been estimated at around 0.11 apfu, while in the mica-B
as high as 0.50 apfu. The ratio Mn/(Mn+Fe) 
 0.015 and 0.085, respectively, reveals that
the flaky mica-B is slightly later than the coarse-platy mica-A.

The garnets are represented by crystals some millimetres to 2–3 cm large, dark
brownish red, and smaller ones, light brownish in colour. The darker crystals show
the (Al57Spe40Py3Gro<0.01) composition, transitional between almandine and spes-
sartine, with the Mn/(Mn+Fe) ratio of 0.390 (Table 2), and the unit-cell parameter
a = 11.566(1) Å. The lighter variety has its unit-cell slightly larger (a = 11.589(1) Å), which
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TABLE 2

Representative compositions of tourmaline-associated phases in the Gilów pegmatite

Component Mica-A Mica-B Hyalophane Garnet Andalusite Spinel

Na2O 0.94 0.35 1.03 0.11 0.09 0.00

CaO 0.03 0.06 0.11 0.12 0.02 0.00

K2O 9.76 10.35 7.37 0.00 0.04 0.00

BaO 16.68

MgO 0.18 0.75 0.00 0.70 0.00 0.43

FeO 1.43 3.29 0.56 24.23 1.01 18.26

MnO 0.02 0.30 0.19 16.70 0.01 0.78

ZnO 22.63

TiO2 0.06 0.07 0.32 0.21 0.02 0.00

Al2O3 36.34 32.68 22.67 20.78 62.43 58.09

SiO2 45.59 45.40 49.83 36.28 36.12 0.00

Li2O* 0.40 1.84

H2O* 4.50 4.46

Total 99.25 99.54 98.76 99.12 99.72 100.20

number of ions

Na 0.122 0.046 0.104 0.017 0.005 0.000

Ca 0.003 0.004 0.006 0.010 0.001 0.000

K 0.830 0.888 0.491 0.000 0.001 0.000

Ba 0.341

Mg 0.018 0.075 0.000 0.087 0.000 0.019

Fe 0.080 0.185 0.025 1.674 0.023 0.449

Mn 0.001 0.017 0.008 1.168 0.000 0.019

Zn 0.491

Ti 0.003 0.003 0.013 0.013 0.000 0.000

Al 2.856 2.591 1.395 2.023 2.004 2.014

Si 3.040 3.055 2.602 2.996 0.984 0.000

Li* 0.107 0.498

OH* 2 2

O 10 10 4 12 5 4

Mn/(Mn+Fe) 0.015 0.086 0.253 0.390 0.009 0.028

* Calculated from stoichiometry



points to a higher amount of Mn in its composition. From the size of the unit-cell it can
be concluded that it represents a spessartine species with around 65 mol.% of the
spessartine end-member, the highest noted for garnets from the Góry Sowie pegmatites
to date (Pieczka et al. 1997).

The raspberry-red andalusite shows traces of admixtures that can be associated with
microinclusions of foreign phases, especially of white mica (Table 2). Worth noticing is
an amount of FeO around 1 wt.%, probably inducing the intensive reddish colour of
this mineral.

Beryl forming short-prismatic crystals, occurs very seldom within basic pegmatite.
Its unit-cell: a = 9.219(1) Å and c = 9.196 (2) Å indicates a low-alkali and low-hydrated
variety.

In a single BSE image, intergrowths of several crystals of the Al-(Zn-Fe)-spinel with
sizes reaching 100 µm were observed within the aggregate of white mica. This phase is
practically homogenous, admixture-free, and relations among Zn, Fe, Mn and Mg
(Table 2) allow classifying it as a transitional member between gahnite and hercynite
with the composition Gh50He46Ga2Sp2.

CONCLUSIONS

A complex of mudstones and sandstones metamorphosed and migmatized 384–370
Ma ago under low- and medium-pressure conditions (600–770oC/3–8 kbar; ¯elaŸ-
niewicz 1995, 2003) was the protolith of the Góry Sowie gneisses (van Breemen et al.
1988; Bröcker et al. 1998; Timmermann et al. 2000; Aftalion and Bowes 2002). One of
the effects of this progressive metamorphism, particularly in its last stage, included
generation of low-temperature, mobile pegmatite melts, rich in SiO2, Al2O3, alkalies
(Na2O, K2O), volatiles, and some less frequent elements such as Fe, Mn, Be, B, P, F, and
locally also Li. Crystallization of these melts gave rise to formation of sometimes
extensive systems of veins and nests, composed of coarse-crystalline quartz, feldspars
(mainly plagioclase), micas, and some other minerals in the study area: dark, Al- and
Mg-enriched schorl, beryl, (Fe-Mn) bering garnets; in the last stages there crystallized
an assemblage of Fe-Mn-phosphates with lamellar intergrowths of graftonite, sar-
copside and ferrisicklerite (Pieczka 2002).

Quite typical of this pattern is the pegmatite described, occurring in amphibolites
near Gilów. Local metamorphism of those amphibolites was determined by Dzie-
dzicowa (1994) as low-pressure granulite facies (770–700oC/3–4 kbar), while the meta-
morphism of neighbouring gneisses and migmatites at 650–730oC/3–5 kbar (¯elaŸ-
niewicz 1995, 2003). The Al- and Mg-enriched schorl of the pegmatite indicates the stage
of boron metasomatism and crystallization of dark tourmalines, typical of the Góry
Sowie gneissic block. Chequered albite, some-centimetres-large crystals of muscovite,
zircon, andalusite and spinel seem to be associated with earlier stages of the pegmatite
formation. The two last minerals are without alkalies and manifest the peraluminous
character of initial pegmatite melts. The zones with lighter pleochroism, extended
lengthwise in some black tourmaline crystals, depleted of typical octahedral cations
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point to gradually increasing activity first of Al, and then also of Li in later and latest
stages of pegmatite fractionation. The outer rim of colourless lithium tourmaline on the
Mg- and Al-enriched schorl, and also the crystals of light green (Fe-Mn)-bearing elbaite
growing immediately next to the dark tourmaline indicate that the stage of crystalli-
zation of lithium phases took place at the final stage of pegmatite formation in the Góry
Sowie area. This increasing role of Li and other accessory elements is also manifested by
enrichment of the younger forms of light-coloured mica in lithium and the presence
of accessory hyalophane. Considering the Mn/(Mn+Fe) ratio values, 0.27–0.28 for
ferrisicklerite (Pieczka 2002), around 0.05–0.07 for Li-enriched schorl and micas, and
even 0.39–0.40 for green tourmaline, it can be concluded that the Góry Sowie elbaite and
Li-enriched white mica are almost simultaneous with ferrisicklerite.
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Adam PIECZKA, Krzysztof £OBOS, Micha³ SACHANBIÑSKI

PIERWSZE WYST¥PIENIE ELBAITU W POLSCE

S t r e s z c z e n i e

We wschodniej czêœci bloku sowiogórskiego, w okolicy Gilowa, zlokalizowano
poœród amfibolitów wyst¹pienie pegmatytu kwarcowo-skaleniowo-muskowitowego
zawieraj¹cego schorl, zielony elbait, spessartyn, andaluzyt, spinel, hialofan, cyrkon,
columbit i beryl. Kryszta³y czarnego turmalinu charakteryzuj¹ siê ewolucj¹ sk³adu
chemicznego od typowego dla rejonu Gór Sowich schorlu magnezowo-glinowego,
poprzez odmiany glinowe do schorli glinowo-litowych i bogatych w Fe2+ elbaitów.
Zielony elbait jest ogniwem wzbogaconym w Fe i Mn. Sekwencja krystalizacji kolej-
nych odmian turmalinu wi¹¿e siê z frakcjonacj¹ antektycznego medium pegma-
tytowego w póŸnym stadium metamorfozy pierwotnie osadowego protolitu oko³o
370–380 Ma. Stadium tworzenia siê wzbogaconych w Li odmian turmalinu odpowiada
mniej wiêcej krystalizacji zespo³u fosforanowego z przerostami ferrisicklerytu, sar-
kopsydu i graftonitu, poznanego z innych pegmatytów bloku sowiogórskiego.
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GAHNITE FROM SIEDLIMOWICE, STRZEGOM-SOBÓTKA

GRANITIC MASSIF, SW POLAND

A b s t r a c t . Green spinel was found in a vein pegmatite in Siedlimowice (Strzegom-Sobótka massif,
SW Poland). X-ray diffraction and electron microprobe analyses allowed defining the mineral as gah-
nite with the formula (Zn6.1Fe1.8Mn0.1)(Al15.8Fe0.2)O32 and unit cell parameters a = 8.1018 ± 0.008 Å,
V = 531.787 ± 0.156 Å3. Its chemical composition is typical of gahnites of igneous association. Formation
of the zincian spinel was most probably controlled by local variations of crystallization conditions, e.g. the
variations of a Zn/Fe ratio in a pegmatitic fluid or of oxygen fugacity.

Key-words: gahnite, zincian spinel, Siedlimowice, Strzegom pegmatite

INTRODUCTION

Gahnite belongs to the spinel group minerals with the general formula AB2O4,
where A stands for Mg2+, Mn2+,Fe2+, Ni2+, Zn2+ and B for Al3+, Cr3+, Fe3+. It is an end
member of the gahnite (ZnAl2O4) — hercynite (FeAl2O4) solid solution, occurring as
an accessory mineral in rare-element pegmatites, peraluminous granites and certain
metamorphic rocks as well as a heavy mineral in sedimentary rocks. Polish localities
where gahnite has been reported are confined to the Sudety area (SW Poland) and
comprise Przecznica and Kotlina near Mirsk, Szklarska Porêba, Jordanów Œl¹ski and
alluvia of the Izera Mts (Lis, Sylwestrzak 1986). The mineral has not been described
from the Strzegom-Sobótka granite pegmatites yet.

The Siedlimowice granite quarry is located about 10 km north-east of Œwidnica (SW
Poland). The granite crops out in the eastern part of the Strzegom-Sobótka granite
massif, a complex Variscan intrusion of the Fore-Sudetic Block whose petrography and
mineralogy have been a matter of extensive research (e.g. Majerowicz 1972; Pin et al.
1989; Janeczek 1985; Puziewicz 1990). The rock quarried here is a two-mica granite
crystallized from magma close to water saturation at a depth deeper than 15 km.
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The locality is well known for its rare-element vein pegmatites, which were a subject of
several mineralogical reports, either as a separate subject (Janeczek, Sachanbiñski 1989)
or a part of larger monographies (Janeczek 1985). The following phases were described
from the Siedlimowice pegmatites by Janeczek and Sachanbiñski (1989): feldspars
(microcline, albite, oligoclase), quartz, muscovite, biotite, chlorite, Fe-Mn garnets,
beryl, columbite, zircon, apatite. No zincian phase has been reported so far from the
location. However, a few data presented by Janeczek and Sachanbiñski (1989) indicate
the presence of zinc as a trace element in some muscovites and garnets (550 and
1,750 g/t, respectively). The paper presents the results of the studies of the zincian
spinel from this locality.

SAMPLE DESCRIPTION

Gahnite crystals were found in few boulders containing fragments of a vein peg-
matite on the second exploitation level in the Siedlimowice quarry. Despite the
abundance of pegmatite fragments, the gahnite-bearing rock is extremely rare and
detailed observations did not result in finding the mineral in situ, i.e. in the quarry
walls. The thickness of the gahnite-bearing veins may only be roughly estimated as not
lower than 20 cm. They are built of a mineral assemblage typical of the Siedlimowice
pegmatites, i.e. major K-feldspar, plagioclase, quartz and muscovite, minor chlorite and
biotite, and accessory garnet, beryl, columbite and zircon. Comparing gahnite-devoid
and gahnite-bearing pegmatite fragments, the latter contain noticeably lower amount
of garnet which forms crystals smaller (up to 3 mm) than elsewhere in the quarry.

The grains of gahnite are dark green, translucent at edges. They occur in central
parts of the pegmatite as idiomorphic octahedral crystals (rarely with subordinate
dodecahedron faces) up to 5 mm large, embedded in grey quartz, more rarely in white
K-feldspar, subordinately in muscovite and exceptionally in beryl (one sample). The
crystals are generally not twinned although often intergrown. An intergrowth of gahnite
and garnet was also noted. A single spinel crystal found within a mica aggregate was
flattened in a similar way to garnets described by Janeczek and Sachanbiñski (1989).

METHODS

Spinel grains were separated from the pegmatite mass by handpicking and ins-
pected under a binocular microscope. About 20 mg of the material was used for XRD
measurements which were carried out at room temperature on a powdered sample by
means of a Siemens D500 X-ray diffractometre with Co-K� Fe-filtered radiation, over
the range: 20–145�2� with a step 0.02�2�. The results are shown in Table 1. Unit cell
parameters were calculated using a WIN-METRIC programme and based on 13 lines
with a tolerance of 0.01�2�.

A thin section was prepared from a few grains and after observations under
a standard E600-Pol polarizing microscope it was coated with graphite for microprobe
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analyses. The WDS analyses were conducted by means of a Cameca SX100 electron
microprobe with a beam current of 20 nA and acceleration voltage of 15 kV using the
following standards: synthetic corundum (Al), sphalerite (Zn), rhodonite (Mn), rutile
(Ti), diopside (Mg, Ca), haematite (Fe), chromite (Cr). The representative chemical
analyses of five spinel crystals carried out in edge and/or central parts of separate
crystals are presented in Table 2. They were recalculated basing on 32 oxygens and
a part of Fe was assumed to be trivalent from overall stoichiometry.

RESULTS AND DISCUSSION

The X-ray diffraction pattern (Table 1) corresponds well with that of gahnite and
allows calculation of the unit-cell parameter for 13 peaks indexed: a = 8.1018 ± 0.008 Å,
and the volume V = 531.787 ± 0.156 Å3. The a value is intermediate between those of
gahnite and hercynite (8.086 and 8.149 Å, respectively), closer to the gahnite end
member (Hill et al. 1979).

The spinel crystals investigated seem to be fairly homogenous and neither optical
observations nor BSE image analysis have revealed any mineral inclusions or a clear
zoning pattern. Chemical analyses (Table 2) do not show any important variations in
the gahnite composition and give the spinel formula (Zn6.1Fe1.8Mn0.1)(Al15.8Fe0.2)O32
for the averaged values. A low MgO content (not exceeding 0.12% with an average
of 0.09%) is typical of rare-element granite pegmatites (Batchelor, Kinnaird 1984;
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TABLE 1

Observed and calculated diffraction lines of gahnite from Siedlimowice

hkl d (obs.) d (calc.) I/Io

220 2.8628 2.8644 72

311 2.4417 2.4428 100

400 2.0249 2.0254 13

331 1.8583 1.8587 11

422 1.6535 1.6538 14

333 1.5591 1.5592 83

440 1.4317 1.4322 84

620 1.2808 1.2810 10

533 1.2356 1.2355 11

642 1.0826 1.0826 10

553 1.0549 1.0548 11

800 1.0127 1.0127 6

822 0.9549 0.9548 20
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Morris at al. 1997; Tindle, Breaks 1998). The presence of Cr has not been detected with
the microprobe. On the ternary plot showing molecular proportions of Zn, Fetot and Mg
(Fig. 1), which was used by Batchelor and Kinnaird (1984) to differentiate between
igneous and metamorphic gahnites, the zincian spinel from Siedlimowice falls into the
first field.

The molecular (Zn+Mn)/Al ratio was plotted against the molecular (Fetot+Mg)/Al
ratio (Fig. 2); the plot depicts a complex diadochy between (Zn+Mn) and (Fe+Mg) in the
mineral structure (Batchelor, Kinnaird 1984). In the gahnite from Siedlimowice the
(Zn+Mn)/Al and (Fe+Mg)/Al ratios range from 0.77 to 0.80 and from 0.22 to 0.24,
respectively, placing the analyses within the igneous association field on the line of
almost perfect diadochy.

The possibility that earlier investigators and mineral collectors have overlooked the
presence of gahnite in Siedlimowice seems highly improbable due to its distinctive
appearance. This and the fact that the gahnite-bearing pegmatite fragments are very
rare in the quarry suggest its local and spatially restricted occurrence in the pegmatite
veins. This hypothesis has arisen from our failure of identifying the garnet-bearing
pegmatite in the quarry walls. Most probably it was completely exploited during
quarring.

Discussing the origin of the zincian spinel studied, our observations that fragments
of the pegmatite containing gahnite are devoid of larger garnet crystals and the data of
Janeczek and Sachanbiñski (1989) showing elevated contents of Zn in some garnets
must be considered. Combination of the two suggests that the formation of the zincian
spinel was controlled by local changes in chemistry of the pegmatite fluid, such as
variations of Zn/Fe ratio, variations of oxygen fugacity, etc., they may have resulted in
the crystallisation of gahnite at the expense of garnet.
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Fig. 1. Composition of gahnite from Siedlimowice in terms of Mg, Zn and total Fe molecular proportions.
Fields for igneous (1) and metamorphic (2) associations are marked after Batchelor and Kinnaird (1984)



The presence of a tabular gahnite crystal within a muscovite aggregate may indicate
that a part of the spinel was formed in the process of biotite muscovitization, which was
described as taking part in the formation of some garnets (Janeczek, Sachanbiñski 1989).
Nonetheless, further research is needed to unravel the question of detailed geochemical
conditions of the gahnite formation; finding the gahnite-bearing pegmatite in situ

would be especially fruitful in drawing sound conclusions.
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Adam SZUSZKIEWICZ, Krzysztof £OBOS

GAHNIT Z SIEDLIMOWIC

(MASYW GRANITOWY STRZEGOM-SOBÓTKA, SW POLSKA)

S t r e s z c z e n i e

W czynnym ³omie granitu dwu³yszczykowego w Siedlimowicach, po³o¿onym
oko³o 10 km na pó³nocny-wschód od Œwidnicy, natrafiono na fragmenty pegmatytu
¿y³owego zawieraj¹cego kryszta³y ciemnozielonego spinelu. Wykszta³cony w postaci
oktaedrów spinel tkwi³ w œrodkowej czêœci pegmatytu z³o¿onego ze skalenia pota-
sowego, plagioklazu, kwarcu i muskowitu z podrzêdnymi iloœciami chlorytu i biotytu
oraz akcesorycznym granatem, berylem, kolumbitem i cyrkonem. Badania sk³adu
chemicznego oraz analizy rentgenowskie pozwoli³y okreœliæ minera³ jako gahnit
o sk³adzie (Zn6.1Fe1.8Mn0.1)(Al15.8Fe0.2)O32 oraz nastêpuj¹cych parametrach komórki
elementarnej: a = 8.1018 + 0.008 Å, V = 531.787 + 0.156 Å3. Sk³ad chemiczny badanego
spinelu jest typowy dla gahnitu z granitoidowych pegmatytów ziem rzadkich. Pow-
stanie gahnitu najprawdopodobniej zwi¹zane by³o z lokalnymi zmianami warunków
krystalizacji pegmatytu, takimi jak zmiany lotnoœci tlenu lub zawartoœci Zn/Fe w sto-
pie pegmatytowym.
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GREENOCKITE CdS FROM THE SILESIA-CRACOW Zn-Pb

ORE DEPOSITS

A b s t r a c t . The occurrence of greenockite CdS in the Silesia-Cracow Zn-Pb ore deposits, mentioned
just in 19th century, has been most probably for the first time documented here by chemical analysis
and morphological observation.

Key-words: greenockite, cadmium sulphide, Silesia-Cracow ore deposits

INTRODUCTION

The occurrence of cadmium sulphide (greenockite) in the Silesia-Cracow Zn- Pb
ore deposits was first mentioned by Traube (1888). He observed its lemon yellow
coatings on a red galmei in a deposit in the vicinity of Bytom (Beuthen, Apfelgrube), but
gave no more detailed information. During the 20th century the yellow efflorescence
on partly weathered Zn sulphide ores were sometimes observed (pers. commun.),
however — according to the present authors knowledge — nobody published the
results of their investigations (see e.g. ¯abiñski 1960; Harañczyk 1965).

In this note the results of SEM morphological and EDS chemical investigation of gre-
enockite efflorescence coming from a Zn-Pb ore mine of the Olkusz region are presented.

EXPERIMENTAL

The morphology of the mineral and its chemical composition were examined using
field emission scanning electron microscope (HITACHI S-4700) equipped with an
energy dispersive spectrometer (NORAN Vantage), accelerating voltage being 20 kV.
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The sample was coated with the carbon film. The content of cations was evaluated
according to the “standardless” procedure of calculation (i.e. using standards from the
software library supplied by the manufacturer).

RESULTS AND DISCUSSION

The cadmium sulphide examined occurs in the form of fine-grained (powder),
yellow efflorescence on a partly oxidized zinc sulphide, hosted by the ore-bearing
dolomite (Phot. 1).

EDS chemical analysis was performed in several spots of the yellow efflorescence,
CdS being always the dominant phase. Figure 1 represents EDS spectrum of the
“purest” CdS, with small admixture of other elements (Zn, Mg, Al, Si) coming mostly
from the “background” minerals. Weight- and atomic contents of the elements men-
tioned, recalculated to 100%, are shown in Table 1.

24

121086420
0

200

400

600

800

1000

C
o

u
n

ts

keV

C

S

S

S

Cd

Cd

Cd

Cd

Cd
Cd Zn

Zn

Mg

AlSi

Fig. 1. EDS spectrum of the “purest” CdS

TABLE 1

Chemical composition of greenockite from the Olkusz region

Element Wt.% Atomic %

Cd

S

Zn

Mg

Al

Si

71.30

20.83

6.58

0.51

0.33

0.45

44.23

45.31

7.02

1.47

0.85

1.12

Total 100.00 100.00



The morphology of CdS crystals is presented on Phots. 2a and 2b. The aggregates
of tiny crystals are clearly visible, the individual microliths displaying a tabular habit.
This observation strongly confirms the supposition that it is the common hexagonal
cadmium sulphide polymorph (�-CdS greenockite) rather than its rare cubic modi-
fication (�-CdS hawleyite) (Strunz 1978).

The origin of greenockite is most probably connected with its lower solubility in
an acid solution in comparison with zinc sulphide, which initially hosted cadmium
(Polañski 1988). Greenockite can, therefore, precipitate from a sulphuric solution im-
mediately after partial oxidation and dissolution of Zn ore.
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Anna £ATKIEWICZ, Witold ¯ABIÑSKI

GREENOCKIT CdS ZE ŒL¥SKO-KRAKOWSKICH Z£Ó¯ RUD Zn-Pb

S t r e s z c z e n i e

Wzmianka o wystêpowaniu greenockitu w jednej z kopalñ rud Zn i Pb w rejonie
Bytomia pochodzi jeszcze z XIX wieku (Traube 1888). W ci¹gu XX stulecia w ustnych
przekazach wspominano o napotkaniu ¿ó³tych nalotów na wietrzej¹cych siarczkowych
rudach cynku, jednak nikt — wed³ug stanu wiedzy autorów tego komunikatu — nie
opublikowa³ wyników badañ tych nalotów. Przedmiotem tej notatki s¹ wyniki badañ
¿ó³tych nalotów napotkanych na wietrzej¹cych rudach Zn w jednej z kopalñ rejonu
Olkusza (Fot. 1). Za pomoc¹ elektronowego mikroskopu skaningowego z przystawk¹
EDS wykazano, ¿e badany nalot jest niemal czystym siarczkiem kadmu, a tablicz-
kowata forma jego mikrokryszta³ów (Fot. 2a, b) przemawia bardziej za heksagonaln¹
modyfikacj¹ siarczku (�-CdS greenockit) ni¿ za jego rzadkim polimorfem regularnym
(�-CdS hawleyit).
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MINERALOGICAL AND GEOCHEMICAL INVESTIGATION OF MICAS

FROM THE GÓRY SOWIE MTS PEGMATITES

A b s t r a c t . Micas from pegmatites of the Góry Sowie Mts were characterized using: microscopic obser-
vations, X-ray diffractometry, IR-spectroscopy and chemical analyses. The main stress of this study was put
on concentration of main and trace elements in these minerals. Micas are very sensitive indicators of
petrogenetic processes. A depletion in F, Rb, Cs, Li, Sn and REE as well as an enrichment in Ba show the
high-temperature, post-magmatic crystallization of these minerals. The biotites are enriched in Cr what can
confirm metamorphic and metasomatic genesis of the pegmatites.

Key-words: muscovite, biotite, pegmatite, the Góry Sowie Mts, high-temperature crystallization

INTRODUCTION

Micas are the most common sheet silicates on Earth. Their specific structure enables
to incorporate a large numbers of main and trace elements of different radii and
charges. The concentration of some elements can be a sensitive indicator of physico-
chemical environment in which a host rock crystallized. Hence, the composition of mica
minerals usually bears an important imprint on petrogenetic processes.

The object of this study are dioctahedral and trioctahedral micas from the peg-
matites of the Góry Sowie Mts. A special attention was paid to trace and main elements
present in the structure of these minerals.

GEOLOGICAL SETTING

The Devonian gneiss formation of the Góry Sowie Mts (Van Breemen et al. 1988), ex-
tending among £agiewniki, Srebrna Góra and Œwidnica, is one of major structural
elements of the Sudetes. This area was intersected in Tertiary by the Marginal Sudetic
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fault into two fragments: the SW part of the Góry Sowie Mts range proper, and the NE,
thrown down part comprising foreland of the Góry Sowie Mts. The region is almost
entirely built of the oldest metamorphic formations represented by oligoclase-biotite
paragneisses, migmatites (mixed gneisses) and orthogneisses occurring in the SE part of
this area. Amphibolites, serpentinites, granulites, pegmatites and quartz veins are less
frequent. The pegmatites occur as vein-, lens- or nest-shaped forms within the gneisses.
It was suggested that numerous pegmatite small bodies occurring in gneisses and
amphibolites are older than the nests and veins intersecting discordantly the structures
of their country rocks (Smulikowski 1953). Probably, these pegmatites were formed as
a result of partial melting (anatexis) of some rock components during migmatization
processes (Kryza 1977; Pieczka 2000). The age of the Góry Sowie Mts pegmatites has
been accepted as 370 ± 4 Ma (Van Breemen et al. 1988; fide Pieczka 2000).

For the identification and characterization of micas the pegmatites from Jedlinka
Górna (GS/2M), Kolce-Walim (GS/3M), Osówka (GS/4M, GS/4B), Sokolec (GS/6M,
GS/7M), an area next to Bystrzyckie lake (GS/10B, GS/10M, GS/13M, GS/13B), Za-
górze Œl¹skie (GS/11B), Micha³kowa (GS/14M, GS/14B) and Lutomia (GS/1M, GS/1B)
were collected (Fig. 1).
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EXPERIMENTAL METHODS

Micas were analysed using transmitting optical microscopy, chemical analyses, IR
spectroscopy and X-ray diffractometry.

Chemical analyses were conducted at the Activation Laboratories Ltd in Ancaster,
Ontario (Canada). Main components: SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O,
K2O, P2O5, and some trace elements: Ba, Sr, Zr, Y, Be, V, Cu, Pb, Zn, Ag, Ni, Cd and
Bi were analysed using ICP-AES. The analyses were made with ICP spectrometers
(JARRELL ASH model Enviro and PERKIN ELMER model 6000). Over 20 other trace
elements, including some REE, were determined using INAA. The irradiations were
carried out in a 2 MW Pool Type reactor (neutron flux — 5 � 1011 ncm–2 s–1) and further
investigations with a Ge ORTEC and CANBERRA detector. Fluorine was analyzed with
a Carl Zeiss Jena spectrophotometer. Absorbance was measured using a colorimeter
(� = 532 nm). The formula units of micas were calculated in relation to 22 oxygens.

Infrared spectra for the region 400–3700 cm–1 were recorded with a BIO-RAD model
FTS-165 spectrophotometer. Monocrystals of mica flakes were pressed in the form of
discs with KBr. The special attention was paid to the OH stretching region.

X-ray investigations were carried out on powdered, randomly oriented samples
using a Philips X’PERT diffractometer with a graphite monochromator under the
following operating conditions: CuKa radiation (� = 1.53 ), scanning speed 0.02�(2�)/1
sec., range 5–75�(2�).

RESULTS AND DISCUSSION

The Góry Sowie Mts pegmatites are rather enriched in both dioctahedral and trio-
ctahedral micas. The pegmatites, exhibiting non-complex mineral composition, consist
mainly of feldspars, quartz, biotite, muscovite, hornblende, chlorite, titanite and opaque
minerals. Zircon, apatite, cordierite, epidote, orthite, beryl and garnet occur in traces.

The microscope investigations of thin sections revealed that the muscovites are fresh
while some biotites reveal chloritization. Strong, greenish-brown pleochroism of the
biotites (GS/1B, GS/7) is probably associated with a considerable amount of Fe in the
micas. Orange-brown pleochroism in some biotites (GS/10, GS/11B) is characteristic of
micas rich in Ti (Deer et al. 1992).

In the X-ray patterns all basal reflections of dark micas correspond to 1M biotite
and 2M1 phlogopite (GS/4B, GS/11B, GS/13B, GS/14B). The reflections of biotite-
-phlogopite solid solution almost completely coincide. In some X-ray patterns (GS/1B,
GS/4B, GS/11B) also less intensive chlorite reflections are present (Fig. 2).

Both microscope and X-ray investigations confirm, therefore, the presence of chlo-
rite in biotites samples.

In the IR absorption spectra of the micas there are strong bands of the Si-O and Al-O
at 400–1200 cm–1. However, particular attention was paid to the OH-stretching region
at 3400–3700 cm–1, because the location of the bands depend on chemical composition
of micas (Vedder 1964).
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In the IR spectrum of the muscovite from Micha³kowa (GS/14M) the band of OH
stretching vibrations is located at 3635 cm–1 (Fig. 3). The position of this band is caused
by higher than average amount of Al at the octahedral sites. The band at 3312 cm–1

corresponds to the N-H stretching vibrations, while N-H bending vibrations are
responsible for the location of the band at 1427 cm–1 (Bastoul et al. 1993). It indicates the
presence of some ammonium ions in the muscovite structure, where NH4

+ ion replaces
K+. The band at 1633 cm–1 is connected with the presence of molecular water (Fig. 4).
Two weak bands of the biotite (GS/14B) at 1428 and 3267 cm–1 are caused by N-H

30

°

400

800

1200

1600

10 20 30 40 50 60 70
0

[A]d8,84 4,44 2,98 2,25 1,82 1,54 1,34

2OCukα[ ]°

B

B

B B

B

B

B
B B BC C

B-biotite 1M, C-chlorite

Fig. 2. X-ray pattern of trioctahedral mica from the Zagórze Œl¹skie pegmatite GS/11

690

0,4

4500

A
b

so
rb

an
ce

Wavenumber (cm )-1

350025001500500

0

0,8

1,2

1,6
749 802

1427 1814

3312

3635

Fig. 3. The IR spectrum of muscovite from the Micha³kowa pegmatite GS/14M



vibrations. At 3596 cm–1 there is a sharp peak associated with OH stretching vibrations
(Fig. 4). Location of this band points to the significant content of Fe at octahedral sites,
as the higher Mg content of biotite, the higher is the position of the OH stretching
band (Vedder 1964).

The main stress of the study put on geochemical analyses of muscovites and biotites
from the Góry Sowie Mts pegmatites.

In the dioctahedral micas tetrahedral sites are occupied by Si and Al, while in the
octahedral positions Al, Fe, Mg, Ti and Mn occur. The muscovite from Lutomia has the
most significant amount of Al in the octahedral layer. Relatively high amount of K
(1.5–1.7 atoms per formula unit) and traces of Na, Rb, Ba, Ca occur at the interlayer sites
(Table 1).

Be accounts on average for 36 ppm in the muscovites from the Góry Sowie Mts
pegmatites. Low concentrations of Cr and V are noted in these micas: up to 5 ppm of Cr
and 10 ppm of V (Table 3). Similarly the muscovites are depleted of Ni, with the
exception of the muscovite from Lutomia (GS/1) which possesses 23 ppm of this
element. Co is other element rarely adopted by the muscovites.

Rb and Cs concentration increase with advancing crystallization of magmas. Mo-
reover, Cs rapidly increases in good correlation with Li and F (Èerny et al. 1985). An
accumulation of these elements in the muscovites investigated is very low: Li content
ranges from 9 ppm for GS/6M to 19 ppm for GS/1M, Rb from 96 ppm to 453 ppm, Cs
from 4 ppm to 22 ppm and F from 0,08% to 0,19%.

The concentration of Sr in the muscovites ranges from 2 to 19 ppm. On the other
hand, the white micas are relatively enriched in Ba, from 28 ppm (GS/14M) up to 1123
(GS/3M), 325 ppm on average. Ba in micas spans from extensive ranges in muscovites
of the primitive pegmatites to very low amounts in lepidolite of complex pegmatites
(Èerny et al. 1985). It follows that the more Cs and Li the less Ba occurs in micas.
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The muscovites from Kolce-Walim (GS/3M) and Sokolec (GS/7M) pegmatites can be
a good example of it.

Ti content in the muscovite ranges from 0.18 wt.% to 0.41 wt.%. The maximum TiO2
contents are contained in Mg and Fe biotites, lowest TiO2 is shown by the most Li-rich
micas. It is generally known that TiO2 content decreases with advancing crystallization.
According to Puziewicz (1987) muscovite containing less than 0.30 wt.% of Ti was
formed during the post-magmatic stage of crystallization. Hence, muscovites (GS/1M,
GS/2M and GS/14M) probably crystallized later than the muscovites (GS/3M, GS/4M,
GS/7M) which host a little higher concentration of TiO2 (Table 2).

Tetrahedral sites of trioctahedral micas are mainly filled by Si and Al, P appears in
traces. Fe, Mg, Ti, Al and Mn are largely dominant in the octahedral sites, while V, Cr
and Zn show typically low concentrations. Interlayer sites are mainly filled with K and
minor amounts of Na, Ca, Rb and Ba (Table 1).

Using molecular proportions, the chemical indices of alteration (CIA) (Nesbitt,
Young 1982, fide Mongelli et al. 1996) were calculated for the biotites to be 70 (GS/1B),
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TABLE 1

Chemical formulae of the micas from the Góry Sowie Mts

Sample Mica Formula

GS/1M
Lutomia

muscovite
(K1.770Na0.225Ca0.003)(Al3.622Fe3+

0.213Mg0.139Ti0.025Mn0.002)

[Si6.098Al1.899P0.003O20] (OH)2

GS/2M
Jedlinka G.

muscovite
(K1.404Na0.185Rb0.004Ca0.002)(Fe0.139Mg0.094Mn0.002)(Al2.539Ti0.017)

[Al2.216P0.002Si5.782O20](OH)2

GS/3M
Kolce

muscovite
(K1.487Na0.164Ca0.008Ba0.006Rb0.002)(Fe0.172Mg0.148Mn0.003)

(Al2.278Ti0.034) [Al2.572P0.001Si5.427O20](OH)2

GS/4M
Osówka

muscovite
(K1.481Na0.156Rb0.003Ba0.002Ca0.003)(Fe0.209Mg0.161Mn0.004)

(Al2.249Ti0.03) [Al2.542Si5.458O20](OH)2

GS/7M
Sokolec

muscovite
(K1.518Na0.178Ca0.009Rb0.003Ba0.001)(Fe0.134Mg0.117Mn0.003)

(Al2.36Ti0.037) [Al2.578P0.002Si5.42O20](OH)2

GS/14M
Micha³kowa

muscovite
(K1.552Na0.2Rb0.002)(Fe0.142Mg0.097Mn0.001)(Al2.403Ti0.026)

[Al2.604P0.004Si5.392O20] (OH)2

GS/13B
Bystrzyckie lake

biotite
(K1.477Ca0.118Na0.113Ba0.008Rb0.003)(Fe2.073Mg1.998Mn0.02Zn0.004)

(Al0.233Ti0.35Cr0.008V0.06) [Al2.831P0.02Si5.149O20] (OH)2

GS/14B
Micha³kowa

biotite
(K1.607Na0.068Ca0.012Rb0.004Ba0.005)(Fe2.62Mg1.43Mn0.035Zn0.009)

(Al0.119Ti0.838 V0.004Cr0.002) [Al3.132P0.002Si4.866O20] (OH)2

GS/1B
Lutomia

biotite Due to the alteration process it was impossible to calculate the formula



68 (GS/14B) and 66 (GS/13). The biotite from Lutomia (GS/1B) is slightly or mo-
derately weathered, while the biotite from the Bystrzyckie lake (GS/13) is relatively
fresh. It corresponds well to X-ray investigations. X-ray patterns of the biotites from
Micha³kowa (GS/14B) and the Bystrzyckie lake (GS/13B) have no chlorite reflections.

The biotite (GS/13B) hosts rather high content of Co (Table 3). Cobalt enrichment
may be observed in micas formed during interaction of granitic/pegmatitic melt and
metamorphic country rock (Tischendorf et al. 2001). The more Cr is present the more V
occurs (Zawidzki 1971). The low concentration of Cr in biotite is associated with
magmatic genesis of granitoid rocks, while the significant amount of this element
shows metamorphic and metasomatic origin of the host rocks (Fröhlich 1960; fide

Zawidzki 1971). Fairly high concentrations of V and Cr were detected in the biotites, the
highest in the biotite (GS/13B): V-356 ppm, Cr-489 ppm.

There is very low content of Be in the biotites (1–3 ppm). Sachanbiñski (1971)
detected on average 5.5 ppm in biotites from the Góry Sowie Mts pegmatites.
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TABLE 2

The content of major elements in the micas from pegmatites of the Góry Sowie Mts

Main
elements
[wt. % ]

GS/1M GS/1B GS/2M GS/3M GS/4M GS/7M GS/13B GS/14M GS/14/B

SiO2 45.23 33.62 47.91 44.88 45.5 44.95 36.34 44.93 33.48

Al2O3 34.77 19.07 33.43 34.03 33.89 34.75 18.35 35.4 18.98

TiO2 0.24 4.02 0.18 0.37 0.33 0.41 3.28 0.28 3.51

Fe2O3 2.1 5.17 1.53 1.89 2.31 1.48 19.44 1.54 23.96

FeO 15.59

MnO 0.01 0.32 0.02 0.025 0.03 0.03 0.16 0.01 0.28

MgO 0.69 8.36 0.52 0.82 0.9 0.65 9.46 0.54 6.6

CaO 0.02 1.72 0.18 0.06 0.02 0.07 0.78 * 0.08

Na2O 0.86 0.23 0.79 0.7 0.67 0.76 0.41 0.86 0.24

K2O 10.29 6.3 9.12 9.64 9.68 9.87 8.17 10.14 8.67

P2O5 0.03 0.03 0.02 0.01 * 0.02 0.17 0.04 0.02

H2O+ 5.64 4.31 5.54 6.54 6.6 6.37 2.77 6.31 3.41

F * * * 0.19 0.19 * * 0.08 0.27

Total 99.90 100.45 99.24 99.15 100.13 99.36 99.34 100.12 99.51

* Not determined.
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TABLE 3

The content of trace elements in the micas from pegmatites of the Góry Sowie Mts

Trace

elements

[ppm]

GS/1M GS/1B GS/2M GS/3M GS/4M GS/6M GS/7M GS/11B GS/13B GS/14M GS/14/B

As ** 3 ** 2 16 0.5 12 84 2 6 6

B * * * * * 14 * 2 * * *

Ba 86 876 64 1123 434 27 217 1350 1350 28 718

Be 5 1 8 4 9 3 7 1 1 2 3

Bi * * ** 16 ** 1.5 ** 0.2 ** ** 5

Cd ** 1.9 ** ** ** ** ** 0.2 0.4 ** **

Ce ** 14 2 2 1 1 2 14.2 5 ** 2

Co 2 28 1 3 4 0.2 2 39.5 62 3 42

Cr ** 120 3.5 4.5 1.5 1 ** 134 489 5 138

Cs 7.5 19.5 11 4.5 11.7 22.6 13.5 22 21 9.2 47

Cu 4 ** 33 30 144 5.5 16 9.6 130 30 35

Ga * * * * * 21.5 * 24.4 * * *

Hf 1 1.5 0.5 ** 0.5 ** ** 0.2 1.1 ** 0.8

La ** 5.5 1 1 0.5 ** 0.8 6 2 0.5 1.6

Li 19 116 * * * 9 * 129 * * *

Lu ** 0.5 0.1 0.02 0.2 ** 0.1 0.2 0.06 0.03 0.1

Nb * * * * * 2 * 4.6 * * *

Nd * * ** ** ** 0.1 ** 10 3 ** 1

Ni 23 30 ** ** 4 0.5 ** 78.4 161 3 57

Pb * * ** 11 17 4.5 3 7.2 18 11 59

Rb 453 335 429 223 305 96.5 306 326 344 273 400

S * * 10 10 10 30 ** 60 180 20 230

Sc 55 83 9.5 32.5 23.5 * 35 * 39 79 54

Sm ** 1.1 0.2 0.2 0.2 ** 0.2 3 0.8 0.2 0.4

Sn * * * * * 31.4 * 11 * * *

Sr 5 14 6 19 9 1 10 2 21 2 4

Ta 4 7 5 2 4.5 0.05 4.4 ** 3.6 4.2 9

Th 0.5 1.5 0.5 0.1 0.2 ** 0.1 0.5 ** 0.6 **

Tl * * * * * 0.5 * 2.5 * * *

U ** 5 0.5 ** 1.5 ** 2 1.5 0.6 0.6 1

V 5 312 ** 10 9 2 11 232 356 ** 233

W 40 ** 14 25 12 3 27 1 3 33 4

Y 3 14 2 ** 22 0.1 3 16.4 11 1 5

Zn 79 524 53 39 58 14 37 369 326 43 666

Zr 21 33 13 11 18 0.4 1 5 49 5 14

GS/6. GS/11 — semi-quantitative analysis;
** Not determined;
** Not detected.



The relatively high content of Na is observed in the biotite from Lutomia (GS/1B).
Chloritized biotite is enriched in Na and depleted of LREE and Th (Mongelli et al. 1996).
The biotites are rather depleted of Th and LREE.

Strontium is enriched in late fractions relative to Ca, although the concentrations of
both elements decrease. The biotites possess rather low content of Sr.

The biotites host low concentrations of Li, Cs and F which indicate these minerals
were formed probably in early stage of post-magmatic crystallization.

Generally, dioctahedral micas show lower content of trace elements than coexisting
biotites. Sn and W are the exception of this rule (Neves 1997). Here, W also shows clear
preference for the muscovites. This element ranges from 12 ppm to 40 ppm in the
muscovites and from 1 ppm to 4 ppm in the biotites.

According to Zawidzki (1971), Cr and V generally show preference for muscovite.
Here, the biotites (GS/1B, GS/14B) host more content of these elements than coexisting
muscovites (GS/1M, GS/14M).

The K/Rb ratio increases in the sequence biotite-muscovite (Èerny et al. 1985). It is
consistent with authors’ observations (GS/1M = 213, GS/1B = 174, GS/14M = 280 and
GS/14B = 180).

Sr and Ba show preference for muscovite (Zawidzki 1971). However these elements,
especially Ba, are highly concentrated in the biotites than in the coexisting muscovites
from the Góry Sowie Mts pegmatites (Table 3).

Ta-bearing complexes are stable at low temperature (Èerny et al. 1985), accordingly
the micas of the Góry Sowie Mts pegmatites host only traces of Ta.

Not all detected trace elements were used for mica genesis interpretation. However,
it is scientific documentation and can be used by other authors concerned with si-
milar problems. Trace elements: Eu, In, Sb, Se, Tb, Te, Yb were detected, but their
concentration is below 1 ppm, therefore they were not included in the Table 3.

CONCLUSIONS

The micas from the Góry Sowie Mts pegmatites host very low concentration of F, Rb,
Cs, Li, Sn, REE and Ta. The impoverishment in these elements indicate early post-
-magmatic crystallization. High-temperature genesis of the micas may also be con-
firmed by a high content of Ba. The Sr/Ba ratio increases with advancing crystallization.
The low Sr/Ba ratio in the biotites (0.01–0.001) also indicates early crystallization of the
micas. High concentrations of Cr in the biotites may confirm anatectic genesis of the
Góry Sowie Mts pegmatites. Pegmatitic veins occur within metamorphic rocks. The
biotites depleted of REE are characteristic of primitive pegmatites. Mineralogical and
geochemical investigations of the micas from the Góry Sowie Mts confirm that the
minerals represent an early stage of post-magmatic crystallization.

Concentration of Ti in the muscovites confirms the post-magmatic genesis of
the host rocks (pegmatite). Relatively simple mineral composition, characteristic
of primitive pegmatites, may confirm relatively high-temperature crystallization of
the rocks.
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Magdalena DUMAÑSKA-S£OWIK

BADANIA MINERALOGICZNE I GEOCHEMICZNE MIK Z PEGMATYTÓW

GÓR SOWICH

S t r e s z c z e n i e

Minera³y grupy mik pochodz¹ce z pegmatytów Gór Sowich zosta³y poddane ba-
daniom mikroskopowym, rentgenowskim, spektroskopowym w podczerwieni i che-
micznym. Okreœlono zawartoœci w nich pierwiastków g³ównych, pobocznych i œlado-
wych. Miki s¹ bardzo czu³ymi wskaŸnikami procesów petrogenetycznych, dlatego te¿
analiza sk³adu chemicznego tych minera³ów pozwala przybli¿yæ warunki fizykoche-
miczne œrodowiska powstania ska³y macierzystej. Zubo¿enie mik w pierwiastki takie
jak F, Rb, Cs, Li, Sn i REE, a wzbogacenie w Ba przemawia za wczesn¹, wysoko-
temperaturow¹ krystalizacj¹ pomagmow¹. Podwy¿szona koncentracja Cr w biotytach
sowiogórskich mo¿e byæ zwi¹zana z metamorficznym otoczeniem pegmatytów z Gór
Sowich.
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CONSTRAINTS ON P-T CONDITIONS OF HIGH-GRADE METAMORPHISM

IN THE GÓRY SOWIE MTS, WEST SUDETES

A b s t r a c t . P-T conditions of metamorphism that affected the Góry Sowie Mts gneisses (West Sudetes,
SW Poland) were determined with use of garnet-biotite (GB) and muscovite-biotite (MB) geothermometry,
and muscovite geobarometry on selected rocks. Granulite and sillimanite-bearing layered gneiss from the
Bystrzyckie Lake region (northern part of the Góry Sowie Mts) revealed GB temperatures 652 ± 35�C. To
the south, layered gneiss and metapegmatite from the Przygórze area yielded similar GB temperatures
(660 ± 28�C), lower MB temperatures (613 ± 25�C) and pressures 6.4 ± 1.4 kbar. In the central part of the
massif, finely laminated gneiss and diatexite from the Potoczek region revealed MB temperatures 596 ± 24�C
and pressures 5.2 ± 0.7 kbar. A similar temperature (600 ± 25�C) was obtained out of a flaser gneiss from the
Kietlice region in the Fore-Sudetic part of the Góry Sowie Block. Differences between GB and MB results
might be related to different speed of ion diffusion between coexisting minerals. We suggest that reported
data are related to initial midcrustal exhumation and coeval amphibolite facies metamorphism.

Key-words: geothermobarometry, gneisses, granulites, Góry Sowie Mts, Bohemian Massif, West Sudetes

INTRODUCTION

The Góry Sowie Block, located in SW Poland, is an allochtonous terrane that
underwent a polyphase thermal evolution (e.g. ¯elaŸniewicz 1987, 1990). Metamorphic
assemblages preserved within the massif include granulite and metabasite units enve-
loped by a widespread amphibolite-facies matrix. Previous authors have described
thermal and barometric histories of the Góry Sowie; however estimates of the condi-
tions of metamorphism that affected main rock types — gneisses and migmatites —
were based mainly on the presence of mineral paragenesis in these rocks and structural
investigations (e.g. Kryza 1981; ¯elaŸniewicz 1987, 1990). Quantitative methods were
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selectively used mainly to determine metamorphic conditions of metabasites and
granulites (e.g. Kryza et al. 1996; O’Brien et al. 1997). Geothermobarometry (e.g. garnet-
-biotite geothermometry and garnet — Al2SiO5 — plagioclase geobarometry) was also
used to determine P-T conditions of metamorphism that affected migmatitic gneisses,
which enclose metabasites (e.g. Kryza, Pin 1998, 2002). These results indicate that
migmatitic gneisses were metamorphosed in peak of metamorphism conditions of
825–875�C and 9.5–11 kbar (Kryza, Pin 1998, 2002). In this paper we report new results
from thermobarometric analyses on selected rocks from the Góry Sowie, obtained with
use of garnet-biotite and muscovite-biotite geothermometry, and muscovite geoba-
rometry.

GEOLOGICAL BACKGROUND

The Góry Sowie Block — located in West Sudetes, SW Poland — is divided by
NW-SE trending Sudetic Marginal Fault into two portions: the Góry Sowie Mts. and the
Fore-Sudetic Block (Fig. 1). Paragneisses and migmatites are dominant rock types
within this metamorphic complex, with minor amounts of granulites, metabasites,
eclogites, peridotites and calc-silicate rocks (e.g. Kryza 1981; ¯elaŸniewicz 1987, 1990).

The typical composition of gneisses and migmatites is quartz, oligoclase and biotite,
with additional sillimanite, muscovite, K-feldspar or cordierite occurring as index
minerals. Secondary minerals distinguished are: garnet, kyanite, apatite, zircon, mona-
zite and iron oxides. Most gneisses are interpreted as metamorphosed greywackes and
various pelitic-psamitic rocks (e.g. Kryza 1981; ¯elaŸniewicz 1987). As an alternative,
Kröner and Hegner (1998) proposed that many gneisses have a magmatic protolith, as
illustrated by zircon geochronology.
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Fig. 1. Sketch of the Góry Sowie Block with sampling locations (modified after Budzyñ et al. 2004)



Granulites occur in three close locations in the Bystrzyca Górna–Zagórze Œl¹skie
region (N part of the massif) and are associated with mantle-derived peridotites.
A fourth location of granulite occurrence is in the Sieniawka area (NE part of the Góry
Sowie Block). Granulites are composed of quartz, plagioclase, garnet, kyanite, rutile
and retrogressed micas (biotite and muscovite). Present position of granulites and
peridotites is interpreted as a result of tectonic movements that incorporated these
rocks into the Góry Sowie gneisses during initial exhumation into the midcrust (e.g. ¯e-
laŸniewicz 1985).

Amphibolites usually occur as fine and thin lenses within gneisses (e.g. ¯ela-
Ÿniewicz 1995) and are distinguished by a mineral composition of: hornblende, biotite,
plagioclase (andesine-labradore), garnet, pyroxene and — rarely — quartz (¯elaŸnie-
wicz 1987). Less common amphibolites with quartz are likely metamorphosed tuffs
(¯elaŸniewicz 1995). The remaining amphibolite varieties represents mafic rocks and
their origin might be related to fractionation of mantle material, which intruded during
midcrustal (10–12 km) deformation (Dziedzicowa 1994; fide ¯elaŸniewicz 1995).

SAMPLE SELECTION AND METHODS OF INVESTIGATION

During standard petrographic investigations the suitability of 31 collected samples
for geothermobarometric analyses was determined. The highest priority during sample
selection was the presence of non-retrogressed garnet-biotite and/or muscovite-biotite
pairs, which could register maximum temperatures and/or pressures of metamor-
phism during amphibolite-facies conditions. As a result of these restrictions eight
samples from four regions within the Góry Sowie were selected. Additionally, one
sample from the Kietlice region (Fore-Sudetic part of the Góry Sowie Block) was chosen.

C h e m i c a l d e t e r m i n a t i o n s a n d XRD a n a l y s e s

Mineral chemistry analyses were performed on a JEOL JXA-50A electron micropro-
be at the Department of Mineralogy, Petrography and Geochemistry, AGH, Kraków,
using silicate and oxide mineral standards. Operating conditions were as follows:
accelerating voltage 15 kV, beam current 20 nA, counting time 40 seconds and the beam
diameter of 2–5 �m focused on the polished thin section coated with carbon. Twenty-
-five mineral grains from 9 samples were analysed in 44 spots.

Back-scattered electron images, as well as EDS analyses along garnet traverses, were
obtained in the Laboratory of Field Emission Scanning Electron Microscopy and Micro-
analysis at the Institute of Geological Sciences of the Jagiellonian University, Kraków.

Four samples were chosen for geobarometric XRD analyses using the methodology
suggested by Sassi and Scolari (1974). Each rock slice remaining from thin section
preparation was polished to obtain a smooth surface perpendicular to the foliation. The
d060, 331 muscovite spacing was measured with use of a Phillips X’Pert diffractometer.
A pattern was recorded in the range of 59–63� 2� (CuK� radiation). Quartz present
in the rock matrix was used as an internal standard.
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G e o t h e r m o b a r o m e t r i c m e t h o d s

Three quantitative methods were chosen to determine P-T conditions of meta-
morphism: garnet-biotite and muscovite-biotite geothermometers, and muscovite
geobarometer.

G a r n e t -b i o t i t e g e o t h e r m o m e t e r

Garnet-biotite Fe-Mg exchange geothermometer is one of the most widely used
methods for middle-upper amphibolite-facies rocks. This method is based on the
reaction:

Fe3Al2[SiO4]3 + KMg3[(F,OH)2|AlSi3O10] = Mg3Al2[SiO4]3 + KFe3[(OH)2|AlSi3O10]

almandine phlogopite pyrope annite

Various calibrations of garnet-biotite geothermometer were tested, including Ferry
and Spear (1978), Hodges and Spear (1982), Perchuk and Lavrent’eva (1983), Dasgupta
et al. (1991), Bhattacharya et al. (1992) and Holdaway (2000). Maximum differences
between temperatures obtained for one sample with use of these calibrations were up
to ca. 220�C. Previously (e.g. Gordon et al. 2003; Budzyñ et al. 2004) we reported
data determined using Bhattacharya’s et al. (1992) garnet-biotite geothermometer with
Hackler and Wood’s (1989) mixing parameters. In this paper we propose use of Holda-
way’s (2000) garnet-biotite geothermometer, which also takes into account assumed
Fe3+ values of biotite (11.6%) and garnet (3%) based on the Mössbauer analyses of Dyar
(1990) and Guidotti and Dyar (1991). This calibration of garnet-biotite geothermometer
is probably the best one currently available (for more details see Holdaway 2000, 2004).
A program (GB, the Garnet-Biotite Geothermometer by Holdaway) was used to calculate
temperatures of garnet-biotite pairs from their chemical analyses. Average volume Mar-
gules parameters of Ganguly et al. (1996), Berman and Aranovich (1996), and Mudho-
padhyay et al. (1997) for garnet were used. Taking into consideration ferric iron in the
structure of minerals we obtained lower garnet-biotite temperatures by about 10–15�C.

During selection of garnet-biotite pairs for analyses crystallographic orientation of
biotite was considered. As a result of that, coexisting minerals with low � (the angle
between the normal to biotite (001) plane and the interface with garnet) were selected.
Chosen analyzed spots in garnet-biotite pairs were close to mineral contact (spot
distance within the range 60–120 �m). Temperatures were calculated in combination
with muscovite geobarometer, with three exceptions (samples GS-2C, GS-3 and GS-17C),
where temperatures were calculated for P = 5 kbar.

M u s c o v i t e -b i o t i t e g e o t h e r m o m e t e r

The second method chosen for temperature estimations is muscovite-biotite geo-
thermometer (Hoisch 1989) based on exchange reaction:
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KMg3[(F,OH)2|AlSi3O10] + KAl2[(OH,F)2|AlSi3O10] =

phlogopite muscovite

= K(MgAl)[(OH)2|Si4O10] + K(Mg2Al)[(OH)2|Al2Si2O10]

celadonite eastonite

Analytical spots were located close to contact between minerals (spot distance
within the range 60–100 �m). Temperatures were calculated in combination with
muscovite geobarometer, except samples GS-12 and GS-15, where temperatures were
calculated for P = 5 kbar.

M u s c o v i t e g e o b a r o m e t e r

Ramírez and Sassi’s (2001) muscovite geobarometer was chosen to determine maxi-
mum pressures of metamorphism. This method is based on changes of the muscovite
d060,331 cell dimension, which monitors the baric conditions of metamorphism. These
changes are result of the increasing celadonite substitution related to a pressure incre-
ase. During XRD analyses, analytical procedure was repeated five times for GS-14A and
three times for GS-14B to estimate analytical error.

RESULTS

M i n e r a l c h e m i s t r y a n d XRD r e s u l t s

Microanalyses were concentrated on rim values of minerals chosen for geother-
mometric calculations. In four selected samples (sillimanite-bearing layered gneiss
GS-2C; layered gneiss GS-14A; metapegmatite GS-14B; flaser gneiss GS-17C) garnets
form subhedral to anhedral blasts, up to ca 2 mm in diameter. Some of them contain
biotite or quartz inclusions. These garnets — in which crystallization took place du-
ring progressive, amphibolite-facies metamorphism — are represented by almandine
(Table 1). They have composition of Alm0.61–0.76Spess0.05–0.22Py0.08–0.17Gross0.03–0.10.
In contrast, one sample (granulite GS-3) contains garnets with retrogressive featu-
res. Some of these grains have reaction coronas that emerged during retrogression
in the contact with rutile, plagioclase or micas. Quartz, plagioclase, biotite and ru-
tile occur as inclusions. Garnet rim and core compositions in this sample are Alm0.49–0.55
Spess0.02Py0.31–0.39Gross0.08–0.12 and Alm0.48–0.53Spess0.02 Py0.30–0.36Gross0.11–0.15 respec-
tively.

A biotite population that should achieve chemical composition in equilibrium with
garnets during maximum temperatures of metamorphism was chosen for analyses.
Chemical compositions in mica grains free of chlorite or muscovite interlayers were
analysed. Biotite has an Fe/(Fe+Mg) ratio of 0.52–0.66 with two values out of this range:
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0.28 (sample GS-3) and 0.39 (sample GS-17C) (Table 2). Mica compositions for mus-
covite-biotite geothermometry are presented in Table 3. Analytical XRD results do-
cument muscovite b0 values within the range 8.9988–8.9994 Å (Table 4).
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TABLE 1

Selected analyses of garnets

Component
[wt. %]

GS-2C Grt 2 GS-2C Grt 3 GS-2C Grt 7 GS-2C Grt 8 GS-3 Grt 1 GS-14A GS-14B GS-17C

SiO2 39.36 39.67 38.12 39.40 41.47 38.46 37.88 39.64

Al2O3 21.39 20.63 20.75 20.88 23.17 20.59 20.32 21.71

TiO2 0.22 0.22 0.23 0.22 0.24 0.27 0.25 0.24

FeO 32.81 32.15 32.71 32.11 24.13 29.90 26.64 30.40

MgO 2.42 2.75 2.50 2.78 7.55 2.11 2.26 4.36

MnO 4.59 4.66 4.97 4.61 1.05 7.78 9.35 2.05

CaO 1.61 1.96 1.14 0.91 4.10 2.84 2.61 3.40

Total 102.40 102.04 100.41 100.90 101.71 101.96 99.32 101.80

Number of cations*

Si 3.08 3.11 3.05 3.11 3.09 3.05 3.06 3.06

Al 1.97 1.91 1.96 1.94 2.04 1.92 1.90 1.98

Ti 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01

Fe 2.15 2.11 2.19 2.12 1.50 1.98 1.80 1.96

Mg 0.28 0.32 0.30 0.33 0.84 0.25 0.27 0.50

Mn 0.30 0.31 0.34 0.31 0.07 0.52 0.64 0.13

Ca 0.13 0.16 0.10 0.08 0.33 0.24 0.23 0.28

Total 7.93 7.93 7.95 7.90 7.88 7.98 7.95 7.94

Fe/(Fe+Mg) 0.88 0.87 0.88 0.87 0.64 0.89 0.87 0.80

Content of end members

XPy 0.10 0.11 0.10 0.12 0.31 0.08 0.09 0.17

XAlm 0.75 0.73 0.75 0.75 0.55 0.66 0.61 0.68

XGross 0.05 0.06 0.03 0.03 0.12 0.08 0.08 0.10

XSpess 0.11 0.11 0.12 0.11 0.02 0.17 0.22 0.05

* Number of cations on the basis of 12 oxygen atoms; total Fe = Fe2+.
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TABLE 2

Selected analyses of selected biotites (Bt) and muscovites (Mu)

Composition
[wt. %]

GS-2C
Bt 2

GS-3
Bt

GS-10A
Bt

GS-10A
Mu

GS-14A
Bt 1

GS-14A
Bt 2

GS-14A
Mu

GS-14B
Bt 1

SiO2 37.06 38.51 38.11 46.91 37.60 38.65 46.27 37.99

Al2O3 20.81 19.14 19.74 38.64 17.04 18.29 35.34 18.35

TiO2 2.92 4.67 3.40 0.19 3.17 2.80 1.36 2.09

FeO 19.55 9.55 19.89 1.44 22.77 20.20 2.12 19.28

MgO 7.04 13.75 8.17 0.66 7.67 8.60 0.75 7.57

K2O 9.14 9.20 9.11 9.18 10.31 10.66 11.04 9.60

Na2O n.a. n.a. n.a. 0.64 n.a. n.a. 1.96 n.a.

Total 96.53 94.82 98.44 97.65 98.57 99.21 98.85 94.87

Number of cations*

Si 2.76 2.78 2.78 3.02 2.81 2.83 3.01 2.88

Al 1.82 1.63 1.70 2.93 1.50 1.58 2.71 1.64

Ti 0.16 0.25 0.19 0.01 0.18 0.15 0.07 0.12

Fe 1.22 0.58 1.21 0.08 1.42 1.24 0.12 1.22

Mg 0.78 1.48 0.89 0.06 0.86 0.94 0.07 0.86

K 0.87 0.85 0.85 0.75 0.98 1.00 0.92 0.93

Na n.a. n.a. n.a. 0.08 n.a. n.a. 0.25 n.a.

Total 7.60 7.57 7.61 6.93 7.75 7.73 7.15 7.65

Fe/(Fe+Mg) 0.61 0.28 0.58 0.55 0.62 0.57 0.61 0.59

* Number of cations on the basis of 11 oxygen atoms; total Fe = Fe2+; n.a. — not analyzed.

TABLE 3

Compositions of analyzed micas for muscovite-biotite geothermometry

Sample
symbol

Kideal
R1 XB

Mg –XB
[6]Al XB

Mg XB
[6]Al XB

Ti XB
Fe XM

Mg

GS-10A 0.474 � 0.138 � 0.296 � 0.158 0.062 0.404 0.032

GS-10B 0.436 0.152 � 0.287 � 0.135 0.068 0.436 0.032

GS-12 0.624 � 0.122 � 0.257 � 0.135 0.044 0.495 � 0.040

ght GS-14A 0.499 � 0.178 0.313 � 0.135 0.051 0.412 0.037

GS-14B 0.400 0.238 0.362 0.124 0.049 0.393 0.040

GS-15 0.695 � 0.151 � 0.259 � 0.108 0.073 0.470 � 0.054 �

Explanations of symbols: Kideal
R1 = XcelXeas / XphlXms; XM

Mg = Mg/2;
XM

[6]Al = (Al + Si – 4)/2; XB
Mg = Mg/3; XB

[6]Al = (Al + Si – 4)/3; XB
Fe = Fe/3; XB

Ti = Ti/3 (for more details
see Hoisch 1989); � — data higher than range given by Hoisch (1989);

� — data lower than range given by Hoisch (1989).



G e o t h e r m o b a r o m e t r y r e s u l t s

In the northern part of the Góry Sowie Mts, samples (GS-2C and GS-3) revealed tem-
peratures of ca. 652 ± 35�C (Table 5; Fig. 2). Point analyses along traverse in garnet from
granulite (GS-3) allowed us to ascertain slight zonation with a retrogressive rim (Fig. 3
and 4). However, this zonation is probably related to ion diffusion between the garnet
and inclusions. Two samples (GS-14A and GS-14B) from the Przygórze area yielded
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TABLE 4

X-ray diffractometry results

Sample symbol GS-10A GS-10B GS-14A (1) GS-14A (2) GS-14A (3)

d060,331 [Å] 1.4991 1.4990 1.4999 1.4999 1.4998

b0 = 6 · d060,331 [Å] 8.9946 8.9940 8.9994 8.9994 8.9988

Sample symbol GS-14A (4) GS-14A (5) GS-14B (1) GS-14B (2) GS-14B (3)

d060,331 [Å] 1.4991 1.4994 1.4994 1.4991 1.4988

b0 = 6 · d060,331 [Å] 8.9946 8.9964 8.9964 8.9946 8.9928

TABLE 5

Temperatures and pressures yielded by analyzed samples

Sample
symbol

Rock type

Method

Grt-Bt Mu-Bt Mu

T [�C] T [�C] P [kbar]

GS-2C sillimanite-bearing layered gneiss 652 ± 35 — —

GS-3 granulite 646 ± 25 — —

GS-10A diatexite — 594 ± 22 5.2 ± 0.7

GS-10B finely laminated gneiss — 597 ± 22 5.2 ± 0.7

GS-12 flaser gneiss — 635 ± 22 —

GS-14A layered gneiss 657 ± 25 610 ± 22 6.6 ± 1.2

GS-14B metapegmatite 662 ± 25 615 ± 22 6.2 ± 1.2

GS-15 flaser gneiss — 712 ± 22 —

GS-17C flaser gneiss 600 ± 25 — —

Grt-Bt — garnet-biotite geothermometer (Holdaway 2000); Mu-Bt — muscovite-biotite geothermometer
(Hoisch 1989); Mu — muscovite geobarometer (Ramírez and Sassi 2001); Italic — data with questioned
reliability (explanation in text).



similar results of garnet-biotite geothermometry (660 ± 28�C) and pressures 6.4 ± 1.4 kbar.
These samples revealed lower temperatures (613 ± 25�C) with use of muscovite-biotite
geothermometry. In the central part of the Góry Sowie temperatures of 596 ± 24�C and
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Fig. 2. Results of P-T determinations obtained with use of garnet-biotite geothermometry,
muscovite-biotite geothermometry and muscovite geobarometry

Fig. 3. Backscattered electron image showing garnet from the granulite (GS-3).
Profile along traverse A-A’ is shown at Fig. 4



pressures 5.2 ± 0.7 kbar were determined. Additionally one sample (GS-17C) from the
Kietlice region (the Fore-Sudetic Block) yielded temperatures of 600 ± 25�C.

The disparity determined between mica compositions in four analysed samples
(GS-10A, GS-10B, GS-14A and GS-14B; Table 3) and the elemental range in the cali-
bration data set (Hoisch 1989) probably do not influence our geothermometry data.
Larger differences in case of two samples (GS-12 and GS-15) cause us to question the
reliability of temperatures obtained from both samples (Table 5, in italics); these results
will not be consider in further discussion.

DISCUSSION

Analytical differences between the results of the geothermometers might be inter-
preted as a result of different speeds of ion diffusion between coexisting minerals
(especially in case of GS-14A and GS-14B). Temperatures obtained with use of mus-
covite-biotite geothermometer are probably lower than maximum temperatures of
metamorphism. According to Spear (1991), fast cooling ratio affirmed with use of
thermochronological investigations (e.g. Oliver, Kelley 1993; Bröcker et al. 1998; Mar-
heine et al. 2002; Zahniser et al. 2003) may be conducive to the preservation of equili-
brium between garnet and biotite achieved at maximum temperatures of metamor-
phism. Moreover, garnet rim with smaller � biotite shows higher Mg/(Mg+Fe) values,
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Fig. 4. Plots of garnet composition along A-A’ traverse (as shown in Fig. 3)



which leads to higher temperature estimation (Usuki 2002). Therefore, even if the
chemical composition changed during cooling, maximum temperatures should be
within the range of calibration error of our results.

Geothermobarometry results have revealed that selected rocks from the Góry Sowie
Mts were metamorphosed under middle-upper amphibolite facies conditions. Condi-
tions of peak of metamorphism that affected selected Góry Sowie gneisses were up to ca

687�C and ca 7.8 kbar (including calibration error value). These data are consistent with,
if not slightly higher-temperature than previously published P-T estimations for the
peak regional metamorphic event in the massif (e.g. Kryza 1981; ¯elaŸniewicz 1987,
1990, 2003). Similar P-T values — based on garnet-aluminosilicate-plagioclase and
garnet-biotite equilibria — were registered previously in migmatitic gneisses by Kryza
and Pin (1998, 2002): 670–750�C at 4.8–6.8 kbar for the mineral rim compositions. Slight
inconsistence of our data with these results might be related to metabasites that are
enclosed within migmatitic gneisses investigated by the mentioned authors.

Temperatures and pressures obtained out of two samples (GS-14A and GS-14B) from
the same outcrop revealed that pegmatites intruded into the gneissic complex before
peak of metamorphism. Both rocks registered conditions of later metamorphic events.

We suggest that these P-T constraints are related to the beginning of the midcrustal
exhumational stage of the granulite assemblages, coeval with widespread regional
metamorphism (Fig. 5). Isothermal decompression of the terrane, and initial exhu-
mation of the gneisses and migmatites — which enclose granulites and metabasites —
to mid-crustal depths most likely took place ca 380–370 Ma (e.g. Van Breemen et al.
1988; Bröcker et al. 1998; Timmermann et al. 2000; Gordon et al. 2003; Zahniser et al.
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Fig. 5. P-T-t path for gneisses and migmatites determined using data presented in this paper
(filled circles). P-T conditions of earlier metamorphic event (M1) according to ¯elaŸniewicz (1990) are

shown as the box. Dating after Van Breemen et al. (1988), Oliver and Kelley (1993), Bröcker et al. (1998),
Timmermann et al. (2000), Gordon et al. (2003) and Zahniser et al. (2003). A part of retrogressive path for
granulites determined using data from ¯elaŸniewicz (1990), Kryza et al. (1996) and O’Brien et al. (1997)

GSB — the Góry Sowie Block



2003). Later, probably weaker Variscan tectonometamorphic events resulted in final
exhumation of the Góry Sowie Block at 340–330 Ma (e.g. Oliver, Kelley 1993; Zahniser
et al. 2003).

CONCLUSIONS

1. We interpret analytical differences between the data obtained with use of garnet-
-biotite geothermometer and muscovite-biotite geothermometer as a result of different
speeds of ion diffusion within mineral pairs.

2. Geothermobarometry results, presented in this paper, revealed that selected
rocks from the Góry Sowie Mts were metamorphosed at middle-upper amphibolite
facies conditions.

3. P-T constraints are related to the beginning of the midcrustal exhumational stage
of the granulite assemblages coeval with widespread regional metamorphism, which
most likely took place ca 380–370 Ma.
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Bartosz BUDZYÑ, Maciej MANECKI, David A. SCHNEIDER

WARUNKI CIŒNIEÑ I TEMPERATUR METAMORFIZMU WYSOKIEGO

STOPNIA W GÓRACH SOWICH, SUDETY ZACHODNIE

S t r e s z c z e n i e

Warunki temperatur i ciœnieñ metamorfizmu wybranych ska³ z Gór Sowich (Sudety
Zachodnie, SW Polska) zosta³y okreœlone przy zastosowaniu geotermometrów granat-
-biotyt (GB) i muskowit-biotyt (MB) oraz geobarometru muskowitowego. Gnejs war-
stewkowy z sillimanitem i granulit z rejonu jeziora Bystrzyckiego (pó³nocna czêœæ Gór
Sowich) wykaza³y temperatury 652 ± 35�C (GB). W przypadku gnejsu warstewkowego
i metapegmatytu z rejonu Przygórza (po³udniowa czêœæ masywu) otrzymano tem-
peratury 660 ± 28�C (GB) i 613 ± 25�C (MB) oraz ciœnienia 6,4 ± 1,4 kbar. Zarejestrowane
warunki metamorfizmu gnejsu cienkolaminowanego i diateksytu z okolic Potoczka
wynios³y 596 ± 24�C (MB) i 5.2 ± 0,7 kbar. Do badañ wybrano ponadto jedn¹ próbkê
z przedgórskiej czêœci bloku sowiogórskiego — otrzymane temperatury metamor-
fizmu gnejsu smu¿ystego z rejonu Kietlic wynios³y 600 ± 25�C (GB).

Ró¿nice pomiêdzy otrzymanymi danymi przy u¿yciu dwóch geotermometrów —
co ma miejsce np. dla próbek z centralnej czêœci Gór Sowich — mog¹ byæ wynikiem
ró¿nic w szybkoœci dyfuzji jonów pomiêdzy minera³ami. Otrzymane dane s¹ najpraw-
dopodobniej zwi¹zane z pocz¹tkow¹ ekshumacj¹ bloku sowiogórskiego i towarzy-
sz¹cym metamorfizmem regionalnym w warunkach facji amfibolitowej.
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MINERALOGICAL CHARACTERISTICS AND TEXTURAL PROPERTIES

OF ACID-ACTIVATED GLAUCONITE

A b s t r a c t . The authors activated glauconite from the Lubartowska Lowland (E Poland) in 3M HCl for
1, 3, 4 and 7h at 100�C and studied impact of the activation on mineralogical and textural features (specific
surface area, porosity and microporosity) of the mineral. Acid activation does not destroy the glauconite: its
layer structure has been preserved despite leaching a considerable number (about 60%) of octahedral
cations. The activation has significantly increased major textural parameters of the glauconite, i.e. its specific
surface, porosity and microporosity.

Key-words: glauconite, acid activation, surface area, microporosity

INTRODUCTION

Acid activation of clay minerals has been a subject of many papers. The process
has been studied mainly on the minerals of the smectite group as potential mineral
materials for manufacturing of bleaching earths (e.g. Fija³ et al. 1975a, b; Kheok et al.
1982; Christidis et al. 1997). Much less such data have been published for glauconite.

Glauconite is a common mineral in widespread clayey-sandy rocks in the vicinity
of Lubartów (Krzowski 1995; Gazda et al. 2001), so the authors carried out basic
investigations aimed at testing of the effects of acid activation on the structure and
textural parameters of the glauconite as a possible mineral raw material in environ-
mental engineering technologies. This mineral, with many applications outside our
country (Smith et al. 1996; Baker, Uwins 1997; Kuusik, Viisimaa 1999; Stefanova 1999;
Srasra, Trabelsi-Ayedi 2000; Griffioen 2001), in Poland has not been frequently utilized
so far. As glauconites are strongly diversified in their mineral and chemical com-
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positions, the results obtained by different authors are not directly comparable. The
investigations presented here were to determine industrial potential of the Tertiary
glauconite from the vicinity of Nowodwór.

MATERIALS AND METHODS

G l a u c o n i t e

The glauconite studied was collected from Tertiary sands of the Lubartowska
Lowland near Nowodwór. Its average content in these sediments varies between 20 and
30% (Gazda et al. 2001). The sands were washed on the 63 �m sieve; then, from the
glauconite-quartz concentrate left on the sieve the glauconite was magnetically
separated.

A c i d a c t i v a t i o n

Activation was carried out using 3M HCl for 1, 3, 4 and 7h, boiling samples of the
glauconite concentrate on the water bath at 100�C. The glauconite samples were also
activated at 60�C in 3M HCl for 3h using a magnetic stirrer. After acid treatment, the
samples were washed with distilled water until the Cl– ion disappeared, and dried at
80�C.

M e t h o d s o f m i n e r a l o g i c a l a n d c h e m i c a l i n v e s t i g a t i o n s

The mode of the glauconite occurrence was studied using a JEOL 5200 scanning
electron microscope with an EDS attachment for chemical analyses in microareas.
Samples were covered with graphite.

A mineralogical type of the glauconite was determined using the X-ray method with
a TUR-M62 diffractometer (CoK� radiation).

The composition of the natural glauconite as well as the degree of degradation of its
octahedral layer due to acid activation were analysed using a Perkin-Elmer Plasma 40
ICP–AES analyser.

M e t h o d s o f t e x t u r a l i n v e s t i g a t i o n s

Sorption and desorption isotherms were determined using a sorption manostate
(Ciembroniewicz, Lasoñ 1972) with argon vapours at a temperature of liquid nitrogen
(–195.5�C) after degassing of the samples to the pressure around 10–5 mm Hg. The
specific surface was calculated applying the theory of multilayer vapour adsorption of
Brunauer, Emmett and Teller (BET) (Brunauer et al. 1938; Oœcik 1979; Klinik 2000). The
specific volume of micropores was determined with Dubinin-Radushkievitch equation
(Oœcik 1979). The specific surface of mesopores and their specific volume were calcula-
ted applying the II variant of Dubinin method (Dubinin 1956; Oœcik 1979; Klinik 2000).
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RESULTS OF MINERALOGICAL AND CHEMICAL ANALYSES

The glauconite separated from the glauconite sands of the Nowodwór area is deve-
loped as spherical, loaf-like or ellipsoidal, grass green aggregates (pellets) characteristic
of this mineral, with prevalent diameters between 0.12 and 0.25 mm (Fig. 1). A hete-
rogeneous nature of platy glauconite accumulations can be seen under the scanning
microscope in the fractures of its grains (Phot. 2). Acid activation affects only the
outermost glauconite surfaces, resulting in distinct corrosion along these fractures
(Phot. 3).

The results of XRD investigations provide an almost complete set of dhkl reflections,
characteristic of the 1M-glauconite polytype (Fig. 1, sample 0h). The X-ray patterns of
the oriented, air-dry samples and the samples saturated with ethylene glycol indicate
that the glauconite studied contains about 10% of smectite layers, possessing thus the
structure with an ordered arrangement of interstratifications of the IISI type (Œrodoñ,
Gawe³ 1988).

After activation in 3M HCl the structure of the glauconite remains generally un-
changed. In all X-ray patterns the major reflections of glauconite have the same d values
(10.02; 5.53; 3.33; 2.58 Å). The time of activation affects, however, the intensity of
the glauconite reflections: in the sample activated for 7h it is two times lower than in
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Fig. 1. X-ray patterns of the glauconite samples



the sample not activated. It can be explained by formation of amorphous reaction
products when the structure of glauconite is leached of some elements but does
not collapse. The presence of the amorphous substance also explains a distinctly
elevated background of the X-ray pattern in the range 20–40�(2�) in the sample acti-
vated for 7h.

The chemical composition of the glauconite studied (Table 1), and particularly its
Fe2O3>Al2O3 ratio, classifies it as a ferruginous glauconite (Krzowski 1995). Recal-
culation of the chemical composition into the formal unit according to the respective
crystallochemical rule (22 charges of anions in a half of the formal unit) gives the
following formula:

(K Na Ca ) (Fe Al Mg )(Al S0.74 0.01 0.03 1.37
3

0.16 0.45 0.31[ i O )(OH)3.69 10 2 ]

Acid activation affects mainly chemical composition of the octahedral layer, while
the tetrahedral layer is less prone to it because of strong bonds among silicon and
oxygen ions. The amount of major ions of the octahedral layer removed is presented in
Table 2 and Figure 2, while Figure 3 shows the range of damage of this layer. This
damage increases with activation time and after 7 h reaches 63%.
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TABLE 2

Content [wt.%] of the main octahedral cations of the glauconite samples
(bulk samples after magnetic separation)

Activation time Fe2O3 Al2O3 MgO

0 h 22.67 4.34 4.25

1 h 19.73 3.97 3.68

3 h 18.57 3.02 3.43

4 h 11.99 2.16 2.33

7 h 7.98 1.61 1.68

TABLE 1

Chemical composition of the glauconite (sample hand-picked under the binocular)

Component

[wt.%]

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O H2O

49.70 5.36 24.44 4.06 0.36 0.08 7.83 8.39



RESULTS OF TEXTURAL ANALYSES

Isotherms of argon sorption and desorption at the temperature of liquid nitrogen
prior and after activation are presented in Figure 4. The activation does not change their
character and the curves correspond to the type I of the BET isotherm (Brunauer et al.
1938; Oœcik 1979; Klinik 2000), being equivalent of the type I according to the IUPC
classification (Gregg, Sing 1982; Sing et al. 1985). The hysteresis loop corresponds to the
loop H4 in the IUPC classification and indicates that the pores in the material studied
are developed as narrow slits between two surfaces (in the case of clay minerals these
are interlayers).
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Fig. 2. Change of the amount of main octahedral cations of the glauconite samples due to acid activation

Fig. 3. The total of the main octahedral cations removed from the glauconite samples during acid
activation
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Textural parameters of the natural and activated glauconite are shown in Table 3
and Figure 5. All these parameters increase with the activation time: for instance the
specific surface from 78 m2/g in natural glauconite to 329 m2/g after 7-hour activation
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Fig. 4. Isotherms of sorption and desorption of argon on the natural and activated glauconite samples

TABLE 3

Textural properties of the glauconite

Time and temperature
of activation

SBET [m2/g] Vmic [mm3/g] Smes [m2/g] Vmes [mm3/g]

0h 78.0 21 33.1 44

1 h — 100�C 106.1 25 35.3 63

3 h — 60�C 131.0 27 46.1 77

3 h — 100�C 186.7 40 53.6 90

4 h — 100�C 269.8 58 73.6 104

7 h — 100�C 324.1 72 104.0 128

SBET — specific surface [m2/g],
Vmic — specific volume of micropores [mm3/g] calculated from Dubinin- Radushkievitch equation,
Smes — specific surface of mesopores [m2/g] calculated according to variant II of Dubinin method,
Vmes — specific volume of mesopores [m2/g] calculated according to variant II of Dubinin method.



in 3M HCl. Specific surface of activated glauconite depends also on activation tem-
perature, being 131 m2/g after 3-hour activation at 60�C and 186 m2/g after 3-hour
activation at 100�C. The volume of micropores and mesopores as well as the surface of
the latter also follow this trend.

SUMMARY

Activation of the glauconite separated from Tertiary sands of the Lubartowska
Lowland was carried out in 3M HCl for 1, 3, 4 and 7 h at 100�C. The investigations have
shown that after the acid activation the mineral phase still represents glauconite despite
a strong damage of its structure resulting from leaching of major elements of the
octahedral layer. Almost all the X-ray reflections from the interplanar surfaces of the
mineral have been recorded after acid activation, although of considerable lower
intensity. It can be explained as an effect of formation of amorphous reaction products
of the silica gel type (the same process also takes place in the case of acid activation of
montmorillonite) and has been proved particularly by increases in the volume and
specific surface of mesopores. The structure of these products assumes most probably
a globular character, and micropores must be developed as empty spaces among the
newly formed, gel-type silica molecules.

Applying chemical treatment it is possible to change the mineralogical character and
textural properties of glauconite, so these procedures are perspective in utilization of
glauconite as a bleaching agent.
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Fig. 5. Specific surface area of the natural and activated glauconite samples
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Wojciech FRANUS, Jerzy KLINIK, Ma³gorzata FRANUS

CHARAKTERYSTYKA MINERALOGICZNA I W£AŒCIWOŒCI

TEKSTURALNE AKTYWOWANEGO KWASOWO GLAUKONITU

S t r e s z c z e n i e

Badaniom poddano próbki glaukonitów aktywowanych 3M HCl przez okres 1, 3, 4
i 7 godzin w temperaturze 100�C. Studiowano wp³yw aktywacji na zmianê charakteru
mineralogicznego, jak równie¿ w³aœciwoœci teksturalne glaukonitu (powierzchnia w³aœ-
ciwa, porowatoœæ i mikroporowatoœæ). Badania mineralogiczne wykaza³y, ¿e aktywacja
kwasowa nie wp³ynê³a w sposób znacz¹cy na strukturê glaukonitu (budowa pa-
kietowa zosta³a zachowana) pomimo wy³ugowania z warstwy oktaedrycznej znacznej
iloœci (nieco ponad 60%) kationów j¹ buduj¹cych. WyraŸnie zaznaczy³a siê tak¿e tenden-
cja wzrostowa g³ównych parametrów teksturalnych badanych glaukonitów, tj.: powierz-
chni w³aœciwej (4-krotnie), porowatoœci (3-krotnie) i mikroporowatoœci (3,5-krotnie).
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MINERALOGICAL CHARACTERISTICS OF THE BOCHNIA TUFF FROM

THE CHODENICE BEDS (CARPATHIAN FOREDEEP, S POLAND)

A b s t r a c t . The tuff from the Chodenice Beds, sampled in a natural outcrop in Chodenice, was
subjected to mineralogical and geochemical analyses. Main components of the rock proved to be glass
shards, quartz and feldspar crystals, as well as mixed-layered Ca-Na-smectite, formed by alteration of
volcanic glass. The distinguished heavy fraction consists of ilmenite (predominating component), zircon,
secondary iron oxides and scarce crystals (or crushed fragments) of apatite, tourmaline, rutile, monazite,
garnet and staurolite. SEM/EDS analyses revealed crypto-inclusions of a metallic, Ni-Fe-rich phase, pre-
sumably of cosmic origin.

Key-words: tuff, Chodenice Beds, smectite, zircon, taenite

GEOLOGICAL BACKGROUND

Chodenice, once a village near Bochnia, presently within the borders of the town
(Fig. 1), is the type locality for the Chodenice Beds (NiedŸwiedzki 1883, fide Alexandro-
wicz 1961). In the general stratigraphic column of Middle Miocene (Badenian) in the
Wieliczka-Bochnia area they overlie the evaporites of the Wieliczka Formation and
marly and clastic sediments of the Skawina Beds (Fig. 2), all these units belonging to the
so-called folded Miocene. The Chodenice Beds, up to 350 metres in thickness, consist of
dark-grey or brownish marly clays, fine-grained sandstones and sands, and several
intercalations of pyroclastic sediments, mostly in the upper part of the profile (Porêbski
1999). The Bochnia Tuff (TB), occurring 200–250 metres above the bottom of the
Chodenice Beds, is one of the most broadly extended pyroclastic horizons in the
whole Carpathian Foredeep (Alexandrowicz 1997). In the area between Wieliczka and
Bochnia it was encountered in several natural outcrops (Chodenice, Che³m upon Raba,
Moszczenica, Su³ków), in the Bochnia Salt Mine as well as in numerous drillholes.
In other parts of the Carpathian Foredeep this horizon was reported from the Upper
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Silesia (Alexandrowicz, Pawlikowski 1980) and from drillholes near Mielec and Prze-
myœl (Parachoniak 1962).

SAMPLES

A natural outcrop of the Bochnia Tuff, situated on the high, left bank of the Gra-
bowiec creek in Chodenice, was investigated as far as 50 years ago (Parachoniak 1954).
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Fig. 2. Position of the Bochnia Tuff and Chodenice Beds in the generalized profile
of Middle Miocene (Badenian) for the Wieliczka-Bochnia area



Presently the outcrop is significantly smaller, not more than three metres in length and
around one metre in height (Fig. 3). Field work resulted in distinguishing several layers
of pyroclastic sediments (CHD1–CHD8) and two adjacent layers of marly clays (CHD9
and CHD10) at the southern edge of the outcrop, all of them dipping to the south at
steep angles of about 60–70�. The layers CHD2, CHD4 and CHD8 represent hell-grey or
even whitish, medium-grained tuff, the layers CHD1, CHD3, and CHD67 — fine-
-grained, and the layer CHD5 — very fine-grained material. The layers of coarser
(medium-grained) tuff are somewhat thicker (up to 30 cm), devoid of lamination, and
easily weather into loose debris and mineral grains. The fine-grained varieties are
slightly darker and distinctly laminated, splitting into thin, relatively hard plates.
All the layers distinguished were sampled for laboratory analyses.

METHODS

Samples of the tuff and adjacent marls were subjected to microscope observations in
thin sections. Then, clay and heavy fractions were separated. The distinguished heavy
fractions as well as coarser grains were examined under a binocular microscope, heavy
minerals having been determined in grain mounts with a polarizing microscope.
Polished thin sections and selected grains of main and accessory minerals were ob-
served and analysed with the SEM/EDS apparatus.

Clay fractions (below 2 �m) were separated from coarser components of mecha-
nically disintegrated rocks as relevant-size particles suspended in distilled water,
thereafter sedimented and dried in evaporating dishes. Samples prepared in this way
were subjected to X-ray powder diffraction, IR spectroscopy, DTA, SEM/EDS analyses,
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and ICP chemical analyses for major and trace elements. ICP chemical analyses were
also carried out for selected whole-rock samples.

Microscope observations were made with the Olympus BJ51 polarizing microscope,
microphotographs were taken with a digital camera and processed with the AnalySIS
computer program. Heavy minerals were separated in tetrabromoethane (C2H2Br4,
d = 2.97 g · cm–3) from the coarser grain fractions (> 0.0625 mm) of disintegrated
samples.

X-ray analyses were made with a Philips X’pert APD PW 3020 diffractometer, using
CuK� radiation, and a graphite reflexion monochromator. The clay fractions were
analysed in the form of powdered samples with randomly oriented grains as well as
parallel oriented grains, sedimented from suspension on glass slides. The latter were
also analysed after saturation with ethylene glycol and after heating to 500�C.

IR spectra were registered with a Bio-Rad FTS 165 Fourier Transform Infrared
spectrometer. The clay fractions were prepared in the form of discs (1 mg of a sample
pressed with 300 mg KBr) and self-supporting films, produced on Mylar foil, from
several drops of a clay sample, earlier dispersed in distilled water with an ultrasonic
disintegrator. After evaporation of water at a room temperature, thin layers of dried
clay were separated out of the Mylar substratum. Self-supporting smectite films were
placed in a FTIR gas cell, the spectra were registered during 60 seconds.

Differential thermal analysis was made with a Hungarian MOM Derivatograph-C;
samples weighting 200 mg were heated in the temperature range 20–1000�C.

SEM/EDS analyses were made in the FESEM Laboratory of the Institute of Geolo-
gical Sciences, Jagiellonian University, using a NORAN Vantage spectrometer coupled
to a HITACHI S-4700 scanning electron microscope operating at 15 kV. Chemical
analyses with the ICP method were made by the Activation Laboratory, Ancaster,
Canada.

RESULTS

Microscope analysis revealed that the non-laminated, medium-grained tuff is com-
posed of glass shards, crystals, and sparse rock fragments disseminated in clay matrix
(Phot. 1). The main component of the clay matrix, displaying dark-brownish inter-
ference colours, is apparently smectite formed through alteration of the volcanic glass.
The pumice- and obsidian-type shards are of dimensions of tiny ash and volcanic dust,
generally below 0.2 mm. The obsidian shards often display characteristic parallel
cleavage and fan-like bending. Feldspars and quartz, prevailing among the crystal
components of the tuff analysed, usually occur as euhedral or subhedral tablets (feld-
spars) or sharp-edged, wedge-shaped broken fragments (quartz), up to 0.3–0.5 mm. The
feldspars are sanidine, Na-Ca plagioclases as well as high-temperature anorthoclase,
relatively rich in both Na and K (Table 1). Observations of disintegrated rock under
binocular microscope revealed octahedral crystals of pyrogenic quartz, up to 0.5 mm
(Phot. 2). Less frequent crystal components are colourless flakes of muscovite and/or
hydromuscovite, and pale-brown ones of weathered biotite, with adjacent aggregates
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of dark-brown or opaque iron oxides. Accessory components are sparsely distributed
green aggregates of glauconite and isometric, opaque crystals of ilmenite, in thin
sections below 0.1 mm. Transparent heavy minerals are very rare and in thin sections
practically indistinguishable.

Fine-grained tuff varieties, displaying distinct lamination on microscopic scale, are
mostly composed of clay matrix and glass shards. Minor components are tiny flakes of
micas and sparse, isolated crystals of quartz and feldspars, less abundant and smaller
(0.1–0.2 mm) than in the medium-grained tuff.
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TABLE 1

EDS analyses of glass, feldspars and biotite from medium-grained tuff, sample CHD8. Total iron as Fe2O3
in glass and feldspars, as FeO in biotite. Cations normalized to 24 oxygens in glass and feldspars

and to 22 oxygens in biotite

Component
Glass
87-6-1

Feldspar
87-2-1

Feldspar
87-4-7

Biotite
8H-28-1

Biotite
8H-28-2

Biotite
8H-28-3

SiO2 80.34 78.71 80.78 30.49 32.32 31.28

TiO2 6.52 6.05 6.22

Al2O3 12.15 11.50 12.10 11.75 12.65 12.11

Fe2O3/FeO 1.63 3.45 1.50 36.81 34.58 35.65

MgO 0.35 4.05 4.54 4.41

CaO 0.98 1.18 0.78

CuO 1.02 0.86 1.26

K2O 2.89 3.13 2.85 9.01 8.75 8.87

Na2O 2.01 1.46 1.99

Cl 0.22 0.35 0.25 0.20

Total 100.00 100.00 100.00 100.00 100.00 100.00

Cations

Si 10.211 10.110 10.247 5.425 5.620 5.507

Ti 0.872 0.791 0.823

Al 1.820 1.741 1.808 2.464 2.592 2.513

Fe 0.156 0.334 0.143 5.477 5.028 5.250

Mg 0.067 1.075 1.178 1.156

Ca 0.133 0.162 0.106

Cu 0.137 0.114 0.168

K 0.468 0.513 0.461 2.045 1.940 1.992

Na 0.496 0.364 0.488

Total 13.284 13.291 13.253 17.495 17.263 17.409



The adjacent marls are yellow-brown, soft and plastic, with weak (CHD9) and more
intensive (CHD10) reaction with diluted HCl. The sample CHD9 consists of clay
minerals with sparse, tiny quartz grains (below 0.1 mm) and flakes of hydromuscovite.
The second layer (CHD10) is mostly composed of microcrystalline carbonate mineral
(proved to be dolomite in the X-ray analysis) with pale interference colours. Minor
components are sharp-edged quartz grains, iron-oxide aggregates and bioclasts in the
form of shell fragments.

The clay particles (below 2 �m), ubiquitous in all the tuff and marl samples exa-
mined, were analysed after having been separated from coarser components. The
distinguished clay fraction accounts for 10–12 wt.% of the fine-grained tuff sam-
ples (CHD5, CHD67), but only for 2–3 wt.% of the medium-grained ones (CHD1,
CHD2, CHD4, CHD8). X-ray diffraction patterns of clay samples demonstrate that the
predominating component in all of them is smectite, with the main peak (d001) at
15.44–15.73 Å in cases of randomly arranged crystals, and at 14.44–15.35 Å for oriented
samples (Table 2). These differences may result from varying contents of interlayer
water molecules, caused by drying of the material analysed. For the oriented samples
the d001 peak was shifted to 17.17–17.51 Å after treatment with ethylene glycol, and to
9.82–10.05 Å after heating to 500�C. The X-ray patterns represent practically pure,
swelling smectite with small admixture of quartz, indicated by a very weak peak
at 4.27 Å (Fig. 4).

The IR spectra of the clay samples were identified with help of widely known
published data (Moenke 1962; Van der Marel, Beutelspacher 1976); the registered
absorption bands are listed in Table 3. The spectra of samples dispersed in KBr discs
display strong maxima at 470, 525 and 1057 cm–1, related to Si-O and Al-O structural
stretching vibrations in tetrahedral layers, and several weak ones in the range 600–940
cm–1. Distinct absorption bands at 1635 and 3400 cm–1 indicate the presence of H2O
molecules, whereas a sharp maximum around 3620 cm–1 is due to stretching vibrations
of the OH groups (Fig. 5). In the self-supporting film spectra the 470, 525 and 1057 cm–1

peaks are extremely high, but the remaining ones appear more distinct, enabling their
precise determination (Table 3, Fig. 6). The maximum at 800 cm–1, together with slight
inflexion of the spectrum around 780 cm–1 apparently mark a small admixture of quartz
pelite. The absorption bands at 840 and 917 cm–1 are related to Mg-OH and Al-OH
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TABLE 2

Values of the first-order peak (d001, in Å) in the clay fraction samples distinguished from the analysed tuff

Sample Random Oriented Glycolated Heated

CHD2cl 15.73 14.44 17.20 10.05

CHD4cl 15.51 15.02 17.51 10.04

CHD5cl 15.44 15.35 17.27 10.02

CHD8cl 15.56 14.99 17.17 9.82
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TABLE 3

Absorption peaks (in cm–1) in the IR spectra of the clay fractions; information on sample preparation
(KBr discs or self-supporting films) in brackets

CHD5cl
(KBr)

CHD5cl
(film)

CHD67cl
(film)

CHD8cl
(film)

CHD4cl
(film)

CHD2cl
(film)

CHD9cl
(KBr)

CHD9cl
(film)

405 405 420 431

470 471

525 524

627

692 780

799 800 799 799 800 800 800 800

844 838 843 844 840 837

911 917 917 917 915 916 911 917

1 057 1 035

1 630 1 635 1 635 1 635 1 635 1 634 1 635 1 635

3 413 3 400 3 400 3 400 3 400 3 400 3 428 3 400

3 629 3 625 3 622 3 622 3 622 3 622 3 622
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Fig. 6. IR spectra of clay fraction — samples CHD8cl and CHD9cl as self-supporting films



deformation vibrations in octahedral layers. The above listed H2O and OH vibrations
could be precisely ascertained to 1635 (H2O bending vibrations), 3400, and 3622–3625
cm–1. The whole IR absorption spectra of selected samples are presented in Figs 5 and 6.

DTA patterns of three clay samples analysed indicate strong endogenic effects aro-
und 140�C, accompanied by 9% of loss on weight in the temperature range 20–200�C,
related to physically adsorbed and interlayer water. Lower, though systematic loss on
weight of 4.0–4.5% was registered in the TG curves in the range 200–700�C. Small
endogenic effects on the DTA curve around 540 and 685�C are related to dehydro-
xylation of illite and pure montmorillonite layers, respectively (Wyrwicki 1988). Total
loss on weight amounts to 12% in the case of the clay fraction from the CHD9 marl
sample and to around 14–15% for the clays from the tuff samples (Fig. 7).

Chemical analyses of clay samples, performed with the ICP method, are presented
in Table 4. Normalization of the oxide contents led to a general formula:

K0.11Na0.04Ca0.09Mg0.23Fe0.16Al1.22Si4.30O10(OH)2·2.3H2O

Such results indicate a certain excess of SiO2, accompanied by a deficit of exchan-
geable cations (K, Na and Ca). The excess of silica is presumably due to admixtures of
quartz pelite and acid, silica-rich volcanic glass, whereas the cations could have been
partly removed during separating of clay fractions from coarser particles in distilled
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Fig. 7. DTA, DTG and TG curves for clay fraction — sample CHD5cl



water. Loss on weight of around 15 wt.%, in perfect agreement with the DTA results,
accounts for two OH groups and 2.3 H2O molecules pfu. The EDS data, regardless of
non registered water content, indicate similar proportions of major oxides and cations
as the chemical analyses.

Accessory heavy minerals proved to be more abundant in the medium-grained tuff
layers (CHD2, CHD4, and CHD8) than in the fine-grained ones (CHD5 and CHD67).
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TABLE 4

ICP chemical analyses of clay fractions distinguished from the analysed tuff samples.
Total iron as Fe2O3, cation contents normalized to 11 oxygens

Sample

Component
CHD5cl CHD8cl CHD67cl CHD9cl

SiO2 62.39 55.35 63.50 54.35

Al2O3 15.09 16.71 13.99 16.10

Fe2O3 3.01 4.31 3.09 7.90

MnO 0.03 0.01 0.01 0.04

MgO 2.21 2.59 2.04 2.45

CaO 1.04 1.51 1.23 1.28

Na2O 0.34 0.27 0.32 0.26

K2O 1.31 0.72 1.50 2.68

TiO2 0.25 0.21 0.28 0.51

P2O5 0.04 0.13 0.05 0.22

LOI 14.45 18.39 14.07 14.25

Total 100.16 100.20 100.08 100.04

Cations

Si 4.27 4.01 4.33 3.88

Al 1.22 1.43 1.12 1.35

Fe 0.15 0.24 0.16 0.42

Mn 0.00 0.00 0.00 0.00

Mg 0.23 0.28 0.21 0.26

Ca 0.08 0.12 0.09 0.10

Na 0.05 0.04 0.04 0.04

K 0.11 0.07 0.13 0.24

Ti 0.01 0.01 0.01 0.03

P 0.00 0.01 0.00 0.01

Total 6.12 6.21 6.09 6.33



The predominating component of the heavy fraction is ilmenite, occurring in form of
black, rhombohedral tablets, the largest reaching 0.3 mm (Phot. 3), but most of them
being below 0.1 mm. The ilmenite crystals contain small admixtures of MgO, MnO
(each around 1.5 wt.%), and V2O5 (below 0.8 wt.% — see Table 5). Other opaque
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TABLE 5

EDS chemical analyses of heavy minerals from sample CHD8. Total iron as Fe2O3 in tourmaline and as
FeO in staurolite, garnet, and ilmenite analyses. Cation contents normalized to 24 oxygen atoms

Sample

Component

Tourmaline
8H-11-1

Tourmaline
8H-17-1

Tourmaline
8H-23-1

Staurolite
8H-25-1

Garnet
8H-32-1

Ilmenite
8H-1-1

Ilmenite
8H-4-3

SiO2 43.47 43.93 42.85 26.31 34.71

TiO2 0.73 0.82 0.82 0.91 0.23 48.11 48.38

Al2O3 34.05 38.34 34.57 52.12 18.97 0.42

Fe2O3/FeO 7.60 3.77 7.90 16.99 25.98 47.66 48.28

V2O5 0.71 0.49

MgO 8.99 8.99 8.20 1.03 1.52 1.76 1.44

MnO 0.84 16.08 1.34 1.41

CaO 0.56 1.02 0.51 1.15

Na2O 2.81 2.09 2.93

CuO 0.98 1.04 1.16 1.80 1.36

ZnO 0.81 1.06

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Cations

Si 5.965 5.909 5.903 3.852 5.817

Ti 0.075 0.083 0.085 0.101 0.030 7.365 7.445

Al 5.507 6.077 5.612 8.992 3.748 0.101

Fe 0.785 0.381 0.818 2.081 3.642 8.115 8.261

V 0.096 0.066

Mg 1.840 1.802 1.684 0.224 0.380 0.534 0.440

Mn 0.104 2.284 0.230 0.244

Ca 0.083 0.147 0.075 0.207

Na 0.749 0.546 0.783

Cu 0.102 0.106 0.121 0.199 0.172

Zn 0.082 0.108

Total 15.188 15.051 15.189 15.553 16.280 16.441 16.456



components of the heavy fraction are dark-brownish, relatively loose and porous
aggregates of secondary iron oxides.

Microscope inspection of grain mounts enabled to identify such transparent mine-
rals as zircon, apatite, tourmaline, rutile, monazite, garnet, staurolite, and biotite.
Zircon crystals generally occur as euhedral, elongated prisms up to 0.2 mm in length
(Phot. 4), while small (0.05 mm), rounded grains (Phot. 5) are significantly less frequent.
Most of the analysed zircons are pure ZrSiO4, only some of the euhedral crystals contain
small amounts of HfO2, up to 2.22 wt.%, i.e. less than 0.02 Hf pfu. Apatite was observed
in form of euhedral prisms (Phot. 6), chemically pure. Tourmaline, staurolite, garnet
and rutile were observed only as sharp-edged fragments of broken crystals; chemical
analyses are presented in Table 5. Monazite, observed only in few grains, displays
numerous isomorphic admixtures of REE (Table 6). SEM/EDS analyses of a polished
thin section allowed detecting submicroscopic inclusions of Ni-Fe rich phases (Phot. 7).
The chemical analyse indicates 95.60% Ni, 2.75% Fe, and 1.65% Si (in wt.%), the last
value could have been from the surrounding silicate. Such a Ni/Fe ratio indicates
Ni-rich taenite.

Chemical analyses of whole-rock samples are presented in Table 6. High content of
silica (over 70 wt.%) and relatively high amounts of alkalis (over 2.0% Na2O and over
2.5% K2O) indicate acid composition of the analysed tuff from Chodenice.

CONCLUDING REMARKS

Mineral and chemical composition of the investigated tuff samples indicate strongly
acid character of the parent material. Abundant pyrogenic components, like glass
shards, high-temperature alkali feldspars, euhedral, pseudo-hexagonal biotite flakes,
and bipyramidal quartz, record its volcanic origin (Fisher, Schmincke 1984). This is also
supported by mineral composition of the heavy fractions and euhedral shapes of
predominating components (ilmenite, zircon). On the other hand, an admixture of
rounded grains of zircon and broken fragments of metamorphic minerals (garnet,
staurolite) indicate more complex origin of the sediments analysed. Crypto-inclusions
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TABLE 6

EDS chemical analysis of monazite from sample CHD8 (8H-21-1). Cation contents normalized to 24
oxygen atoms

Component SiO2 P2O5 ThO2 CaO La2O3 Ce2O3 Nd2O3 Sm2O3 Gd2O3 Pr2O3 Total

Oxide
content
[wt.%]

0.31 36.17 6.01 2.25 10.18 27.94 10.09 2.40 1.16 3.49 100.00

Cation 0.066 6.537 0.292 0.515 0.802 2.184 0.769 0.176 0.082 0.272 11.695



of a metallic, Ni-Fe-rich phase, presumably of cosmic origin, record a fall of extra-
-terrestrial matter during the sediment formation. Ubiquitous smectite, practically of
the same composition in subsequent tuff layers, points out to advanced alteration of the
volcanic glass in rather uniform, sub-marine conditions.

Sequence of the distinguished tuff layers, granularity, size distribution and other
textural features indicate that the whole series analysed represents at least three sub-
sequent volcanic events. Direct contact of the medium-grained tuff with the overlying
marly clays demonstrates that the whole complex in the area of the discussed outcrop in
Chodenice is reversed (Parachoniak 1954; Dudek, Bukowski 2002). Small and relatively
uniform dimensions of the sediment components suggest rather a distant eruption
source, apparently in the neighbouring Carpathians. As published radiometric datings
of zircon and biotite from the Bochnia Tuff from Chodenice give the ages slightly over
12 Ma (Van Couvering et al. 1981; Wieser et al. 2000), these pyroclastic sediments could
be related to the Carpathian post-orogenic volcanism.

Acknowledgement. This study was financially supported by the Polish Committee for Scientific Research
(KBN), grant no 6 PO4 D 089 21.
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TABLE 7

Chemical analyses of whole-rock samples of the tuff from Chodenice

Sample

Component
CHD2r CHD5r CGD67r CHD8r

SiO2 75.89 70.78 70.55 70.35

Al2O3 10.55 12.30 12.46 12.71

Fe2O3 1.54 1.63 1.59 1.39

MnO 0.032 0.029 0.026 0.031

MgO 0.36 0.63 0.69 0.53

CaO 0.94 1.01 1.04 1.19

Na2O 2.31 2.18 2.03 2.62

K2O 2.52 2.71 2.61 2.64

TiO2 0.167 0.149 0.133 0.156

P2O5 0.04 0.03 0.03 0.04

LOI 5.71 8.13 8.59 7.93

Total 100.06 99.58 99.75 99.59
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Krzysztof DUDEK, Krzysztof BUKOWSKI, Wies³aw HEFLIK

CHARAKTERYSTYKA MINERALOGICZNA TUFITU Z BOCHNI Z WARSTW

CHODENICKICH (ZAPADLISKO PRZEDKARPACKIE, S POLAND)

S t r e s z c z e n i e

Analizom mineralogicznym i chemicznym poddano próbki tufitu z Bochni (TB),
pobrane z naturalnego ods³oniêcia w Chodenicach. G³ówne sk³adniki tej ska³y to
okruchy szkliwa wulkanicznego, krystaloklasty kwarcu i skaleni oraz mieszanopa-
kietowy Ca-Na-smektyt, bêd¹cy produktem wietrzenia szkliwa. Wydzielone frakcje
ilaste poddano analizie dyfraktometrycznej (wraz z glikolowaniem i pra¿eniem prepa-
ratów orientowanych), spektroskopii absorpcyjnej w podczerwieni, termicznej analizie
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ró¿nicowej, mikroskopii elektronowej (wraz z analiz¹ EDS) oraz analizie chemicznej
metod¹ ICP. W wydzielonej frakcji ciê¿kiej zidentyfikowano ilmenit (g³ówny sk³ad-
nik), cyrkon, wtórne agregaty wodorotlenków ¿elaza oraz pojedyncze kryszta³y (lub
ich pokruszone fragmenty) apatytu, turmalinu, rutylu, monacytu, granatu i staurolitu.
Analizy SEM/EDS ujawni³y krypto-inkluzje metalicznej fazy niklowo-¿elazowej, za-
pewne pochodzenia pozaziemskiego.

Uziarnienie i inne cechy teksturalne analizowanego osadu œwiadcz¹ o stosunkowo
dalekim transporcie drobnego materia³u wulkanicznego, zapewne z s¹siednich Karpat.
Sk³ad mineralny i chemiczny ska³ oraz publikowane wyniki datowañ radiometrycznych
wskazuj¹, ¿e analizowany osad piroklastyczny jest zapewne produktem kwaœnego
wulkanizmu postorogenicznego.
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SIDERITE CONCRETIONS IN PALEOCENE SERIES OF POLISH PART

OF THE EASTERN FLYSCH CARPATHIANS

A b s t r a c t . The present paper deals with the results of studies of siderite concretions occurring in black
Paleocene shales of the Dukla and Silesian Units. The samples were examined using optical and scanning
microscopy, X-ray diffraction and chemical analysis (SEM-EDS, INNA, ICP and estimation of TOC). The
main diagenetic minerals of these concretions are iron carbonates close to siderite. Less common are
dolomite, ferrous dolomite and calcite. The first phases precipitated from pore solutions were carbonates
enriched in manganese. The concretions studied contain up to 49.15 wt.% Fe2O3, at most 16.46 wt.% CaO
and up to 8.49 wt.% MgO, whereas the content of organic carbon (TOC) is at most 1.42 wt.%. Sideritic
concretions of Paleocene beds of the eastern part of the Flysch Carpathians represent, in fact, sideroplesites
and manganospherites of early diagenetic origin. They are, in general, impoverished in all trace elements,
except Sr, when compared with shales embedding them. The siderite-bearing series in question can be
assigned to the siderite-pyrite and siderite geochemical facies.

Key-words: siderite concretions, Flysch Carpathians, diagenesis

INTRODUCTION

Siderite concretions are fairly common in the Flysch Carpathians and some their
occurrences were reported already by Pusch (1836) in his Atlas. The formation of these
concretions was related to specific conditions of sedimentation and diagenesis in
geosynclinal basin as noticed by Narêbski (1956, 1957), who examined in detail
numerous occurrences of carbonate concretions and published pioneer papers on
geochemical aspects of their origin in the Outer Carpathians. This problem was also
studied by Gucwa and Wieser (1978), Muszyñski et al. (1979), Rajchel and Szczepañska
(1997) and Szczepañska (1998). These papers were referring mainly to carbonate
concretions in the Skole Unit and other local occurrences. Narêbski (1956) was the first
to indicate ferrous dolomitic nature of concretions from Menilite (near Komañcza) and
Transition Beds (near Wetlina) of the Dukla Unit. Thus, the current paper can be
considered as supplementary to the mentioned publications.
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The present studies refer to the concretions occurring in Paleocene black shales of
the Dukla and Silesian Units, called Majdan Beds and Upper Istebna Beds, respectively.
These series were examined in detail by Œl¹czka (1958, 1971).

The concretions in black shales are lenticular in shape or occur as fairly continuous
layers, 3–8 cm thick. Because of their hardness they often protrude from parent shales
what facilitates their finding.

MATERIALS AND METHODS

The concretions examined show micritic texture and are dark grey with brownish
tint on fresh surfaces but yellowish grey on weathered ones. For detailed mineralogical-
-geochemical studies six samples from three different cross-sections of the Dukla Unit
were selected: the Jamista stream from Wis³ok, the Roztoka stream from Maniów and
the Solinka Górna stream from Wetlina, as well as (for comparison purposes) from one
cross-section of southern part of the Silesian Unit: the Jab³onka stream from Bystre. The
sampling sites are marked in Figure 1.

The samples selected were examined using optical and scanning microscopy, X-ray
diffraction and chemical analyses (SEM-EDS, INNA, ICP and estimation of TOC).

Optical observations of universal thin sections were carried out using a polarizing
ECLIPS E600 POL microscope produced by NICON. Morphology and chemical com-
position of individual grains were studied in the Laboratory of Electron Microscopy of
the Jagiellonian University using a Japan JEOL JSM-5410 microscope and applying
a NORAN VOYAGER 3100 EDS apparatus at the voltage 20 and 25 kV.
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Fig. 1. Simplified geologic map of the Polish Outer Carpathians with marked location of sampling
1 — Wis³ok, 2 — Maniów, 3 — Wetlina, 4 — Bystre



X-ray diffraction investigations of powdered samples were carried out using
a Philips PW 1730 diffractometer, applying CuK� radiation at accelerating voltage
40 kV and anode current 30 mA.

Instrumental chemical analyses (INNA and ICP) were carried out in the Activation
Laboratories Ltd., Ancester in Canada, using a 2MW Pool Type reactor, applying the Ge
detectors ORTEC and CANBERRA and ICP spectrometers JARRELL ASH Enviro
model and PERKIN ELMER model 6000.

The estimation of total organic carbon (TOC) was carried out using a LECO (USA)
instrument after burning samples at 1250�C.

Detailed chemical data were obtained for three samples from the Dukla unit and one
sample from the Silesian unit. In two samples (Wis³ok and Maniów 2) the chemical data
refer both to central and marginal parts of concretions.

RESULTS

Microscope observations have shown that the concretions consist of fine grains of
carbonate minerals and clay material dispersed within the whole groundmass. Detrital
quartz grains and framboidal pyrite occur in small amounts.

As follows from X-ray data, in three samples (Maniów 1, Maniów 2 and Bystre)
siderite is the dominant mineral (Fig. 2a), whereas in two others (Wis³ok and Wetlina) it
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Fig. 2. X-ray powder diffraction patterns of siderite concretions studied
Cal — calcite, Chl — chlorite, Ill — illite, Oli — oligonite, Qtz — quartz, Sd — siderite



is accompanied by calcite. The latter carbonate dominates in the Wis³ok sample, con-
taining an oligonite admixture (Fig. 2b). X-ray data have also evidenced the presence
of quartz, muscovite (illite) and chlorite admixtures, particularly abundant in the
marginal part of the Maniów 2 sample (Fig. 2c).

Important data were obtained by means of observations with a scanning micro-
scope, and particularly, point chemical analyses applying EDS countershaft. They have
revealed that the idiomorphic, mainly Fe carbonates with an Mg, Ca and Mn admixture
show the composition close to siderite (Phot. 1) and form pseudorhombohedral crys-
tals, often rimming detrital, rounded quartz, calcite and, rarely, albitic feldspar grains
(Phot. 2). Common are pyrite grains, forming both idiomorphic crystals and small
framboids. Siderite crystals are of variable size (2–30 �m) and the smallest are often
grouped in irregular aggregates (Phot. 3).

As follows from SEM-EDS analytical data, iron distinctly dominates among accom-
panying elements in the sideritic minerals:

Fe(1.08–1.6) Mg(0.22–0.46) Ca(0.1–0.27) Mn(0.01–0.22) (CO3)2 (1)

Fe(0.8–1.3) Mn(0.36–0.74) Mg(0.17–0.28) Ca(0.17–0.26) (CO3)2 (2)

It was noticed that the carbonates represented by formula (1) occur in outermost
parts of individual crystals.
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In some of the concretions studied there also occur carbonates of different chemical
composition, corresponding to dolomites and ferrous dolomites. Their general formula
can be presented as follows:

Ca(0.81–1.11) Mg(0.77–0.96) Mn(0.02–0.70) Fe(0.01–0.75) (CO3)2

These minerals occur most commonly in the Wetlina sample and form crystalli-
zation centres of sideritic substance (Phot. 4).

A characteristic feature of all the samples is the enrichment in Mn of central parts of
siderite crystals and at the contact with detrital grains, overgrown by siderite substance.
These are the centres of crystallization of carbonates presented best in Figure 3. It was
found that the Mn-enriched carbonates occur most abundantly in the Wis³ok sample.
These carbonates, close to rhodochrosite in composition, can be characterized by the
following formula:

Mn(0.83–1.48) Ca(0.31–0.53) Fe(0.05–0.68) Mg(0.1–0.43) (CO3)2

Usually they form less regular grains (Phot. 3)

GEOCHEMISTRY

The chemical data of six samples of siderite concretions were correlated to those of
the shales embedding them. It is comprehensible that their major elements considerably
differ. The concretions are impoverished in SiO2, Al2O3, Na2O, K2O and TiO2 but
enriched in Fe2O3, MnO, MgO, CaO and P2O5 (Table 1).

The content of SiO2 varies within the limits 4.48–19.05 wt.% and the ranges of
other elements are: 1.22–7.22 wt.% Al2O3, 012–0.84 wt.% Na2O, 0.28–2.82 wt.%, K2O
and 0.07–0.35 wt.% TiO2, whith the highest concentrations of these elements found
in the Wetlina and Bystre samples, containing significant admixture of detrital material.

The contents of most abundant elements in the concretions studied vary within the
below limits: 24.42–49.15 wt.% Fe2O3, 1.85–16.46 wt.% CaO, 0.34–8.49 wt.% MnO,
2.35–5.05 wt.% MgO and 0.08–5.41 wt.% P2O5. Some similarity of major element contents
is noted between pairs of samples: Maniów 2 (middle part of the Dukla Unit) and Bystre
(Silesian Unit) as well as Wetlina (eastern part of the Dukla Unit) and Wis³ok (western part
of the Dukla Unit). The highest contents of Mn (8.40 wt.% both in central and marginal
part of the concretion) was found in the Wis³ok sample, enriched in Mn carbonates.

The chemical data were recalculated into molecular percents in order to specify
mineralogical character of the concretions studied. It was assumed that all Fe, Mg, Mn
and Ca are bound with carbon dioxide in carbonates, although it cannot be quite correct
as far as Fe and Mg are concerned, in view of the observed admixture of clay minerals.
The results are presented in Table 2. For comparison purposes, the chemical com-
position and mineralogical character of siderite concretions from the Majdan Beds,
analysed by W. Narêbski, are detailed in Table 3.
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Molecular contents of individual carbonates in all the above samples are presented
in the classification diagram (Fig. 4). The siderite concretions from the Dukla and
Silesian Units studied are mainly sideroplesites from mineralogical viewpoint, except
of manganospheritic character of the Wis³ok sample. Similarly sideroplesitic in cha-
racter are concretions from Paleocene beds of the Dukla Unit (Table 3).

The results of estimations of trace elements in siderite concretions and shales
embedding them indicate in general that the former are impoverished in the vast
majority of them, namely in Ni, V, Rb, Ba, Cu, Cr, Cs, Pb, Sc and Th, except of Sr (Fig. 5).
The content of the latter element is at least two times higher in the concretions, which
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can be explained by isovalent diadochy of Sr and Ca. Lower contents of trace elements
in the concretions studied result from a small admixture of clay minerals, since the latter
are usually enriched in them by sorption.

On the other hand, the concentrations of REE (La, Ce, Nd, Sm, Eu, Tb, Yb and Lu) in
the concretions studied are higher than in the shales embedding them (Fig. 6). This is
rather unexpected phenomenon since carbonate rocks and siderite concretions are,
in general, impoverished in rare earth elements (e.g. Zodrow, Cleal 1999).
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ORIGIN OF SIDERITE CONCRETIONS

Siderites are formed under conditions of negative Eh values and high concentration
of ferrous ions in the environment low in sulphate but high in carbonate anions and
favouring the mobility of carbon dioxide. Organic matter is generally considered to be
the main producer of carbonate ions in clay sediments. On the other hand, the supply of

88

WIS£OK

10

100

1000

La Ce Nd Sm Eu Tb Yb Lu

s
a
m

p
le

/
c
h

o
n

d
ri

te

shale concretion-marginal part concretion-central part

WETLINA

1

10

100

1000

La Ce Nd Sm Eu Tb Yb Lu

s
a
m

p
le

/
c
h

o
n

d
ri

te

shale concretion

Fig. 6. Chondrite–normalized REE contents in selected concretions and containing them shales



this matter depends on microbiotic activity (Coleman 1985). Moreover, the amount of
organic matter trapped in clay sediment depends also on its exposition to oxidizing
sea water. Consequently, rapid sedimentation and short exposition of deposited clay
minerals to sea water favour the entrapment of organic matter (Coleman 1993). In
slowly accumulating sediments the majority of organic matter is, most probably,
consumed at the water-sediment interface by sulphate reducing aerobic bacteria and
anaerobic organisms (Gautier 1982). The presence of pyrite in slowly depositing clay
sediments suggests, by analogy to recent deposits, that the depth of precipitation of
siderite depends on the rate of sedimentation.

The genetic model presented follows the concept of Narêbski (1957), described in
detail in the monograph on mineralogy and geochemical conditions of origin of the
so-called siderites of the Carpathian Flysch. It was based on the idea of sedimentary
geochemical facies (Teodorovich 1949) and on the method of their identification by
estimation of different forms of iron in pelitic deposits as well as on the character of
early diagenetic concretions occurring in them (Strakhov 1953). In the opinion of
Teodorovich (1949) geochemical siderite facies are usually related to near-shore or
peri-insular zones of not very deep basins.

The dominant chemical elements of the concretions studied are iron and manganese.
It is, therefore, necessary to characterise their geochemical behaviour in sedimentary
environments.

One of typical features of siderite geochemical facies are slight fluctuations of
the oxidation-reduction boundary within sedimentary environment, usually situated
at the surface. of deposited material. The separation of iron from sialic part of the
weathering material needs a transitional environment between reducing, H2S-bearing,
and oxidizing one. The dissolution of iron from weathering material and from surficial
layer of sediments takes place in those benthic zones of basins where, due to poor
ventilation and partial decomposition of organic remnants, the environment is dis-
tinctly enriched in carbon dioxide (Borchert 1952; Taupitz 1954). Iron — in the mobile
form of hydroxide — is most intensely deposited in trough-like depressions of the
bottom. Since sedimentation in geosynclinal basins is progressing fairly rapidly, the
boundary of oxidizing and reducing zones usually moves quickly upwards. Colloidal
concentrations of ferric hydroxide are in reducing environment and in the presence of
carbon dioxide easily transformed into soluble ferrous bicarbonate Fe(HCO3)2. This
form of iron, mobile in pore solutions of pelitic sediments, can be — under very variable
conditions of flysch sedimentation — easily transformed into insoluble, anhydrous
ferrous carbonate (siderite) when carbon dioxide is given off. This process, leading to
the formation of siderite and similar concretions, proceeds within the freshly deposited
sediments during their early diagenetic transformations, ordering chaotic distribution
of their components. It should be emphasized that the main factor of these processes is
bacterial decomposition of organic matter, being the source of active carbon dioxide
and very effective reducing agent.

Manganese is oxidized at considerably higher redox potential than iron and, con-
sequently, can be much more easily reduced to the divalent form. Therefore, its
compounds dissolve more rapidly and can migrate at longer distances both in water
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basin and in pore solutions. These geochemical properties of Mn control its often
observed separation from iron and more rapid precipitation from solutions what was
confirmed by detailed analytical studies of the concretions in question. As already
stated, some unquestionably earlier formed central parts of these carbonate concretions
are distinctly enriched in manganese.

Moreover, all the carbonate concretions studied are distinctly enriched in magne-
sium and, therefore, defined as sideroplesites. This is an important geochemical evi-
dence of their marine origin since similar concretions, e.g. from Tertiary lacustrine
fresh-water sediments of the Turów brown coal mine, are composed of nearly Mg-free
siderites (Narêbski 1974).

Summing up it is concluded that the black shales containing the sideroplesitic
concretions studied should be generally assigned to marine siderite-pyrite facies, and,
partly — due to local occurrence of manganospherite — to siderite facies.

CONCLUSIONS

Siderite concretions of Paleocene series of eastern part of the Flysch Carpathians are
sideroplesites and manganospherites of early diagenetic origin. These series composed
of black shale deposits should be assigned to siderite-pyrite and siderite facies.

Common occurrence of framboidal pyrite in the Majdan beds suggests more redu-
cing conditions of their early diagenetic changes.
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Beata DZIUBIÑSKA, Wojciech NARÊBSKI

KONKRECJE SYDERYTOWE W WARSTWACH PALEOCEÑSKICH POLSKIEJ

CZÊŒCI WSCHODNICH KARPAT FLISZOWYCH

S t r e s z c z e n i e

Badaniom poddano konkrecje syderytowe wystêpuj¹ce w paleoceñskich czarnych
³upkach jednostki dukielskiej i œl¹skiej — odpowiednio w warstwach z Majdanu i gór-
nych ³upkach istebniañskich. Próbki konkrecji poddano obserwacjom mikroskopo-
wym (mikroskop optyczny i skaningowy), badaniom rentgenowskim i analizie che-
micznej (SEM-EDS, INNA, ICP i oznaczeniu TOC).

Badania SEM-EDS wykaza³y, ¿e g³ównymi minera³ami diagenetycznymi s¹ wêglany
¿elaza zbli¿one do syderytu, nastêpnie dolomit, dolomit ¿elazisty i kalcyt. Wêglany
bogatsze w Mn krystalizuj¹ jako pierwsze z roztworów. Badane konkrecje zawieraj¹ do
49,15% wag. Fe2O3, do 16,46% wag. CaO, do 5,05% wag. MgO i do 8,49% wag. MnO,
natomiast zawartoœæ wêgla organicznego (TOC) dochodzi do 1,42% wag.

Konkrecje syderytowe warstw paleoceñskich wschodniej czêœci Karpat fliszowych
s¹ g³ównie syderoplezytami i w znacznie mniejszym stopniu manganosferytami po-
chodzenia wczesnodiagenetycznego. Œwiadczy o tym m.in. wykazana analizami punk-
towymi zmiennoœæ sk³adu chemicznego konkrecji od œrodka ku peryferiom, przy
wzbogaceniu czêœci centralnej w mangan. Badania geochemiczne wykaza³y ni¿sze
w stosunku do ³upków zawartoœci wszystkich pierwiastków œladowych w konkrecjach
z wyj¹tkiem diadochowego z wapniem strontu. Utwory te wraz z otaczaj¹cymi je
³upkami mo¿na zaliczyæ do facji syderytowo-pirytowej i syderytowej.
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KGHM Polska MiedŸ S.A.

ul. M. Sk³odowskiej Curie 48
59-301 Lubin, Poland

We are a company with deep traditions, rich in experience and numerous achievements.

It is enough to mention that in 2001 we celebrated the 40th anniversary of the founding of KGHM,

and a year later the 45th anniversary of the discovery of the copper deposit. Tradition, rem-

embrance, caring for values – these are the foundations on which our current vision has been

based. We shall always express our gratitude and honour the memory of those who discovered

the copper deposit, and the pioneers who built KGHM.

The history of KGHM began with the discovery in 1957 by Jan Wy¿ykowski of a copper ore

deposit in the vicinity of Lubin and Sieroszowice, in south-western Poland. Mining of this copper

deposit on an industrial scale began in 1968. At that time KGHM functioned as a multi-divisional

state-owned enterprise. Besides the mines and smelters it also included several dozen service

facilities.

On 12th September, 1991 KGHM was transformed into a state-owned, joint stock company

under the name KGHM Polska MiedŸ S.A. This was the first step in the later privatization of the

company. In July 1997 the shares of the company debuted on the Warsaw Stock Exchange, while

its GDRs (Global Depositary Receipts) appeared simultaneously on the London Stock Exchange.

As at 31st December, 2003 the largest shareholders of KGHM were: the Polish State Treasury,

which owned 44.28% of the share capital, the owners of Global Depositary Receipts (GDRs), to

whom belonged 5.95% of the shares and PKO Bank Polski S.A., which held 5.38% of the shares

of the Company.

The Lubin-Sieroszowice Mining zone is a world-class copper stratabound deposit. It lies near

the Lower-Upper Permian boundary. The ore transgresses the geological strata at low angles.

The economic deposit is composed of a dolomite type of ore, Kupferschiefer (black shale) ore

and sandstone ore. The richest and thickest ore is in the Weissliegendes and occupies the central

part of the zone. The deposit currently being mined extends over nearly 400 sq. km, varies in

thickness from 0.4 to 26 m, and contains on average above 2.3% Cu, 47 ppm Ag, 0.2% Pb and

0.1% Zn. Anomalous concentrations of Co, Ni, As, Mo, Re, Se, Au and PGMs are also observed.

It has been calculated that KGHM Polska MiedŸ S.A. owns a deposit containing 18 mln Mg of

metallic copper and 46,000 Mg of Ag (proven reserves). The total geological copper reserves

within the zone, having a potential of about 40 Mt of Cu, ranks as one of the largest ore deposits

in the world.

KGHM is the largest copper producer in Europe to possess its own copper deposit and

operate under a fully-integrated production structure, from initial mining to the final, high-

-quality product. The production of non-ferrous metals in KGHM is performed in three mining

divisions (ZG Lubin, ZG Polkowice-Sieroszowice and ZG Rudna), two smelting/refining facilities



(HM Legnica and HM G³ogów), a copper wire rod plant (HM Cedynia) and a precious metals plant

(located within HM G³ogów). Silver and other commodities appear in the excavated ore together

with copper.

Current mining of this deposit is done at a level of from 650 to 1,150 m. KGHM will be in

a position to mine at a level deeper than 1,150 m in a decade or so. Initiating mining at deeper

levels requires the solving of problems connected with higher temperatures, which affects mining

costs.

KGHM Polska MiedŸ S.A. is above all one of the largest companies in the world involved in the

production of refined copper and silver. In 2003 KGHM produced 529,616 tonnes of copper (3.5%

of world production, 7th place globally). This is mainly electrolytic copper, referred to as “four

zeros copper” because of its quality (99.99 percent pure copper), and the more highly-processed

wire rod, produced in accordance with the ISO 9002 norm. The cathode copper produced by the

Company is registered as “Grade A” by the London Metal Exchange.

KGHM Polska MiedŸ S.A. is also amongst the world’s top four silver producers – in 2003 silver

production amounted to 1,223 tonnes (2nd place globally) – the silver being recognized as “Good

Delivery – Silver” and traded both on the London Bullion Market as well as on the London Metal

Exchange (the world’s largest market for non-ferrous metals). Silver is the second most important

product of the Company. It is sold in the form of granulate and bars. Thanks to this the silver

produced by the Company may be used in bank settlements. Other products of KGHM include:

gold, lead, sulphuric acid, rock salt, and others.

Copper in KGHM is mainly recovered from primary ore (the copper ore deposit), from which

concentrate is obtained (containing app. 27% copper). This concentrate is next processed in the

smelter/refineries into anode copper (app. 99% copper), and then undergoes electrolythical

treatment to produce refined copper (containing 99.99% copper). This method is applied to

produce copper from sulphide copper ores.

The Company has an independent commercial structure. Sales are carried out through the

Commercial Department, and are assisted by two subsidiary companies: KGHM Polish Copper

LTD in London and Kupferhandelsges. m.b.H. in Vienna (both are 100% owned by KGHM Polska

MiedŸ S.A.). The main export markets include Germany, France, Great Britain, Austria and

Belgium.

KGHM exports the majority of its production (with only a third of revenues arising from

domestic sales). Despite the fact that KGHM is the main supplier of copper for Polish industry, it is

not able to apply monopolistic practices with respect to its products. This is because Polish

customers enter into contracts based on copper prices set by global markets.

The financial results of KGHM are dependent on global metals prices, as well as on the

currency exchange rate. Nearly all revenues are expressed in foreign currencies, primarily the

US dollar. Copper represents around 76% of sales in KGHM, while silver accounts for 18%.

Remaining revenues come from the sale of gold, lead and other products. Copper sales are

based on average monthly copper prices as set on the London Metal Exchange, plus a defined

margin.

KGHM is a company which is continuously pursuing a program for growth and for cutting

costs. The deep restructurization of KGHM enabled a reduction in employment from around

42,000 persons in 1992 to 17,994 at the end of 2003. This restructurization has also enabled the



separation from the core business of those activities not directly connected with the production of

copper into subsidiaries, which in turn will eventually be disposed of. As a result of the costs

cutting program, the total unit copper production cost was reduced from nearly 2,000 USD in

1995 to 1,603 USD in 2003. This fall in the unit cost was impacted by increased effectiveness

in the mining of the deposit, a systematic increase in production volume and the rationalization

of external costs.

The long term development program of KGHM anticipates a further expansion of current

production and the production of other metals. The Company is aiming at optimum exploitation of

its production capacity from its own resources, and is also seeking new resources outside of

Poland. Normal practice for a company expanding abroad is to form a joint venture with other

companies in this sector, although KGHM does not exclude the possibility of independent action

in smaller projects. In 1997 a preliminary trial run at mining the rich copper and cobalt Kimpe

deposit in the Republic of Congo was launched.

In pursuit of diversification of its activities, the Company invests in areas which have

the potential to represent “strategic substitutes”, and which do not include metal production.

At the moment the investments in telecommunications (Polkomtel, Telefonia Dialog) serve this

purpose. In addition, KGHM is actively engaged in the growth of the local region by exploiting the

economic strength of the Company and by supporting local entrepreneurship.

KGHM Polska MiedŸ S.A. is not only a modern company in the sense of the technology which

it employs, but also in its adherence to environmental protection standards. Over the last ten

years KGHM has been consistently carrying out a program of environmental protection, with total

expenditure in this regard reaching over PLN 500 mln. As a result of investments carried out, the

impact of the copper industry with respect to emissions of hazardous substances, waste flows

and tailings has been reduced to a level achieved in the most highly-developed countries, with

the Company having one of the cleanest industrial operations in Poland. In 2001, in a prestigious

competition hosted by the Minister of the Environment, KGHM was honored with the title Leader

of Polish Ecology for its project entitled “Protection of the atmosphere as an element of a complex

system of environmental policy”. In 2001 KGHM was honoured with the title Environment Friendly

Firm by the President of the Republic of Poland and the Minister of the Environment. In 2002

KGHM was honoured with the Gold Card of Work Leader by the Central Institute for Labour

Protection, Warsaw.

We believe that we are – and wish to be seen as being – an effective, innovative and

communicative European company, aimed at the realization of economic and environmental

goals, pursuant with our mission and with the strategic growth of our Company.





Kopalnia PA£ÊGI

www.geol-min.pl

Z³o¿e „Pa³êgi”, po³o¿one w gminie Mniów, w zachodniej czêœci województwa œwiêtokrzyskiego,

jest jednym z kilku udokumentowanych w ostatnich latach w tym regionie z³ó¿ surowców

ilastych. Po czterech latach od rozpoczêcia eksploatacji daje ono najwiêksze wydobycie i³ów

ceramiki budowlanej w województwie, porównywalne z wydobyciem ze wszystkich pozosta³ych

czynnych z³ó¿.

Z³o¿e buduj¹ dolnotriasowe

(œrodkowy pstry piaskowiec)

i³owce pylaste i mu³owce,

miejscami piaszczyste,

o barwie wiœniowoczerwonej

do ciemnobr¹zowej z plamami

i smugami seledynowymi.

Wœród nich pojawiaj¹ siê

ró¿nej gruboœci wk³adki

piaskowców, którym

towarzysz¹ warstwy i³owców

i mu³owców ¿ó³toszarych

i szaroseledynowych.

Kopalina ze z³o¿a „Pa³êgi” ma charakter illitowy z podrzêdnym udzia³em chlorytu i kaolinitu oraz

mieszanopakietowych minera³ów ilastych I/S i Ch/S. Minera³y nieilaste s¹ reprezentowane

przez kwarc i hematyt. Kopalina jest ca³kowicie wolna od marglu i rozpuszczalnych siarczanów.

Pod wzglêdem w³asnoœci ceramicznych surowiec mo¿na scharakteryzowaæ jako œrednioplas-

tyczny, ma³o wra¿liwy na suszenie. Charakteryzuje siê on bardzo korzystnymi w³aœciwoœciami

technologicznymi. Po wypaleniu ju¿ w stosunkowo niskich temperaturach, rzêdu 1050–1070°C,

tworzywo osi¹ga nasi¹kliwoœæ <6%. Dobremu spiekaniu sprzyja wysoka zawartoœæ topników

(przede wszystkim Fe2O3), jak

te¿ bogatych w potas mine-

ra³ów z grupy mik. Intensyw-

ne spieczenie czerepu nastê-

puje w zakresie temperatur

1100/1150–1200�C. Uzys-

kane wyroby s¹ ca³kowicie

mrozoodporne, o du¿ej wy-

trzyma³oœci mechanicznej.

Dziêki swoim parametrom

jakoœciowym, i³y z kopalni

Pa³êgi sta³y siê w ostatnich

latach jednym z g³ównych

krajowych surowców do produkcji klinkieru budowlanego i dachówki ceramicznej. Zakres

mo¿liwoœci stosowania tego surowca jest bardzo szeroki. Geol-Min Spó³ka z o.o., eksploatuj¹ca

z³o¿e, rozpoczyna wytwarzanie na jego bazie mas ceramicznych – plastycznych i lejnych, dla

licznych krajowych warsztatów i pracowni ceramicznych.



Laboratory of Scanning Microscopy of Biological

and Geological Sciences

Faculty of Biology and Earth Sciences

Jagiellonian University

Division of Field Emission Scanning Electron Microscopy

and Microanalysis at the Institute of Geological Sciences

30-063 Kraków, ul. Oleandry 2a; Poland

www.uj.edu.pl/LabFESEM

Division of Field Emission Scanning Electron Microscopy and Microanalysis at the Institute of Geological

Sciences is equipped with modern cold field emission scanning electron microscope (FESEM) HITACHI

S-4700 and energy dispersive spectrometer (EDS) NORAN Vantage.

Analytical possibilities:

� Magnification up to 500 000x,

� High resolution imaging (1.5 nm at 15 kV or 2.1 nm at 1 kV and 12 mm working distance),

� two SE (secondary electrons) detectors (upper and lower) with energy filter, possibility of mixing

of SE and BSE (backscattered electrons) signals,

� Backscattered electrons detector (YAG BSE; TV mode),

� Cathodoluminescence detector,

� EDS system for spot chemical analysis, line scan, and mapping of elements distribution,

� 45� specimen tilt,

� Digital image acquisition (as JPEG, TIFF and BMP files)

FESEM – EDS system can be applied for high magnification observation of various objects and chemical

analysis with high spatial resolution, e.g.:

� Morphology and chemical composition of components of rocks, soils, industrial products and

wastes, biological materials,

� Observation of structure of rocks, soils and sediments,

� Analysis of morphology and chemical composition of atmospheric dust and aerosols,

� Analysis of chemical composition of archaeological artefacts,

� Analysis of composition of pigments, glasses, tissues, paper, metals in conservation of objects

of cultural heritage.

FESEM – EDS system is very efficient; software is user-friendly. Preparation of analytical documentation

is very easy. Facilities for samples preparation are also available in the Laboratory.

FESEM – EDS laboratory offers two scholarships for Ph.D. or M.Sc. Students in the field of Earth sciences

(10 hours of free access to FESEM-EDS + samples preparation + technical assistance).

For more information, contact please:

Marek Michalik (Institute of Geological Sciences, Jagiellonian University)

+48 12 6334603 or +48 604 147828 or e-mail: michalik@geos.ing.uj.edu.pl

Anna £atkiewicz (Institute of Geological Sciences, Jagiellonian University)

+48 12 6334603 or +48 693 318544 or e-mail: alatk@geos.ing.uj.edu.pl



ThermoARL to firma szwajcarska produkuj¹ca od 70 lat spektrometry emisyjne oraz fluore-

scencji rentgenowskiej wraz z kana³em dyfrakcyjnym. Posiadamy tysi¹ce u¿ytkowników

na ca³ym œwiecie, g³ównie w przemyœle metalurgicznym, wapienniczym, cementowym,

petrochemicznym oraz w wielu znanych oœrodkach naukowo badawczych. Jednym z naszych

nowych produktów jest specjalizowany dyfraktometr proszkowy ARL X’TRA posiadaj¹cy

nastêpuj¹ce cechy:

� Detektor pó³przewodnikowy ch³odzony

efektem Peltiera

� Podwójne ramiê detektora pozwalaj¹ce na

szybkie przechodzenie z konfiguracji

Theta-Theta na wi¹zkê równoleg³¹

� Rozdzielczoœæ energetyczna pozwalaj¹ca na

eliminacjê promieniowania K ß bez stosowania

dodatkowych filtrów czy monochromatorów

powoduj¹cych os³abienie sygna³u

� Regulowana œrednica goniometru w zakresie

400–520 mm pozwalaj¹ca na optymalizacjê

rozdzielczoœci i czu³oœci systemu

� Szczeliny na wi¹zce padaj¹cej i odbitej

regulowane w sposób ci¹g³y œrub¹

mikrometryczn¹

� £atwo usuwalne, wymienne szczeliny Sollera

� Doskona³a praca w zakresie niskich k¹tów

bez dodatkowych przystawek

� Zasilacz 4 kW

� Dodatkowe opcje pozwalaj¹ce na pracê

w zmiennej temperaturze, w otoczeniu gazu

inertnego, wielopozycyjny podajnik próbek,

przystawka do badañ naprê¿eñ i wiele innych

� Wszystkie przystawki typu „plug and play“

Polskie przedstawicielstwo zapewniaj¹ce instalacjê, szkolenia i serwis:

Spekom Sp. z o.o.

ul. Sowiñskiego 33

40-272 Katowice

tel. 032-2555372

fax 032-2561037

e-mail spekom@spekom.pl

Thermo
ELECTRON CORPORATION



Stowarzyszenie Naukowe im. Stanis³awa Staszica

Adres: 31-124 Kraków, ul. Dolnych M³ynów 7/1

Tel./Fax (12) 632-76-93, E-mail: geo-staszic@wp.pl

Godziny pracy: od 8.00 do 15.30 od poniedzia³ku do pi¹tku

G³ówne cele Stowarzyszenia

1. Promocja nauki, techniki, kultury i sztuki szczególnie propagowanie i upowszechnianie myœli

technicznej.

2. Wykonywanie prac naukowych, badawczych i innych, prowadzonych samodzielnie lub we

wspó³pracy z wy¿szymi uczelniami i innymi jednostkami badawczymi oraz podmiotami

gospodarczymi.

3. Reprezentowanie interesów ludzi nauki, techniki, kultury i sztuki przed w³adzami pañstwo-

wymi i innymi.

4. Podejmowanie wszelkich inicjatyw, maj¹cych na wzglêdzie dobro ludzi nauki, techniki,

kultury i sztuki. Pomoc i wsparcie dla twórców, bêd¹cych w trudnej sytuacji ¿yciowej oraz dla

dzieci i m³odzie¿y o szczególnych uzdolnieniach, lub z rodzin zagro¿onych.

5. Dotowanie prac naukowych i popularno-naukowych (ksi¹¿ki, skrypty, podrêczniki, albumy itp.).

6. Inicjowanie, popieranie i prowadzenie miêdzynarodowej wymiany technicznej.

7. Wspieranie wszelkich akcji dobroczynnych i charytatywnych, zaproponowanych przez

cz³onków Stowarzyszenia.

Zakres prac

� Górnictwo:

� Badania w³asnoœci geomechanicznych ska³ i wêgla.

� Prace badawcze i ekspertyzy w zakresie doboru obudowy wyrobisk korytarzowych.

� Oceny statecznoœci oraz prognozowania przemieszczeñ górotworu pod wp³ywem

eksploatacji.

� Ceramika:

� Analizy chemiczne szkie³ przemys³owych i specjalnych wraz z analiz¹ pierwiastków

akcesorycznych i œladowych.

� Badanie w³aœciwoœci fizykochemicznych szkie³.

� Opinie w zakresie szk³a budowlanego, technicznego, gospodarczego, opakowaniowego

i innych asortymentów.

� Projektowanie syntez szkie³ o ¿¹danych w³asciwoœciach.

� Ochrona terenów górniczych:

� Pomiary deformacji powierzchni terenu w rejonach eksploatacji górniczej wraz z analiz¹

wp³ywów eksploatacji na obiekty budowlane i in¿ynierskie.

� Prognozowanie deformacji górotworu i powierzchni w rejonach eksploatacji g³êbinowej

z³ó¿ rud miedzi, wêgla kamiennego, soli, gazu ziemnego i ropy naftowej.



� Analizy wp³ywu eksploatacji na wyrobiska kopalniane (przekopy, szyby) i ocena

zagro¿enia tych obiektów.

� Ocena zagro¿enia obiektów na terenach podlegaj¹cych wp³ywom eksploatacji górniczej.

� Oprogramowanie komputerowe dla celów prognoz deformacji na terenach górniczych,

analiz wyników pomiarów deformacji i oceny zagro¿eñ.

� Opracowywanie i budowa systemów informacji o terenie górniczym (GIS).

� Analiza zagro¿eñ w rejonach likwidowanych obiektów górniczych oraz na terenach

dawnej eksploatacji górniczej.

� Wycena nieruchomoœci:

� Wycena podmiotów gospodarczych, nieruchomoœci, znaków firmowych – pe³ny pakiet

us³ug.

� Organizowanie warsztatów szkoleniowych dla rzeczoznawców.

� Organizacja seminariów, konferencji itp.

Kontrahenci Stowarzyszenia

� KGHM Polska MiedŸ,

� KWB „Be³chatów”,

� KWK „Staszic”,

� KWK „Pniówek”,

� Luboñ S.A.

� ZG „Centrum”,

� PAN,

� AGH,

� Centrum Badawczo-Projektowe Miedzi CUPRUM,

� Ceramika „Tub¹dzin”,

� KW „Czatkowice”,

� ERGO HESTIA,

� „Orze³ Bia³y” S.A.,

� Pilkington Automotive Poland,

� ZG „Trzebionka”

Zapraszamy do wspó³pracy i korzystania z naszych us³ug.

The Stanis³aw Staszic Scientific Association

Some of the aims of the Association:

� Promotion of science and technologies,

� Research – also in co-operation with universities and R&D departments,

� Editioral activities,

� Organization of conferences, seminars, etc.

Research concentrates on mining (geomechanics, underground lining and roof support),

ceramics (particularly glass problems), protection of mining areas (underground and surface

deformations), real estate evaluation.



COMEF
APARATURA NAUKOWO-BADAWCZA

Firma reprezentuje w Polsce

czo³owych producentów aparatury

naukowo-badawczej oraz kontrolno-pomiarowej

COMEF

Prowadzimy pe³ny serwis oferowanych przez

nas urz¹dzeñ oraz szkolenia w zakresie ich obs³ugi

COMEF Aparatura Naukowo-Badawcza, ul. Topolowa 21/2, 40-163 Katowice
tel.: (032) 203 41 49, tel./fax: (032) 203 58 23, e-mail: ,comef@comef.com.pl www.comef.com.pl

maria@comef.com.pl
Oddzia³ w Warszawie ul. I. Krasickiego 18/4, 02-611 Warszawa

tel.: (022) 844 32 11, fax: (022) 844 08 49, e-mail:
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Oferta wg firm

Proponujemy Pañstwu wysokiej jakoœci urz¹dzenia renomowanych firm:

ALCATEL
www.alcatel.fr

helowe detektory nieszczelnoœci, pompy pró¿niowe, mierniki pró¿ni,

akcesoria pró¿niowe

ANTON PARR
www.anton-paar.com

wysokowydajne mineralizatory mikrofalowe

CAMECA
www.cameca.fr

urz¹dzenia do badañ w technice EPMA, SIMS i TAP

DANSENSOR
www.pbi-dansensor.com

analizatory gazów, miksery gazów, wykrywacze nieszczelnoœci,

kontrolery gazów

HITACHI
www.hitachi.co.jp

mikroskopy elektronowe

GORATEC
www.goratec.de

pomiar i analiza promieniowania podczerwonego, kamery

termowizyjne

GV-INSTRUMENTS
www.gvinstruments.co.uk

analiza ICP-MS, pomiar gazów szlachetnych, pomiar proporcji

izotopów (równie¿ izotopów stabilnych)

HORIBA,
JOBIN YVON
www.horiba.com

mierniki wielkoœci cz¹stek, jakoœci wody, analizatory zawartoœci

niektórych pierwiastków w metalach i produktów ropopochodnych

w wodzie

JOBIN YVON,
HORIBA,
SPEX
www.jyhoriba.com

spektrometry, spektrofluorometry, kryminalistyka, siatki dyfrakcyjne

oraz spektrografy dla producentów aparatury, systemy

ramanowskie, monochromatory, detektory CCD i ICCD, badanie

warstw cienkich oraz kontrola procesów ich tworzenia.

NORAN INSTRUMENTS
www.noran.com

detektory rentgenowskie, spektrometry z dyspersj¹ d³ugoœci¹ fali,

mikroazalizatory

RIBER
www.riber.com

systemy MBE (Molecular Beam Epitaxy) s³u¿¹ce do nanoszenia

warstw epitaksjalnych

QUESANT
www.quesant.com

mikroskopy si³ atomowych

SECOMAM
www.secomam.fr

spektrofotometry i analizatory UV-VIS, analizatory wody i œcieków

oraz analizatory biochemiczne

SETARAM
www.setaram.com

zestaw urz¹dzeñ do wszystkich technik analizy termicznej

SPECTRA - PHYSICS
www.splasers.com

lasery

THERMAL TECHNOLOGY INC
www.thermaltechnologyinc.com

piece: wysokotemperaturowe, pró¿niowe, ciœnieniowe, laboratoryjne

VG SCIENTIFIC
www.vgscientific.com

zestaw urz¹dzeñ do mikroanalizy powierzchni

WALTER-BAI
www.walterbai.com

uniwersalne maszyny wytrzyma³oœciowe (statyczne i dynamiczne)
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Mineralogia Polonica publishes original papers in the scope of mineralogical sciences
(mineralogy, petrography, geochemistry). All papers are reviewed and the author is
obliged to make corrections suggested by a referee, or give, in the written form, ones
reasons for not doing so. Additionally, the Editorial Board reserves the right of selecting
the submitted materials and — after contacting the author — introducing all necessary
changes and shortenings of the text.

Papers should be arranged exactly in the manner used in current issues of

Mineralogia Polonica, i.e. applying the same layout, spacings, font characters, style of
references and their punctuation, etc. The following updated remarks may be of some
help to the authors.

1. Papers are accepted in English only. Be sure to use the standard of English
acceptable in a journal of international circulation. Attach also a full Polish version of
the paper (does not apply to foreign authors).

2. The length of each paper is limited to 20 normalized pages (1,800 characters
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In the case of any differences, the printed version is treated as the decisive one.

3. The first page starts with the Name(s) and SURNAME(S) of the author(s) and
is followed by THE TITLE IN CAPITALS (bold, centred). On the same page is the
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These must not be entered in the illustration, but should be listed on a separate sheet.
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