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Abstract

Together with the adjacent rocks, the marbles of the Ladek-Snieznik Metamorphic Unit (LSMU), West Sudetes, SW Po-
land underwent a polyphase structural evolution that occurred in metamorphic conditions changing from medium-
grade to low-grade and in deformation regimes changing from ductile to semi-brittle. The structural evolution of the
marbles began with E-W subhorizontal shortening resulting in the tilting of the Cal-Dol layering (which had generally
originated as a pre-tectonic and pre-metamorphic feature) and its transposition to a steeply dipping metamorphic S1 fo-
liation. The subsequent vertical flattening occurred at the temperature peak of regional metamorphism and produced
the N-S trending tight, recumbent F2 folds. This event is also documented by the subhorizontal S2 axial-plane carbon-
ate grain shape fabric and the parallel alignment of Phl-Ms+ Tr+ Czo in the marbles, and the S2 axial-plane schistosity in
the adjacent mica schists. The temperature increase was associated with the progressive mineral sequence Phl — Tr —
Di in the dolomite-bearing marbles, which probably initially equilibrated at low to moderate X(CO:). Under peak tem-
peratures, the observed arrangement of the metamorphic zonation of the Stronie formation developed, overprinting the
folded planes. Subsequently, under retrogressive conditions, younger deformations were localised in the dynamically re-
crystallised shear zones that mostly reactivated the S2 planes and were associated with a late top-to-the-N (NE) directed
tectonic transport. The D3 mylonitisation was associated with the elongation and size reduction of carbonate grains
within the S-C” or S-C mylonites. It produced the S3 planes and the N-S trending L3 stretching lineation. Both groups of
the tectonic structures and D2-established mineral isograds (Tr-in and Di-in) were together reoriented during the late
compressional stages D4 and D5, related respectively to the SW-NE (WSW-ENE) and NW-SE (NN'W-SSE) directed
tectonic shortenings. This is visible in the large scale F4 folds, the diversity of the D2-and D3-related mineral assem-
blages, and the temperature estimations related to both tectonic stages, which indicate decreasing metamorphic condi-
tions from > 600°C in the SE to 2490°C in the NE of the LSMU during D2, and from ca. 510°C to 430°C for the respec-
tive domains during D3. The incomplete pattern of the Di-in and Tr-in isograds, which still refers to the geometry of
gneiss-schist boundary, confirms that the macrostructures of the LSMU mainly developed in tectonic event(s) following
the temperature peak of metamorphism.
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INTRODUCTION

Upper Proterozoic to Lower Palaeozoic mica schists
with subordinate intercalations of marbles, quartzites,
acid-metavolcanites and metabasites form the Stronie for-
mation - a supracrustal sequence in the Ladek-Snieznik
Metamorphic Unit (LSMU), the West Sudetes. During the
tectonometamorphic evolution of the LSMU, the rocks of
the Stronie formation were intensively deformed (e.g. Don
et al., 1990) and underwent regional metamorphism (e.g.
Smulikowski, 1979) terminated by the emplacement of
Variscan granitoids.

Thanks to the well-exposed interlayers of marbles,
quartzites and metavolcanites within the mica schists, all
with preserved deformation structures, the rocks of the

Stronie formation have been the focus of numerous inves-
tigations into their structural and metamorphic record.
However, the interpretations led to different, and there-
fore possibly in part erroneous conclusions. Controversies
regarding the origin and tectonic significance of N-S trend-
ing folds and lineations, the question of a polyphase versus
single-phase structural evolution, and kinematics of the
tectonic movements and their relationships to metamor-
phism have been widely discussed, but further studies are
still needed.

This paper provides a reconstruction of the tectono-
metamorphic evolution of the marbles in the Ladek-
Snieznik Metamorphic Unit. Thanks to their rheological
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Fig. 1. a. The position of the Orlica-Snieznik Dome in the West Sudetes (map modified after Zelazniewicz et al., 2004). b. Geological
map showing the distribution of the Stronie formation rocks and the gneiss formations in the Ladek-Snieznik Metamorphic Unit (mod-
ified after Sawicki, 1995). The squares mark the locations of the samples selected for microprobe analyses.

properties, the marbles allow for a good distinction be-
tween the tectonic features developed during consecutive
tectonometamorphic stages. Although numerous detailed
petrographic and structural studies have already been per-
formed on these rocks, they did not consider relationships
between metamorphism and deformation. This paper re-
lates the meso- and microstructures to the metamorphic
evolution inferred from the changing mineral assemblages
and thermobarometric calculations. The results of this

study contribute to the recognition of the origin of the tec-
tonic fabrics, the cause of the progressive changes in meta-
morphic and kinematic conditions, and differences in the
metamorphic record throughout the Stronie formation.
Accordingly, this paper provides new verifiable data re-
quired for understanding the structure and geodynamic de-
velopment of the borderland of the West Sudetes continen-
tal domain.

GEOLOGICAL SETTING

The Ladek-Snieznik Metamorphic Unit forms the
eastern part of the Orlica-Snieznik Dome (Don et a4l.,
1990), which is the easternmost tectonostratigraphic unit
of the West Sudetes (Fig. 1). The West Sudetes are consid-
ered to be either a single Lugian continental domain re-
ferred to as an orogenic root (Schulmann & Gayer, 2000)
or a mosaic of several separate terranes correlated with
large-scale units of the Bohemian Massif. Published terrane
models place the Orlica-Snieznik Dome in either the SE
part of the Saxothuringian terrane (Franke & Zelaznie-
wicz, 2000) or the NE part of the Moldanubian terrane
(e.g- Cymerman er al., 1997; Aleksandrowski & Mazur,

2002). The LSMU is composed of the metamorphosed
volcano-sedimentary Mtynowiec and Stronie formations,
and gneisses subdivided into the Snieznik augen-orthognei-
sses and the fine-grained, often migmatitic Gieraltow gneis-
ses (according to Fischer’s terminology, 1936). The NW
part of the LSMU is a blastomylonitic zone called the
Ztoty Stok-Skrzynka Shear Zone. In the east, the NNE-
trending Staré Mesto Belt divides the LSMU from the
Moravo-Silesian domain, which formed an accretionary
wedge over the Bruno-Vistulian (Brunia) microcontinent
during its Carboniferous oblique convergence with the
West Sudetes domain (Schulmann & Gayer, 2000). In the
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north, the Klodzko-Ztoty Stok Granitoids separate the
LSMU from the phyllites of the Klodzko-Metamorphic
Unit, conceivably an equivalent of the Tepla-Barrandian
(Bohemicum) terrane (e.g. Aleksandrowski & Mazur 2002;
Cymerman et al., 1997).

The structural relationship between the rocks of the
Stronie formation and the gneisses of the LSMU remains a
subject of major debate. Following Fischer (1936), the Stro-
nie formation is considered to be the structurally higher
part of the LSMU (e.g. by Don et al., 2003). The lower part
consists of gneisses enclosing several eclogite and granulite
bodies. According to this view, the rocks of the Stronie for-
mation occupy polyphase synclinorial macrostructures,
whereas the gneisses are exposed in the axial parts of anti-
clinoria. Conversely, the gneiss domain in the Ztote Mts. is
regarded as positioned in the core of a synform (e.g. Oberec,
1972). In the most recent interpretation, the gneiss do-
mains are considered to be separate tectonic slices forming
a nappe pile with the rocks of the Stronie formation
(Cymerman, 1997).

The Stronie formation is considered to be an Upper
Proterozic to Lower Palaeozoic volcano-sedimentary se-
quence, with the light quartzites at the base, mica schists
and graphite quartzites in the main part of sequence and
metavolcanic rocks and marbles at its top (e.g. Don ez al.,
2003). The metabasites of the Stronie formation are attrib-
uted to an ensialic rift (Floyd er al., 1996), but their geo-
chemical signatures vary from WPB to MORB (Nowak &
Zelazniewicz, 2002). The microfossils preserved in the
marbles (e.g. Gunia, 1984b) and quartzites (Gunia, 1984a)
indicate Late Proterozoic to Early Cambrian sedimenta-
tion. The relics of fauna skeletons indicate a Palaeozoic age
for the marbles (Koszela, 1997). New U-Pb SHRIMP zir-
con dating of the acid metavolcanic intercalations repre-
senting the synsedimantary volcanism in the Stronie for-
mation yields an age of ~500 Ma (Murtezi & Fanning,
2005). ,

The augen to flaser Snieznik orthogneisses are defor-
med and regionally metamorphosed porphyritic granites.
Magmas resulting from the melting of Neoproterozoic
crust (Turniak et /., 2000) intruded into the rocks of the
Stronie formation (e.g. Don, 1964; Borkowska et al., 1990)
during a widespread magmatic event ~500 Ma (e.g. Oliver
et al., 1993; Turniak et al., 2000; Kroner et al., 2001). The
fine-grained partly migmatitic Gierattdw gneisses encom-
pass a lens-shaped, 12-km long, granulite body (extending
from Stary Gierattow towards the NE) (Fig. 1) and several
dispersed eclogite and post-eclogite amphibolite lenses
(Miedzygorze, Wojtowka, Mt. Sowia Kopa, Nowa Mo-
rawa). The geochemical and age similarities ascertained for
the protoliths of both gneisses suggest their close affinity
(e.g- Borkowska ez al., 1990; Turniak et al., 2000); however,
their mutual age relationships are still debatable. In the
Miedzygbrze area, fine-grained, migmatitic gneisses occur-
ring within the augen Snieznik gneisses have been consid-
ered either enclaves (e.g. Grzeskowiak & Zelazniewicz,
2002) or a more deformed and migmatitzed form of the
Snieznik gneisses (Don in Don et al., 1990; Turniak et al.,
2000).

The rocks of the Stronie formation underwent a com-

plex tectonic evolution spanning up to 7 stages of deforma-
tion (e.g. Don er al., 1990) and regional metamorphism
(e.g. Smulikowski, 1979) preceding the intrusions of Varis-
can granitoids. The LSMU rocks recorded Upper Devo-
nian (Klemd & Brocker, 1999; Szczepanski er al., 2004;
Lange et al., 2005) and/or Lower Carboniferous metamor-
phism (Borkowska ez al., 1990; Brueckner ez al., 1991; Stel-
tenpohl er al., 1993; Malusk1 et al., 1995; Turniak et al.,

2000; Lange et al., 2002; Marheine et al., 2003; Stipska et al.,

2004) It has also been suggested that the polyphase meta-
morphic evolution of the LSMU started in the Early Cale-
donian phase (Don in Don er al., 1990; Olivier et al., 1993;
Grzeskowiak et al., 2005). In this latter view, the first de-
formational event in the rocks of the Stronie formation
could be connected with the Sardinian orogenic phase ter-
minated by the intrusions of porphyritic granites - the
protholih of the Snieznik gneisses (e.g. Fischer, 1936; Don
in Don et al., 1990). According to Don (e.g. in Don et 4l.,

1990), the succeeding deformational event, connected With
the E-directed thrusting, led to the formation of N-S
trending, tight folds in the metapehtes and a meridionally
trending rodding lineation in the Snieznik orthogneisses.
The ultimate arrangement of six anticlinoria and five syn-
clinoria resulted from the obliteration of the N-S trending
folds by NW-SE ones during a subsequent oblique folding
(Don er al., 1990). The axes of these macrostructures com-
pose a fan-like pattern (termed the Ladek virgation by Teis-
seyre, 1956) and converge, plunging towards the NW in
the area of the Krowiarki Mts. (Don, 1964). Dumicz (1979,
Dumicz in Don et al., 1990) remarked that the LSMU re-
corded two Variscan tectonic cycles. During the first, as a
result of the horizontal shortening, an intensive folding
leading to the crustal thickening took place. The conse-
quent isostatic uplift was associated with the formation of
tight recumbent folds and originally horizontal metamor-
phic axial planes. During the Late-Variscan cycle, an oblit-
erated shearing and a large-scale folding of the earlier struc-
tures took place (Dumicz, 1979).

The regional elongation along the N-S trending rod-
ding lineation in the LSMU orthogneisses could be the re-
sult of either coincidental strain due to a N-S tectonic es-
cape induced by the E-W shortening (Zelazniewicz, 1988)
or NE-SW strike slip in a transpressional regime (Cymer-
man, 1997). Zelazniewicz (1991) connects the development
of the N-S stretching lineation with the early tectonic
stage of the tectonic evolution, whereas Cymerman (1997)
assumes that all the tectonic features developed during one
deformational event.

The geothermobarometric calculations indicate that
all the studied domains of the Stronie formation under-
went medium grade Barrovian metamorphism. Published
data reveals that the mica schists experienced progressive
metamorphism reaching temperatures of 520-650°C and
pressures of 7-9 kbar (e.g. Jozefiak, 2000; Romanova &
Stipska, 2001; Murtezi, 2003; Zalkova & Stipska, 2004).
The maximum temperatures obtained for the LSMU mar-
bles yield ~500-565°C (e.g. Koszela, 1997; Jastrzebski,
2003). The P-T estimations calculated for the metabasites
concur with those mentioned above, yielding 530-669°C
and 8-9 kbar (Nowak & Zelazniewicz, 2002). By contrast
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to these values, the dispersed granulite and eclogite bodies
underwent either high pressure (HP) (Stipska ez al., 2004)
or even ultra-high pressure (UHP)/ultra-high temperature
(UHT) conditions (Bakun-Czubarow, 1992; Brocker &
Klemd, 1996; Kryza et al., 1996; Szczepanski er al., 2004).
The P-T estimations for the Snieznik and Gierattéw gneis-
ses are more difficult to calculate because of the poorer
mineral assemblages. The thermobarometric calculations
performed in the gneisses of the LSMU show that they un-
derwent metamorphism under upper-amhibolite facies
conditions (Grzeskowiak & Zelazniewicz, 2002; Stawiko-
wski, 2002; Zatkova & Stipska4, 2004). The high grossular

content (XCa: 0.3-0.5) in the garnets from the gneisses ad-
jacent to the eclogites suggests that the garnet-bearing
gneisses experienced (U)HP conditions (Borkowska er al.,
1990; Brocker & Klemd, 1996). However, new, detailed in-
vestigations show that the unusual garnet composition did
not result from the high pressures. It is more likely that it
was either produced by a diffusional modification of the in-
herited grains (Grzeskowiak, 2004) or resulted from a mi-
gration of Ca ions from the adjoining metabasites during
garnet growth at the migmatisation stage (Stawikowski,
2005) under medium pressure conditions.

PREVIOUS STUDIES ON MARBLES

The marbles of the Ladek-Snieznik Metamorphic Unit
have been the object of numerous studies focusing on vari-
ous aspects of their geology, e.g. their economical use (e.g.
Kuzniar, 1960; Witek, 1976), preserved microfossils (e.g.
Gunia, 1996; Koszela, 1997), and the environment of their
sedimentation, and their position in the lithostratigraphic
column of the Stronie formation (Karwacki, 1990;
Koszela, 1997). Detailed petrographic descriptions of the
LSMU marbles have been presented by many authors, in-
cluding Kuzniar (1960), Butkiewicz (1968), Witek (1976),
Smulikowski (1979), Karwacki (1990), and most recently
by Koszela (1997). Due to the good exposure of the marble
interlayers within the mica schists and the well-preserved
deformation structures, the marbles have also been the fo-
cus of numerous structural investigations. In this section,
special emphasis has been put on earlier mapping and exist-
ing structural and petrologic studies of these rocks.

The marbles of the Stronie formation occur within the
mica schists mostly as elongated interlayers several meters
up to 400 meters thick and tens of meters to a few kilome-
tres long (Fig. 1). They are distributed irregularly through-
out the LSMU and concentrate in the NW part of the
Krowiarki Range, while there are only several isolated in-
serts in the S and E parts of the LSMU (Fig. 1b). These mar-
ble bodies are generally preserved the original position of
the sedimentary interbeds within the adjacent metavolanic
and metapelitic rocks (Koszela, 1997). Detailed petro-
graphic investigations revealed the variability of the cal-
cite/dolomite ratio of individual marble layers in the out-
crop profiles (e.g. Witek, 1976; Karwacki, 1990). However,
in general, the marble bodies occupying the NW part of
the Krowiarki Mts. are mainly a dolomite-rich variety,
whereas the intercalations in the SW part of the LSMU are
mainly calcite marbles (Cwojdzinski, 1979a, 1979b, 1983).
The latter were assigned by Koszela (1997) to the lower
part of the metavolcanic association of the Stronie forma-
tion. In his opinion, the impure, mainly dolomite marbles
might represent the upper parts of the litostratigraphic
profile.

The distinct lithological contacts with the adjacent
rocks allow the survey of large, map-scale tectonic struc-
tures within the LSMU (e.g. Kuzniar, 1960; Don, 1964,
1976, 1988; Karwacki 1990). Despite variations in the

chemical composition in the NW part of the Krowiarki
Range, Kuzniar (1960) considered four NW-trending, elon-
gated marble outcrops to be synformal parts of a single
~150-m thick marble layer, deformed into slightly in-
clined, SW-vergent and NW-plunging macrofolds. Con-
trarily, the outcrops in the Krowiarki Mts could represent
two layers folded into a syncline, the hinge zone of which
is exposed near Nowy Waliszéw (Don, 1964). The SW-
vergent geometry of the deformed marble interbeds has
been confirmed in the Krowiarki Mts and recognised in its
SE part in Rogdzka (Karwacki, 1990).

On the western slope of Mt. Krzyznik, 1 km south-
west of Stronie Slaskie, the marbles are exposed in two lay-
ers; the western layer is traditionally termed Biata Mari-
anna, and the eastern Zielona Marianna. They are both ca.
40 meters thick (Fig. 4), and are considered to be two limbs
of a single marble body deformed in the form of a N-S
trending tight synform (Oberc, 1966; Don, 1976; Cwojdzi-
nski, 1983). However, these layers have also been consid-
ered separate, independent bodies (Karwacki, 1990). He as-
sumes that the two layers are pinched out within the mica
schists, remarking also their different lithology: the Zie-
lona Marianna contains more metapelitic inserts. In
Kletno, four several tens of meters wide marble outcrops
occur (Kasza, 1964; Frackiewicz & Teisseyere, 1973). They
could be the exposures of an intensively folded marble
layer, which probably extends towards the south where it
also exposes in the Morava valley (Don, 1982). Out-
cropped dispersed marble bodies also occur in the vicinity
of Radochéw (Cwojdzinski, 1979b), Lutynia and Ladek
Zdroj (Gierwelaniec, 1971), Ztoty Stok (Cwojdzinski,
1976), Janowa Gora (e.g. Don, 1988), and Kamienica (e.g.
Teisseyre, 1959; Don, 1982). The conditions of occurrence
and the locations of the LSMU marbles are described in de-
tail by Karwacki (1990), among others.

The marbles of the Stronie formation affected the re-
gional metamorphism (Teisseyre, 1959), possibly associ-
ated with a fluid flow resulting in changes in a bulk-rock
composition (Banas, 1962). An observed irregular distribu-
tion of feldspars, epidote, Ca-amphibole and Ca-pyroxene
in the marble bodies that are in contact with the granitoids
and gneisses in the Orlica-Snieznik Dome suggests a higher
metamorphic grade for the marbles near Stronie Slaskie
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than for those exposed near Zelazno (Karwacki, 1990). Ac-
cordingly, the maximum values of the Mg-content in the
calcites, corresponding with temperatures of ~500°C,

were noted in the marbles in the vicinity of Kletno and
Stronie Slaskie (Koszela, 1997; Jastrzebski, 2003).

ANALYTICAL METHODS

In order to establish the tectonometamorphic evolu-
tion of the marbles and possible differences in their tec-
tonic and metamorphic record, integrated field and labora-
tory structural and petrological studies were carried out on
marble occurrences throughout the Polish part of the
LSMU (Fig. 1). During the fieldwork, tectonic structures
in the marbles and adjacent rocks were identified and classi-
fied. The geometric relationships between folds and planar
and linear structures were taken into account in order to
recognise the deformational sequence of the marbles. The
order of the observed mesofolds and the orientation of the
macrofold envelope were tested to determine the position
of planar structures from before their reorientation during
successive tectonic events. In order to establish the regime
of the tectonic movements, the kinematic indicators, i.e.
asymmetry of higher-order folds, asymmetry of 8- and o-
type porphyroclasts (Passchier & Trouw, 1995) and the ge-
ometry of S-C- and S-C’-type mylonites (Blenikshop &
Treolar, 1995) were considered.

Polished thin sections were examined in order to cor-
relate the changing mineral assemblages with successive
tectonic fabrics. The major elements and chemical
zonation of the minerals forming successive tectonic fab-
rics in the marbles were analysed using a JEOL JSM 840A
electron microprobe combined with a ThermoNoran
microanalysis system of the Laboratory of Institute of
Geological Sciences of Polish Academy of Sciences in War-
saw, Poland. Additional analyses were collected using a
CAMECA-CAMEBAX SX 1002 in the Electron Micro-
probe Laboratory Inter-Institute Analytical Complex for

Minerals and Synthetic Substances in Warsaw, Poland.
Spot analyses were collected under conditions of accelerat-
ing voltage of 15kV with a beam current of 10nA. The
Mg-Ko intensity mapping and traverse analyses for several
calcite grains were carried out in order to recognise the ori-
gin of their chemical zonation, required for the conscious
application of the carbonate geothermometer (e.g. Essene,
1983). The temperature of each sample was calculated by
taking the average of the highest Mg analyses from the
cores of several different calcites devoid of retrogressed do-
lomite exsolutions but coexisting with dolomite in the ma-
trix. These conditions were calculated using the Cal-Dol
geothermometer, with a correction for the effect of Fe, as
per Anovitz & Essene (1987). Due to the nearly Fe-free
composition of the minerals, an isobaric T-X(CO,) dia-
gram showing the phase equilibria of D2-related mineral
reactions was constructed for the simplified system
K,0-ALO,-CaO-MgO-SiO,-CO,-H,O using the THER-
MOCALC 3.1 software containing an internally consis-
tent thermodynamic database (Holland & Powell, 1998).
The diagram was constructed for a pressure of 7 kbar, and
this average of the peak conditions of regional metamor-
phism (e.g. Murtezi, 2003; Zatkova & Stipska, 2004) was
found to correlate with the tectonic stage D2. The mineral
abbreviations used in this paper are after Kretz (1983).

The entire documentation of this study (oriented mar-
ble samples, thin sections, mineral analyses) is stored in the
Institute of Geological Sciences of the Polish Academy of
Sciences, Department of Geology of the Sudetes, Podwale
75, Wroctaw, Poland.

PETROGRAPHY AND MINERALOGY

The modal content of the carbonates in most of the
marbles of the Ladek-Snieznik Metamorphic Unit varies
form 92 to 99% with pure marbles having a content above
95%, as per the classification of Rosen et al., 2004. The ma-
jor minerals are calcite and dolomite. They are usually con-
centrated in monomineralic laminae or lenses. The minor
metamorphic minerals are white micas, Mg-biotite, Mg-
chlorite, K-feldspar, plagioclase, Ca-amphibole, Ca-clino-
pyroxene and epidote-clinozoisite. The diverse mineral
habits, volume proportions and spatial arrangements all re-
sulted from the different chemical compositions of the pro-
toliths, metamorphic conditions and intensity of dynamic
recrystallisation, and define specific structures of the mar-
bles: planar or non-planar, homeoblastic or heteroblastic,
grano- or lepidoblastic. The condensed petrographic de-
scription of the LSMU marbles is presented in Table 3. In
this paper, on the basis of the Cal-Dol ratio, the marbles are

subdivided into four groups: (i) calcite marbles, (ii) calcite-
dolomite marbles, (iii) dolomite-calcite marbles and (iv)
dolomite marbles (Tab. 3).

Calcite

The wide range of volume proportions of calcite and
dolomite in the marbles means that calcite is present in
various amounts of rock volume (Tab. 3). The calcite blasts
form anhedral crystals with a slight anisomertic habit, ca. 1
mm in diameter on average with maximum diameters up
to ca. 6 mm. The calcite boundaries with silicate minerals
are straight, whereas those with the surrounding carbon-
ates are irregular, indicating their recrystallisation by the
grain boundary migration (Schmid et al., 1980). The less
frequent straight boundaries and polygonal shapes of cal-
cite aggregates indicate the decrease in total free surface en-
ergy by grain boundary area reduction (as in Passchier &
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Mol % MgCO5

Fig. 2. a. A representative traverse analysis through a D2-related
calcite blast. The profile displays a nearly constant Mg-concentra-
tion in the inner calcite part and a decreasing trend with an irreg-
ular Mg-content towards the calcite rim. This shows the presence
of submicroscopic-scale dolomite exsolutions synchronous with
the Mg-depletion of the calcite edges. b. Back-scattered electron
image showing dolomite exsolutions developed both near the cal-
cite edges and within its core, resulting from the chemical
reequilibration during retrogression.

Trouw, 1998), which partially overprinted a pre-existing
fabric during periods of static recrystallisation. In the dolo-
mite-bearing marbles, calcite mainly forms millimetre- to
centimeter-scale laminae. Occasionally, it is interstitial be-
tween dolomite grains or forms veins of varying size (from
1 mm to a few decimetres across), cross-cutting the rock
lamination. The Mg-content in the calcites of the dolo-
mite-bearing marbles varies from 2.0 to 6.9 Mol% MgCO;,
and it is heterogeneous within a single grain. Moreover, the

average Mg-content of single calcites can differ in a wide
range, even in adjoining grains. The inner parts of the cal-
cites are characterised by a constant Mg-concentration
with differences not exceeding 0.3 Mol% MgCO,, whereas
traverses across the rims reveal a distinctly irregular pat-
tern with an Mg-decreasing trend towards the grain
boundaries (Fig. 2a). Accordmgly, the back-scattered elec-
tron images and Mg-Ko. intensity mapping of several retro-
gressed magnesian calcites revealed dolomite exsolution
mainly gathering within the rims of the calcites and along
the grain boundaries. In some cases, the dolomite exsolu-
tions locate within a whole grain (Fig. 2b). The disturbance
in the decreasing trend of the Mg content for calcite rims
towards their edges may suggest that dolomite exsloution
also occurred on a submicroscopic scale. By contrast, the
chemical analyses of calcites from the calcite marbles show
a very low Mg-content (up to 0.3 Mol% MgCO;). The Fe-
content in the calcites varies from 0 to 1.8 Mol % FeCO,
and is generally higher in more Mg-rich blasts.

Dolomite

Dolomite blasts tend to be more anisometric and
finer-grained than calcites (Fig. 5b, 5d) (ca. 0.3 mm in di-
ameter). The dolomite blasts form mainly anhedral grains
with irregular, curved boundaries or, occasionally, subhe-
dral rhomboidal grains. Elongated or flattened blasts are
orientated parallel to the rock lamination. The size diver-
sity of the two carbonate minerals led to the development
of the lamination recognised on the mesoscale in the mar-
bles, even with a deficiency of micas.

Biotite

Biotite is present in nearly half of the studied marble
outcrops (Fig. 8). Its content is up to 5% of the rock vol-
ume. Depending on the volume, it is distributed as single
flakes in a carbonate matrix or it is concentrated in Bt-
Ms+Chl+Ep(Czo) laminae. In most cases, the biotite
flakes are orientated parallel to the main rock lamination.
Their size ranges from tens of micrometers to ca. 1.5 mm
across. Most of the analysed biotites plot in phlogopite
quarter and give an Xy, = (Mg/Mg+Fe) = 0.86-0.99 (Tab.
2). In the dolomite-absent marbles, the biotites are consid-
erably more Fe-rich (X, = 0.52). Alternate Mg-rich chlo-
rite and quartz occur along the cleavage planes and near the

flake margins (Fig. 31).

White micas

White micas are locally present within laminae com-
posed of phyllosilicate minerals (Figs 5b, 6€) or as sparse
single flakes (Fig. 5d). Forming up to 2.0-cm long flakes,
they are mainly oriented parallel to the main rock lamina-
tion. On the basis of the Si-content, the white micas can be
divided into two groups with ca. 6.12 and ca. 6.35 Si per
formula unit.

Ca-amphibole

Ca-amphibole has been noted as a minor component
of the dolomite laminae in a few occurrences, i.e. Nowy
Waliszow, Lutynia, Kletno, Mt. Janowiec, and quarries in
the Mt. Krzyznik area (Zielona and Biata Marianna layers)
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Fig. 3. a. Allanite and clinozoisite in the calcite-dolomite marbles from the Krzyznik quarry. b. Ca-pyroxene, phlogopite and K-feld-
spar in calcite marbles from Lutynia. c. Lenses composed of calcite, serpentinized Mg-olivine and spinel within the martix consisting of
dolomite and phlogopite. From Ztoty Stok. d. Mg-olivine in dolomite-calcite marbles from Ztoty Stok. e. Ca-amphibole partially re-
placed by talc accumulated near the edges and along the cleavage planes in calcite-dolomite marbles from the Stronie Slaskie quarry. f.
Mg-biotite with alternate chlorite in the calcite-dolomite marbles from the Janowiec Mt.

Table 1
Selected chemical analyses of calcites from the marbles of the Ladek-Snieznik Metamorphic Unit
Di-in Tr-in Tr-out, Phl-in Trin Tr-out, Phl-in
S and E of the OSD SE of the Krowiarki ;ﬁ);ﬂi‘: II;IX;QEE SE of the Krowiarki Igi“(:i;ﬁf Ex:i;ﬁ?
Sample L8a Lu3b JG2 Sim Sim Roll | Roll 714 714 Kla Kla 735 735 725 725
Analysis Cal21 2b17 205 Cal21 | Cal21b | 4d05 4do6 4e05 4e06 Call Callb Cal2s Cal2b Cal2§ Cal2b
Mineral Cal Cal Cal | Cal core | Cal rim | Cal core | Cal rim | Cal core | Cal rim | Cal core | Cal rim | Cal core | Cal rim | Cal core | Cal rim
[S)Z::f:;al S2 2 2 2 2 $2 2 2 S2 | L3/s3 | L3/S3 | L3/S3 | L13/S3 | L3/S3 | L3/$3
Wt%
FeO 0.14 0.03 0.17 0.24 0.52 0.14 0.14 0.02 0.04 0.64 0.31 0.04 0.06 0.05 0.00
MnO 0.00 0.00 0.93 0.06 0.00 0.05 0.00 0.12 0.18 0.03 0.00 0.00 0.00 0.06 0.06
MgO 0.11 0.34 0.16 2.35 1.26 1.91 1.29 1.41 1.13 1.78 1.35 0.96 0.33 1.07 0.80
CaO 53.16 | 56.19 | 5398 | 51.09 | 5344 | 5533 | 5392 | 56.04 | 5680 | 5275 | 53.38 | 5495 | 5487 | 53.01 | 52.69
Total 5341 | 5656 | 55.24 | 5374 | 5522 | 57.43 | 5535 | 5759 | 5815 | 5520 | 5504 | 5595 | 5526 | 5419 | 53.55
Fe?* 0.004 0.001 0.005 0.007 0.015 0.004 0.004 0.001 0.001 0.018 0.009 0.001 0.002 0.001 0.000
Mn 0000 | 0000 | 0027 | 0002 | 0000 | 0001 | 0000 | 0003 | 0005 | 0001 | 0000 | 0000 | 0000 | 0002 | 0.002
Mg 0.006 0.017 0.008 0.120 0.063 0.091 0.064 0.067 0.054 0.089 0.068 0.047 0.017 0.055 0.041
Ca 1990 | 1982 | 1960 | 1.872 | 1.922 | 1903 | 1932 | 1929 | 1940 | 1.892 | 1924 | 1951 | 1982 | 1942 | 1.957
Total 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2.000
CaCO, 99.5 99.1 98.0 93.6 96.1 95.2 96.6 96.4 97.0 94.6 96.2 97.6 99.1 97.1 97.8
MgCO, 0.29 0.83 0.4 5.9 3.15 4.57 321 3.37 2.68 4.44 3.38 237 0.83 273 2.07
FeCO, 0.2 0.04 0.24 0.34 0.73 0.19 0.2 0.03 0.05 0.9 0.44 0.06 0.08 0.07 0
MnCO, 0 0 1.34 0.09 0 0.07 0 0.16 0.24 0.04 0 0 0 0.09 0.09
T °C* 565 450 512 445 470 409 513 458 385 413 357

The calcites are normalized to 2 cations per formula unit. The low Mg-content in the calcite rims resulted from their chemical re-equilibration. The low
Mg-content in the calcites of the samples from Kamienica (L8a), Lutynia (Lu3b) and Janowa Géra (JG2) (Fig. 1) is due to the low Mg-saturation in the
dolomite-absent calcite marbles. Nd. - not determined. (*) Temperatures calculated according to the calibration of Annovitz and Essene (1987).
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Table 2
Selected chemical analyses of index minerals from the marbles
Tr-out Trin Di-in
Sample KI8b KI8b J3b J3b J3b J3b S1 Lu3b Lu3b L8a L8a Lu3b Lu3b 7S7a 7S7a
Analysis Bt 06 Bt07 | Btlsr | Btlbrz | amfl amf2 |Amf1§r Amf1 amf Isrjamf 1br| Dile | Dilr | Dilc | Dilr | Fo12 | Spl17
Mineral Bt core | Btrim | Btcore | Btrim Amp A.mp Amp Amp rim Amp Amp rim| Di core | Dirim | Dicore | Dirim Fo Spl
core rim core core

SiO, 40.34 38.35 40.62 39.59 57.55 57.08 55.77 56.28 55.65 53.97 53.87 54.66 54.29 42.15 0.03
TiO, 1.45 1.21 0.53 0.05 0.05 0.09 0.21 0.12 0.00 0.00 0.00 0.23 0.10 0.00 0.02
ALO, 17.17 17.33 18.54 18.86 1.85 242 293 2.48 2.10 0.95 0.39 0.92 0.90 0.00 69.10
FeO* 4.7 3.95 1.54 1.41 0.96 1.04 2.40 271 3.55 5.20 5.79 0.90 1.36 1.54 1.37
MnO 0.00 0.05 0.05 0.05 0.00 0.07 0.00 0.07 0.00 0.34 0.31 0.11 0.00 0.08 0.09
MgO 20.68 20.8 23.64 23.48 22.64 22.80 21.83 19.80 18.88 14.23 14.08 16.89 17.40 54.97 25.02
CaO 0.33 0.37 0.00 0.11 13.51 13.29 13.51 14.76 14.85 24.52 24.48 25.08 25.12 0.16 0.06
Na,O 0.22 0.11 0.17 0.14 0.22 0.28 0.33 0.34 0.24 0.19 0.43 0.29 0.37 0.33 N.d. N.d
K,0 10.10 9.13 10.00 9.46 0.07 0.04 0.03 0.07 0.23 0.00 0.00 0.05 0.00 0.00 N.d. N.d
ZnO N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 3.04
Total 94.99 91.30 95.09 93.15 96.85 97.11 97.01 96.69 95.22 99.64 99.26 99.16 99.50 98.90 98.73
Si 5.726 5.631 5.659 5.615 7.932 7.818 7.718 7.654 8.028 8.107 1.997 2.007 1.993 1.979 1.005 0.006
Ti 0.155 0.134 0.056 0.005 0.005 0.009 0.022 0.008 0.013 0.000 0.000 0.000 0.006 0.003 0.000 0.003
Al 2.873 | 2999 | 3.043 3.153 | 0300 | 0.391 | 0478 | 0.602 | 0.417 | 0.361 0.042 | 0.017 | 0.040 | 0.039 | 0.000 | 15.983
Fe 0.558 0.485 0.179 0.167 0.111 0.119 0.278 0.425 0.323 0.432 0.161 0.180 0.027 0.041 0.031 0.225
Mn 0.000 0.006 0.006 0.006 0.000 0.008 0.000 0.015 0.008 0.000 0.011 0.010 0.003 0.000 0.002 0.015
Mg 4.376 4.553 4.910 4.965 4.652 4.655 4.504 4.295 4.211 4.100 0.785 0.782 0.918 0.945 1.953 7.316
Ca 0.050 0.058 0.000 0.017 1.995 1.950 2.003 1.916 2.256 2.318 0.972 0.977 0.980 0.981 0.004 0.013
Na 0.061 0.031 | 0.046 | 0.038 | 0.059 | 0.074 | 0.089 | 0.091 | 0.066 | 0.054 | 0.031 | 0.021 | 0.026 | 0.023

K 1.829 1.710 1.777 1.712 0.012 0.007 0.005 0.012 0.042 0.000 0.000 0.002 0.000 0.000

Zn - - - - - - - - - - - - - 0.440
Total 15.627 | 15.607 | 15.675 | 15.678 | 15.066 | 15.031 | 15.097 | 15.019 | 15.364 | 15.371 3.998 3.996 3.994 4.011 2.995 | 24.000
I\flgg)(l\/[g 0.88 0.90 0.96 0.97 0.98 0.98 0.94 0.94 0.93 0.90 0.83 0.81 0.97 0.96 0.98 0.97

Mg-biotite is normalized to 22 oxygens. Ca-amphibole is normalized to 13 cations+Na+XK + Ca. Ca-pyroxene is normalized to 6 oxygens. Mg-olivine is
normalized to 4 oxygens. Spinel is normalized to 32 oxygens. (¥) Total iron as FeO.

(Fig. 5d). It occurs as elongate prisms up to 1 mm in diame-
ter, with either diamond or needle cross sections (Fig. 3e).
Ca-amphibole exhibits the composition of tremolite and
shows slight zoning from core (X, = (Mg)/(Fe’* +Mg) =
0.90) to rim (X, = 0.94) or forms nearly pure tremolite
(Xyig > 99) (Tab. 2). It is partially replaced by talc accumu-
lated near the edges and along cleavage planes (Fig. 3e).

Ca-pyroxene

Ca-pyroxene is limited to the calcite marbles occurring
near Lutynia, Janowa Gora and Kamienica, in close adja-
cency to the Snieznik orthogneisses. It constitutes up to
6% of the rock volume and forms small rounded grains up
to 300 um in diameter (Fig. 3b). The chemical analyses do
not reveal any zonation in the Mg/Fe ratio in any of the ex-
amined blasts. Their Ca/Mg/Fe proportions situate the
analysed Ca-pyroxenes in the diopside field. Their Xy, var-
ies from 0.78 to 0.99. Ca-pyroxene regularly coexists with
K-feldspar and plagioclase, occasionally, with vesuvianite

(Kamienica) and phlogopite (Lutynia).

Plagioclase

Plagioclase is noted sporadically in calcite or calcite-
dolomite marbles. It occurs as isolated small rounded
grains up to 400 pum in diameter, or lens-shaped aggregates
up to 1 mm long. It usually lacks twinning. Chemical
analyses of plagioclase can generally be divided into two
groups: Ab = ~99 and Ab = 79-86.

Epidote/clinozoisite group

Epidote/clinozoisite minerals form elongate to short
prismatic subhedral grains, regularly ca. 500 um long, max.
2.5 mm long. The greenish core and colourless rim reveal
their compositional zoning, characterised by a decrease in
the pistacite member from core (Fe/(Fe+ Al) = 0.30-0.31)
to rim (Fe/(Fe+Al) = 0.20-0.24). The brownish epidote
cores in the calcite-dolomite marbles from the quarry on
Mt. Krzyznik contain a considerable REE content -
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Table 3
Petrographic characteristics of representative marble samples
Cla5.51flca— Mesoscopic | Ave. mlpfzral Petrography Localisation Mineral composition AcFessory
tion character | composition minerals
Jal/lowa Cal, Di, Kfs, P, Ep, Fl Zrn, Ttn
Gora
Cal - 90-99% Kamienica |Cal, Di, Kfs, Pl, Vsv
. .1 | Dol - 0-5% Medium-grained homeoblastic marble with gra- . . Im, Rt, Ttn,
. White, .Wlth Kfs - 0-3% noblastic fabric defined by nearly isometric cal- Lutynia Cal, Di, Kis, Phl, Tr, Ms, Qtz Mag
Calcite  |subordinate | <. . . .
. Di- 0-3% cite, microcline and Ca-pyroxene blasts. Occa- .
marbles- |pink or grey N . . Ladek Zdréj|Cal, Qtz, Ms, Bt Chl
Ms - 0-2% sionally, the presence of platy orientated plate-
Dol 0-5% |bands or o . . . Ol
lenses Tr-0-2% or needle-shaped minor silicates causes either rZy- Cal, Qtz, Ms
Cz0-02%  |weak foliation or mineral lineation chowice
tz - 0-2% i
Q ° i(/[rtzyzmk Cal, Tr, Czo, Ms, Dol
Radochéw | Cal, Qtz, Pl, Kfs, Ms
Chtopek
1-5 mm scale mineral banding composed of al- |Mt. Cal, Qtz, Dol, Phl, Ms
Greyish- ternating laminae of calcite, dolomite and spo- Janowiec
. white, occa- |Cal - 75-90% |radically quartz. Heteroblastic (fine-grained Cal, Dol, Qtz, Phl, Tr Chl
Calcite- | . . . . ) . Mt
dolomite sionally Dol -5-25% |dolomite, medium-grained calcite) marbles with —
marbles- striped by  |Phl-0-3% grano- or lepidoblastic fabric defined by flat- Krzyznik |Cal, Dol, Qtz, Phl, Ms, P1, Czo,
Dzl <es the white | Tr-0-2% tened dolomite and plate- or needle-shaped mi- M. Aln
Cal < and iiol Cz0-0 g/o nor 51'hcatels. The 51zli‘d1lvers'1ty 'of bolth carbqn Stronie Cal, Dol, Qtz, Tr, Ms, Phl, Czo Tle, Chl
95% oured con- Ms - 0-2% ate minerals causes this lamination also seen in Slaskie
stituent Qtz - 0-2% mesoscale, even with a deficiency of micas. At |gerno Cal, Dol, Phl, Qtz, Chl
minerals contacts with metapelites, Cal-Dol lamination -
is nearly parallel to rock boundaries }'{ogozka Cal, Dol, Phl, Qtz, Ms Rt, Py
Zelazno Cal, Dol, Qtz, Ms, Phl
Piotrowice |Dol, Cal, Ms Qtz
o . . . . . |Ofdrzy- 1. Cal
Dolomite- _ Dol - 70-90% |Fine- or medium-grained mgrbles. (;alc1te _laml- chowice Dol, Cal, Ms Qtz
calcite White, yel- |Cal-5-30%  |nae or lenses. Grano- or lepidoblastic fabric
marbles: lowish-or |Qtz-0-3%  |marked by anisometric dolomite and ﬂakes o_f NOI’_VY , Dol, Cal, Ms, Qtz, Tr Tle, Tur
Dol > greyish- Ms - 0-2% phlogopite and white micas scattered in matrix | WaliszOw
Cal > 5% white P};III- 0-2% Elr accun}llulated alclmg thin laminae, considera- |7elazno Dol, Cal, Chl, Ms, Qtz Rt
- 0-29 isi
Chl - 0-2% y emphasising planar structure Mielnik Dol, Cal, Ms, Qtz Rt
Zoty Stok |Dol, Cal, Fo, Sp, Phl, Srp Ap, Py, Sp
Dolomite |Yellowish- |Dol - 95-99% | Fine-grained rock with grano- or lepidoblastic | Zelazno Dol, Chl, Ms, Cal
marbles- |or greyish- |Phl-0-3% fabric (often mylonitic) defined by platy orien-
Dol >  |white, often|Chl - 0-2% tation of Mg-chlorite, white micas as wellas  |Romanowo |Dol, Chl, Ms
95% veined Ms - 0-2% elongated quartz lenses

Ca/(Ca+Ce+Nd +Y+La) = 0.75. Sparse analysed epi-

dotes from Janowa Goéra are characterised by a high Mn
content (Fe/Fe+Mn = 0.16).

Mg-olivine

Spinel

marble bodies located 2 km southwest of Ztoty Stok.

Spinel usually forms colourless isometric grains with

Mg-olivine forms euhedral or anhedral grains up to
200 pm in diameter. They regularly contain irregular
cracks partially replaced by alternate serpentine (Fig. 3d).
It has a homogenous chemical composition of Mg-rich for-
sterite (Mg/Mg+Fe = 0.98). Its occurrence is restricted to

maximum diameters of 150 um and a mean near 50 um. It
is characterised by a low Fe content (Mg/Mg+Fe =
0.97-0.98). It occurs in up to 3-mm long calcite lenses in the
dolomite-calcite marbles near Ztoty Stok, where it coexists
with Mg-olivine (Fig. 3¢, d).

MESO- AND MICROSTRUCTURAL CHARACTERISTICS

Structural record

Numerous tectonic structures representing ductile,
medium-grade metamorphic conditions and continuing to

more brittle, low-grade ones were preserved in the marbles
of the Ladek-Snieznik Metamorphic Unit. Scarce, small-
scale intrafolial, rootless folds are the deformation struc-
tures recognisable in the mineral layering of Cal and Dol
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(Fig. 5a). They are characterised by non-cylindrical up to
sheath geometry with thickened, disharmonic hinges.
Their axial plane fabric usually formed parallel to the fol-
ded bedding planes.

Tight, often similar, strongly inclined to recumbent
folds developed in an early metamorphic fabric composed
of well-developed quartz laminae alternating with the Cal-
Dol segregation (Fig. 5¢, d). The orientation of the axes of
these tight folds scatters slightly from the N-S direction
and has a maximum of 348/20 (Fig. 4a). The tight folds are
non-penetrative over the study area. Their abundance is
characteristic for the Zielona Marianna layer, on the west-
ern slopes of Mt. Krzyznik, where they form a set of para-
sitic mesofolds associated with a higher-order synform.
The axial planes of the tight folds are defined by the shape-
preferred orientation of the carbonates (Cal-Dol) and par-
allel alignment of plate- and needle-shaped silicates (Phl-
Ms+Tr+Czo) (Fig. 5d). In the impure calcite-dolomite
marbles, because of the tight interlimbs, the grain shape ax-
ial fabric generally mimics or intersects the Cal-Dol-silicate
layering at low angles. In the hinge zones of the tight folds,
the preferred orientation of the scattered phyllosilicates is
oblique to the relics of folded early quartz laminae, but par-
allel to the axial planes of these folds. The folds are less
penetrative than the foliation; however, this microstruc-
tural evidence indicates that the penetrative grain shape
fabric in the LSMU marbles is related to the tight folds
striking generally in the N-S (NNW-SSE) direction.

The spatial orientations of the axial plane foliation to
the tight folds differ over the LSMU area, considerably
varying even in the neighbouring areas (Fig. 4d). In the
Krowiarki range, the penetrative Cal-Dol-Phl-Ms+ Tr fo-
liation generally dips towards the NE, N or NW, usually at
low and rarely at high angles. Near Stronie Slaskie, it
mainly dips toward the NE. By contrast, it assumes a sub-
vertical to vertical dip and N-S strikes near Ztoty Stok. On
the stereographic projections, the poles to the main folia-
tion in the NW parts of Ladek-Snieznik occasionally form
a girdle of great circles with common girdle axes near
330/15 (Fig. 4d). The poles to the planes, the orientations
of which were measured in the Krzyznik, Janowiec and
Chtopek Mts., locally form a belt with girdle axes near
40/40 (Fig. 4d). A weakly visible E-W trending mineral
lineation on the folded planes and better-preserved inter-
section lineation due to the intersection of the folded
planes and the axial planes are observed. On the folded
planes, the intersection lineation manifests as frequently
arranged thin trails of axial grain shape fabric. On the ex-
posed axial planes of the tight folds, the intersection linea-
tion occurs as differently thickened and shaded bands, de-
pending on the thickness and colour of the folded beds
(Fig. 51).

Zonally, a reworking of the fabric into a planar-linear
or linear one is characterised by a sequence of deformed
marbles from protomylonies to S-C or S-C’ mylonites.
The calcite protomylonites are characterised by the pres-
ence of large elongated porpyroclasts enclosed within the
matrix of small-scale slightly elongated calcite grains (Fig.
6¢). In the calcite and dolomite mylonites, the porphyro-
clasts are absent, and calcite and dolomite blasts were re-

crystallized. (Fig. 6d, €). The elongated carbonate grains are
accompanied by linearly accumulated carbonates in the
pressure shadows of less ductile domains, e.g. boudinaged
Czo porphyroclasts (Fig. 6a, d). The elongated fabric ele-
ments form a stretching lineation plunging towards the N,
NNE or NW at moderate angles, overlying the penetrative
foliation (Fig. 4b). Sporadically, in the originally non-
foliated, granoblastic marbles, the mylonitic planes evince
the variable orientation, but still parallel to the meridional,
stretching lineation. Additionally, asymmetric microstruc-
tures, i.e. s-porphyroclasts of Czo with asymmetric pres-
sure shadows composed of Cal-Phl, and S-C- and more fre-
quent S-C’-type mylonites, were found in thin sections cut
parallel to the mineral lineation (Fig. 6d, ). The S-cleavage
of the S-C’ structures is mainly parallel to the preferred
alignment of carbonate and silicate minerals forming the
penetrative foliation (Ms-Phl laminae), whereas the C’-
cleavage occurs as microfaults intersecting the S-planes at
angles of 20-30° (Fig. 6e).

Within the interlayers banded by the penetrative folia-
tions, non-penetrative concentric folds deforming the
penetrative foliation occur (Fig. 6b). Their longer limbs are
oriented nearly parallel to the penetrative grain shape fab-
ric. They are characterised by prominent N-asymmetry
corresponding to the shear zones. In the Biala Marianna
marble layer, they are associated with up to 3-m long lenses
of boudinaged amphibolite and quartz-bearing mica schists
within less viscous marbles. The E-W or NE-SW trending
boudinage mesostructures are best preserved in marble
outcrops from Mielnik and Oldrzychowice. The asym-
metric and symmetric fabric elements (foliation, stretching
lineation, boudinage, S-, C- and C’-cleavages, concentric
folds), localized in shear zones differing widely in their
width from tens of meters to centimeter-scale narrow
bands, appeared locally across the study area and zonally
within individual outcrops. They were best preserved in
the Krowiarki range and the Ztoty Stok-Skrzynka Shear
Zone.

Parallel concentric or kink folds, ranging in amplitude
from several meters down to the microcrenulation scale,
form the crenulation lineation in the adjoining mica schists
(Fig. 6g). Their axes plunge towards the NW (N). The
mesofolds are mainly vertical, but the largest concentric
folds recognised in Romanowo quarry are W-inclined. The
orientations of the fold axes and the crenulation lineation
exhibit a maximum of 330/10, which concurs with the ori-
entation of the girdle axes of the belt of poles to the pene-
trative foliation in the stereographic projections for the
Krowiarki range (Fig. 4c, d).

The NW-plunging folds dominating in the NW part of
the area disappear towards the E and S in favour of NE-
plunging ones (compare Fig 2c and 2d). The axes of these
open, vertical, concentric or kink folds plunge towards the
NE at moderate angles. Their axial planes developed as
complementary surfaces - 330/60 and 120/70.
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Fig. 5. Meso- and microstructures associated with D1 and D2, in the marbles and adjacent rocks of the Stronie formation. a. A
small-scale intrafolial disharmonic fold developed in the mineral layering. From the Krzyznik quarry. The bracket shows the area of
Fig. 5b. b. Segregation of the phyllosilicate minerals into individual laminae in the hinge zone of the microfold. Due to its intrafolial ge-
ometry, its axial planar fabric overlays the S2 planes. c. 3* order and parasitic 4" order F2 folds developed in contacting marbles and
mica schists, connected with the large-scale synform in the Krzyznik Mt. region. The F2 folds are more evident within the calcite-dolo-
mite marbles than in the surrounding fine-grained metapelites, where the mainly quartz-biotite axial schistosity appeared as a predomi-
nant tectonic feature. d. The development of the S2 axial planar foliation in the marbles marked by the grain shape fabric of the carbon-
ates and the parallel arrangement of tremolite and phyllosilicates. Stronie Slaskie quarry. e. An F2 microfold in the calc-silicate rock.
The development of the S2 axial planar fabric was associated with the transposition of white micas and biotite flakes and the growth of
the Czo porphyroblasts. The boundaries of some Czo blasts have been outlined in the upper-right corner of the photograph. From the
Stronie Slaskie quarry. f. The relationship between the S1 || SO layering and the S2 foliation, which developed parallel to the axial
planes of the F2 mesofolds in the mica schists. From Kletno. The S1 planes were preferably preserved in the coarse-grained quartz-bear-
ing mica schists, while the S2 schistosity is more common in the fine-grained micaeous varieties. g. Relics of S1 planes preserved in
plagioclase cores and the external S2 axial schistosity. Within the plagioclase cores, traces of the internal fabric define the geometry of
the superposed F2 folds, while the plagioclase pressure shadows include the minerals of the matrix. From Mielnik. h. The L2i intersec-
tion lineation, occurring as differently thickened and shaded bands on the exposed S2 surface in calcite-dolomite marbles. From natural
outcrops on the western slopes of the Krzyznik Mt.
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Fig. 6. Meso- and microstructures associated with D3, D4, and D5. a. An asymmetric é-type calcite porphyroclast within the impure
marbles, indicating the top-to-the-N sense of shear. Its deformation and the accumulation of new calcite in its pressure shadows took
place under ductile conditions of deformation. b. F3 folds deforming the S2 structural planes mainly defined by a parallel alignment of
Tr porphyroclasts in the calcite marbles from the Stronie Slaskie quarry. c. The structural reworking during D3 in the calcite marbles
from Otrzychowice, from outcrops close to a railway trench. d. Separated Aln-Czo porpryroclasts along the L3 lineation, within an
S-C-type fabric in the calcite-dolomite marbles from the Krzyznik quarry. e. Contrasting grain shape fabric in XZ (parallel to L3) and
YZ (perpendicular to L3) sections in S-C’ mylonite. The angular relationships between the S and C’ cleavage planes (e.g. Blenkinsop &
Treloar, 1995) indicate the shearing component orientated nearly parallel to the S2 planes. From the dolomite marbles from the
Wapniarka Mt. f. The development of C’-type planes intersecting the S2 fabric in the mica schists. From Mielnik. g. Concentric
large-scale F4 folds, associated with small-scale crenulations in the mica schists. From the Romanowo quarry. h. F5 microfolds deform-
ing S2 planes composed of a Qtz-Ms-Bt-St assemblage. On the S2, the microfold axes form the L5 crenulation lineation. From Mz.
Janowiec.
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Fig. 7. Blockdiagrams showing the sequence of deformational
events in the marbles and adjacent rocks of the Stronie formation
in the area of the Krowiarki Mts

Sequence of deformational events

Due to the geometric relationships between the fore-
most tectonic structures, the folded quartz laminae with
the Cal-Dol mineral layering parallel to them are labelled
as the S1 planes (Fig. 5d), whereas the tight N-S trending
folds deforming them as the F2 folds. The structures re-
lated to the F2 folds are accordingly labelled: the axial
planes as S2, the N-S trending intersection lineation as L21
(Fig. 5h), the E-W trending stretching lineation as L2s.
Their geometry indicates a ductile character of deforma-
tion within those highly incompetent layers. The meso-
scopic equivalents of the S1 planes could be the small-scale
intrafolial folds with the axial plane foliation preserved
parallel to the folded bedding planes. However, because of
the intrafolial geometry (within the S2 planes), it is not
possible to definitively separate the structural and mineral
record of the D1 stage from the following D2 (Fig. 5b). It is
also possible that some such folds represent deformations
assigned to sedimentary flows.

The asymmetrical structures (S-C-, S-C’-type fabrics,
o-clasts, asymmetrical folds) and symmetrical elements of
the fabric (boudinage) are superimposed on the S2 fabric

(Fig. 6a, b, c, d, €). In Mt. Krzyznik area, in the XZ sections
of the finite strain ellipsoid, the shear sense indicators on
the S2 planes invariably show top-to-the-N (NNE) kine-
matics, and this applies to both limbs of the major synform
F2 (Fig. 4b). In addition, the S2-related fabric elements are
folded around E-W trending fold axes of N-asymmetry,
and boudinaged along the mylonitic fabric. Therefore, the
shear zones in which these mylonitic structures occur are
assigned to the subsequent tectonic stage — D3. Conse-
quently, the mylonitic structures that were formed in still
ductile conditions are labelled as the S3 planes, the stretch-
ing lineation as L3 and the folds as F3. The mylonitisation
took place under still ductile conditions of deformation.

The geometric relationships between both the NW-
plunging and NE-plunging vertical mesofolds and the
stretching lineation show that not only the S2 planes but
also the mylonitic fabric is deformed by both fold types.
The more ductile conditions of deformation and higher
temperature conditions of the D3 shearing also confirm its
overprinting by the late folding stages occurring under ap-
parently more brittle conditions. However, this could re-
quire further confirmation, i.e. the kinematic criteria re-
lated to the D3 shearing should evince an opposite sense of
shear on the overturned, steep limbs of the NW-plunging
macrofolds in the Krowiarki Mts (shown by stereographic
analysis of the density of the poles to S2) regarded as the
succeeding tectonic features.

NW-plunging and NE-plunging folds rarely occur in
one outcrop, so there is not much evidence of their mutual
relationship (Fig. 4c, d). The similar geometry of the F4
and F5 folds indicates a comparable low-ductile character
of late deformation in marbles. Nevertheless, the extension
fractures related to the shorter limbs of the NE-plunging
folds reveal somewhat less ductile conditions of deforma-
tion, and might be related to the closely following D5.

Structural development in the adjacent rocks

The contrasting rheological properties between the
marbles and adjacent rocks induce differences in the consti-
tution of the deformational structures of the various tec-
tonic stages (Tab. 4, Fig. 7). In the mica schists, the equiva-
lent of the isoclinal, disharmonic folds could be the small-
scale, rootless, intrafolial folds developed in the relics of
quartz horizons. These folds occasionally developed in the
distinct marble-mica schist boundaries, showing that the
two rocks together experienced the earliest deformational
stages. The S1 planes were only preserved within the
quartz-bearmg mica schists (Fig. 5f). In the common fine-
gramed micaeous varieties, the dominating schistosity (al-
ternating laminae composed of quartz and phyllosilicates)
situates parallel to the transposed S2 planes developed par-
allel to the axial planes of the F2 folds (Fig. 5f). Therefore,
the relics of the S1 planes with the tight F2 folds developed
on the S1 foliation are notably less penetrative in the mica
schists than in the marbles. In microscale, the planar S1 fab-
ric is observed within the cores of the plagioclase porphy-
roblasts, where traces of this internal fabric define the ge-
ometry of the superposed F2 folds (Fig. 5g). In the calc-
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Table 4
A comparison of the deformational structures of the marbles and mica schists related to the consecutive tectonic stages
Stage Marbles Adjacent metapelites | Conditions and regime of deformation Metamorphism
S1 inclusion trails in pla-
D1 |Foliation S1, intrafolial folds (?) gioclase blasts, intrafolial | Ductile, E-W compression Progression

folds (?)

D2

Tight, often similar F2 foldsGrain shape axial
planar fabric S2E-W trending, L2f mineral
lineation (on S1)N-S trending, L2i intersection|
lineation (on S1 and S2)

Tight F2 folds S2 axial
planar schistosity L2i
intersection lineation

Ductile,Vertical flattening

Temperature peak condi-
tions 500-600°C

Shear zones: S-C and S-C' mylonites L3

(on S2, S3)S5 crenulation

pression

D3 stretching mineral lineation (on S3||S2)N-  |Shear zones: S-C' Ductile. top-to-the-N' shearin Retrogression
asymmetric concentric intrafolial F3 folds mylonites uctiie, top & 400-500°C
Boudinage, Czo o- and d-clasts

F4 concentric, kink folds Low-ductile, NE(ENE)-SW(WSW) com-

D4  |Parallel F4 concentric or kink folds L4 crenulation lineation | *0" < oth® ° Retrogression
(on 82, 53) pression.
F5 concentric, kink folds

D5 |Parallel F5 concentric or kink folds L5 crenulation lineation |Low-ductile, NW(NNW)-SE(SSE) com- Retrogression

cleavage

silicate rocks, the development of the S2 axial planar fabric
was associated with transposition of the white micas and
biotite flakes and growth of the Czo porphyroblasts (Fig.
5e).

As in the case of the S2 fabric in the marbles, the S2
planes in the mica schists were locally reactivated as a result
of the subsequent shearing with top to-the-N kinematics,
which is evidenced by the development of a C’- cleavage in-
tersecting the main S2 schistosity (Fig. 6f). However, due
to the plate mineral composition of the majority of mica

schists, the shearing stage manifests much more poorly
than in the marbles, which can evince a wide range of mi-
crostructures.

In the mica schists, parallel to the axes of the F4 and F5
concentric and kink folds, a crenulation lineation, which is
very rare in pure marbles, developed as a penetrative tec-
tonic feature (Fig. 6g, Fig. 7). The axial planes of the NE-
plunging F5 folds (330/60, 120/70) occasionally form a
new and distinct crenulation cleavage.

METAMORPHISM

Microstructural and petrographic studies on the rela-
tionships between the development of the metamorphic
mineral assemblages and the deformational structures par-
tially allow the reconstruction of the metamorphic evolu-
tion of the marbles. A simple chemical system of carbonate
rocks constrains the chance of determining the pressures
during successive tectonic events in the marbles. Tempera-
ture estimations for the calcite marbles are also difficult to
calculate because their poor mineral assemblages, such as
Cal-Qtz, are stable at a wide range of temperatures (Fig. 9).
The marbles more predisposed to preserve mineralogical
evidence of the metamorphic evolution are the magne-
sium- and potassium-bearing impure dolomite or
dolomite-calcite marbles. In that case, during thermal pro-
gression, mixed-volatile dolomite-consuming and Mg-
silicate-producing reactions occurred. The presence of in-
dex minerals (Tlc, Phl, Tr, Di, Fo) involved in the reac-
tions display the metamorphic grade. These reactions are
mainly dependent on temperature conditions, but they are
also strongly determined by the X(CO,) of the metamor-
phic fluid phase (Fig. 9). Nevertheless, in the dolomite-

bearing marbles, it was possible to establish the tempera-
tures of metamorphism (during both D2 and D3) by apply-
ing the Mg-solvus, Cal-Dol geothermometer.

Mineral assemblages

As presented in the structural section, the S1 planes
can be distinguished from the S2 planes only in the hinge
zones of the F2 folds as the Qtz lamination parallel to the
Cal-Dol layering. The mineral assemblages which marked
the S2 axial planar foliation overprint the folded lamina-
tion.

In the studied samples of the LSMU marbles, the sim-
ple equilibrium peak mineral assemblages correlated with
D2 show a compositional diversity throughout the area:
Cal-Di-Phl-Kfs-Qtz (Lutynia), Cal-Di-Qtz (Janowa Gora),
Cal-Dol-Phl + Tr+ Czo + Ms (Stronie élqskie), Dol-Cal-Tr-
Qtz (Nowy Waliszoéw), Dol-Cal-Phl+Qtz+Pl (Kletno,
Rogodzka, Trzebieszowice and in the N part of the Krowi-
arki range) (Fig. 8, Tab. 5). This diversity indicates differ-
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Fig. 8. a. The distribution of the peak temperature mineral as-
semblages in the marbles and adjacent mica schists. Peak mineral
assemblages noted in mica schists, adjacent to marble outcrops,
are italicized. b. The differences in the mineral assemblages and
the course of the marble isograds could be explained by the dis-
turbance of the metamorphic surfaces during D4 and D5.

ences in the chemical composition of the marble protoliths
and suggests different metamorphic conditions associated
with their development.

AsK-feldspar is the most common source of potassium
in the carbonate sediments (e.g. Bucher & Frey, 2002), the
first appearance of phlogopite in the LSMU marbles could
be relevant to the reaction:

3Dol + Mc + H,0O = Phl + 3Cal + 3CO, (Fig. 9),

Tremolite occurring as the accessory mineral in the
dolomitic domains (Fig. 5d) could possibly appear as a re-
sult of the progressive dolomite- and quartz-consuming re-
action:

5Dol + 8Qtz + H,O = Tr + 3Cal + 7CO,.

In potassium-absent marbles, as in the case of the sam-
ple from Janowa Gora, the diopside formation could pro-
bably form through the reaction:

20tz + Dol = D1 + 2CO,.

Additionally, coexistence with K-feldspar, and the lack
of dolomite and tremolite in the diopside-bearing marbles
in Lutynia and Kamienica suggests that the Di-Mc mineral
assemblage was probably produced by the reaction:

Phl + 3Cal + 6Qtz = 3Di + Mc + 3CO, + H,O.

The S2 fabric, marked by minerals of the peak mineral
assemblages, was deformed during D3 resulting in F3 folds
(Fig. 6b) and the L3 stretching lineation (Fig. 6d). The poor
mineral assemblage composed of Phl-Cal that formed in
the pressure shadows or between boudinaged fragments of
the stretched Ep-Czo blasts at the time of the top-to-the-N
shearing was recognised in the Mt. Krzyznik area. In the
Krowiarki range, the D3-related mineral assemblage
mainly contains Chl-Ms.

The presence of chloritized phlogopite in the dolo-
mitic matrix suggests that the exceptionally found assem-
blage composed of serpentinized forsterite and spinel in
calcite lenses in the dolomite marbles of Ztoty Stok was
probably formed by the reaction:

2Dol + Chl = 2Cal + 3Fo + Spl + 2CO, + 4H,0.

The relationship between the metamorphic
and structural development

D1-D2, progression

The foremost-recognised mineral record of the re-
gional metamorphism is represented by the allanite and
epidote-rich cores of S2-related clinozoisite porphyroblasts
(Fig. 6d). Their structural position indicates that their for-
mation took place at the early stages of the regional meta-
morphism. The progressive regional metamorphism led to
the development of a sequence of index minerals: Phl, Tr
and Di. The end-member phase equilibria for the reaction
involving tremolite requires temperatures reaching up to
615°C. The maximum temperature of ca. 515°C calculated
for the calcites marking the S2 planes in the sample of the
tremolite-bearing marble from the Nowy Waliszé6w shows
that the probable tremolite-forming reaction occurred at
low X(CO,) = ~0.1. In another case, the temperature of
ca. 570-600°C for the Tr-in, Di-out samples from the
Janowiec and Krzyznik Mts. indicates the mineral equilib-
rium for the reaction at X(CO,) = ~0.4. A trend of in-
creasing X(CO,) values at rising temperatures predicts the
occurrence of an internal buffering with a low level of fluid
flow. Consequently, the first appearance of diopside
should require temperatures of > 615°C, at which the in-
variant point of the Di-Tr-Dol assemblage is attained.
However, the absence of dolomite in the diopside-bearing
samples does not allow the Cal-Dol geothermometer to be
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1) Qtz + Cal = Wo + CO2

2) Czo + CO2 = 3An + Cal + H20

3) Tr + 2Qtz + 3Cal = 5Di + 3CO2 + H20

4) Tr + 3Cal = 4Di + Dol + CO2 + H20

7) 8Qtz + 5Dol + H20 = Tr + 3Cal + 7C0O2
11) 2Qtz + Dol = Di + 2C0O2

13) Di + 3Dol = 2Fo + 4Cal + 2C0O2

14) 2Di + Cal = Fo + 3Wo + CO2

18) 2Qtz + Ms + Cal = Mc + An + CO2 + H20

Tr-in

Minimum temperatures of the first appearance
of tremolite in LSMU marbles (calculated for Z38b)

19) 6Qtz + 3Ms + 4Cal = 3Mc + 2Czo + 4C0O2 + 2H20

20) Ms + 2Wo + CO2 = Mc + An + Cal + H20

21) 3Ms + 6Wo + 2C0O2 = 3Mc + 2Czo + 2Cal + 2H20

25) 3Tr + Mc + 6Cal = Phl + 12Di + 6C0O2 + 2H20

27) 6Tr + 3Ms + 13Cal = 3Phl + 21Di + 2Czo + 13C0O2 + 5H20
28) 5Phl + 24Qtz + 6Cal = 3Tr + 5Mc + 6C0O2 + 2H20

30) 97r + 156Ms + 2Cal = 15Phl + 42Qtz + 10Czo + 2C02 + 4H20
31) 3Dol + Mc + H20 = Phl + 3Cal + 3C0O2

33) 3Tr + 12Ms + 21Dol + H20 = 12Ph/ + 8Czo + 11Cal + 31C0O2

0.8 0.9 X(CO,)

40) Phl + 6Qtz + 3Cal = 3Di + Mc + 3CO2 + H20

41) Phl + 4Qtz + An + 2Cal = 3Di + Ms + 2C02

42) 3Phi + 12Qtz + 2Czo + 5Cal = 9Di + 3Ms + 5C0O2 + H20
45) Mc + 2Fo + Cal + H20 = Phl + Di + CO2

46) 3Di + 3Ms = Phl + 2Mc + 3An + 2H20

47) 3Di + 3Ms + Cal = Phl + 2Mc + 2Czo + CO2 + H20

51) 2Qtz + Ms + 3Dol = Phl + An + 2Cal + 4C02

52) 6Qtz + 3Ms + 9Dol + H20 = 3Phl + 2Czo + 5Cal + 13C02

Possible T-X(CO2) paths during
the temperature increase

Fig. 9. Isobaric T-X(CO:) equilibrium curves for the metamorphic reactions related to D2 in the marbles. The curves of possible reac-
tions involving the index minerals Phl, Tr and D1 are thickened; the invariant points are indicated by open circles. The grey dashed lines

represent possible reaction paths during the temperature increase.

used to support this suggestion. In conclusion, the develop-
ment of the D2-related mineral assemblages from reaction
3Dol + Mc + H,O = Phl + 3Cal + 3CO,, followed by re-
actions 5Dol + 8Qtz + H,O = Tr + 3Cal + 7CO,, and
20tz + Dol = Di + 2CO, or Phl + 3Cal + 6Qtz = 3D1 +
Mc + 3CO, + H,0, is considered to be the mineral se-
quence in the dolomite-bearing marbles, which were ini-
tially equilibrated at low to moderate X(CO,) (Fig. 9).
The distribution of the peak mineral assemblages cor-
related with D2 allows the mineral zones to be in part
drawn separated by two mineral isograds (Tr-in and Di-in).
Diopside occurs in marble bodies outcropping in close
proximity to the gneisses in Lutynia or in Kamienica and
Janowa Géra within intercalations of the Stronie forma-
tion considered as small-scale synforms of the Stronie for-
mation within the Snieznik orthogneisses (the Kamienica
syncline according to Don, 1982, and the Janowa Gora
syncline according to Don, 1988). For that reason, in the
geological map, the Di-in isograd roughly refers to the con-
tour of the gneiss-schist boundary. Similarly, the tremolite
occurrences are restricted to the marble bodies localised in
the area limited to several kilometres from the gneiss/
schist boundary; therefore, the Tr-in isograd assumes a

similar shape to that of the Miedzygdrze anticlinorium (de-
fined by Don, 1964) and the fan-type Kletno anticlinorium
(Don, 1991). The general decreasing trend of mineral zona-
tion towards the NE is coherent with the geothermomet-
ric calculations showing different maximum temperatures
ranging from ca. 500 to 540°C for the Tr-out marbles and
ca. 515 to 600°C for the Tr-in marbles (Tab. 5). Conse-
quently, the difference in the S2 mineral assemblages refers
to the different temperature conditions currently observed
at the surface levels of the Stronie formation. The evidence
of partial re-equilibration, which is commonly observed as
a depletion of the Mg-content in the calcite rims accompa-
nied by the submicroscopic dolomite exsolutions suggests
that the calculated temperatures could be somewhat under-
stated in relation to the true temperatures of the D2-related
metamorphism. The valuations of the maximum tempera-
tures associated with D2 are presented in Table 4.

D3, D4 and D5, retrogression

The Cal-Dol geothermometry applied for the recrys-
tallised elongated calcite grains defining the L3 stretching
lineation gave temperatures ca. 100°C lower than those ob-
tained for the S2 fabric in the related areas. The obtained
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Table 5

The temperatures of development of the mineral assemblages in dolomite-bearing marble samples based on the Mg (¥)
or Mg and Fe (**) contents in Mg-rich calcite cores

‘Sample‘ Outcrop location Mineral assemblage ‘ Analysis ‘ X(MgCOs) ‘ X(FeCO3) ‘ X(MnCO:s) ‘ X(CaCOs) ‘ T[°C]* ‘ T[°C] **
2
Cal6 5.96 0.74 0.08 93.21 563 567
S1 Stronie Slaskie quarry %&:E;I'MS-Phl-Tr-CZO Cal 21 5 o3 035 0.08 93.59 563 65
Cal 12 5.67 0.85 0.14 93.34 552 558
p4 6.85 0.05 N.d. 93.10 591 592
J3b  |Janowiec Mt. ((:T*‘rljﬁ)"l'Phl'Tr p3 6.30 0.03 N.d. 93.68 574 574
p9 5.65 0.10 N.d. 94.25 552 552
Cal6 4.94 0.11 0.01 94.94 525 526
KL8b  |Kletno I quarry Cal-Dol-Phl Cal 10 §r 5.17 0.10 0.20 94.53 534 535
Cal 8 4r 5.07 0.36 0.21 94.36 530 533
5pr 188 459 0.17 N.d. 95.24 511 512
CH3b |Chtopek Mt. Cal-Dol-Phl-Ms 4pr 70 447 0.06 N.d. 95.47 505 506
5 pr 202 441 0.32 N.d. 95.27 503 506
SE 4d11 4.68 0.36 0.07 94.89 514 518
L |ROI11 |Rogbika Cal-Dol-Phl-Ms 4dos 457 0.19 0.07 95.17 510 512
NW 4d17 415 047 0.26 95.12 491 496
Cal 5 4r 5.29 0.57 0.00 94.14 539 543
W6 I\NAZS’LXZ‘?;Z‘;W Dol-Cal Cal 5' 428 0.33 0.06 95.33 497 501
Cal7 4.14 0.04 0.27 95.55 491 491
Cal 3 470 0.00 0.00 95.30 515 515
738b  |Nowy Waliszéw I()r‘i[%al'“ Cal24r 4.53 0.10 0.20 95.17 508 509
Cal6 428 0.09 0.01 95.62 497 498
Cal 3 ér 462 0.14 0.00 95.24 512 513
732b | Zelazno Dol-Cal-Ms Cal 2 §r 4.35 0.17 0.38 95.10 500 502
Cal 4 3.49 0.63 0.08 95.80 458 467
' _ 4e08 427 0.12 0.00 95.61 497 498
714 ﬁl‘amo’wapm"“ka Cal-Dol-Ms-Phl 4e12 3.68 079 0.00 95.53 468 479
4e10 3.70 0.59 0.00 95.71 469 477
S3/L3
Cal 1 4.44 0.89 0.04 94.63 504 513
Kla Krzyznik quarry Cal-Dol-Phl Cal 1ér 4.39 0.55 0.14 94.92 502 508
Cal 24 3.20 0.41 0.00 96.39 441 448
Cal 8 2.96 0.00 0.00 97.04 427 427
024b  |Romanowo Dol-Cal-Ms Cal 2 2.01 0.00 0.06 97.93 351 351
iE Cal7 1.83 0.45 0.00 97.72 331 342
NW _ ‘ Cal1 2.85 0.00 0.24 96.91 420 420
7352 Ei‘mw‘ce’ Grodowa | b 1 cal.Chl Cal 2ér 237 0.06 0.00 97.57 384 385
Cal 3 4r 211 0.00 0.00 97.89 361 361
Cal 24 273 0.07 0.09 97.11 411 413
725  |Zelazno, Debowa Mt. | Dol-Cal-Ms-Chl Cal 3 2.85 0.18 0.07 96.90 420 423
Cal 4 3.00 0.17 0.16 96.67 429 432
p22 415 0.01 0.02 95.82 491 491
ZS7a  |Ztoty Stok Cal-Fo-Sp pl3 440 0.11 0.12 95.37 502 504
p23 419 0.07 0.00 95.74 493 494

Representative mineral analyses for three calcite cores from each sample depict the Mg-content established near the temperatures of development of the
consecutive mineral assemblages. The temperatures were constrained using the Cal-Dol geothermometer according to Anovitz & Essene (1987). The

Mg-solvus geothermometer in the calcite marbles (also in the Di-bearing marbles) could not be applied due to their low Mg-saturation.
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temperatures yield ca. 510°C for the Mt. Krzyznik region
and ca. 430°C for the marbles in Zelazno (Tab. 5) concur-
ring with the retrogressive mineral record.

In the marbles, the subsequent tectonic stages, D4 and
D5, were not accompanied by dynamic recrystallisation or
new mineral-forming reactions, which could involve new
fabrics of new assemblages along the axial planes of both
NW- and NE-plunging folds. The retrograde reactions un-
der static conditions, i.e. chloritizaton of phlogopite and
replacement of Ca-amphibole by talc which gathered near
the edges or along the cleavage planes of the Ca-amphi-
boles, were commonly observed (Fig. 3e, f).

Contact metamorphism?

The presence of forsterite and spinel in the dolo-
mite-calcite marble bodies located 2 km south-west of
Ztoty Stok could indicate a higher grade of metamorphism
than that of most of the LSMU marbles. Calcite grains pre-
sumably coexisting with this assemblage in calcite lenses
(Fig. 3¢, d) yield a roughly stable X(MgCO,) = 4.1-4.4,
which represents temperatures of ca. 490-505°C (Tab. 5).
The phase equilibrium for reaction 2Dol + Chl = 2Cal +
3Fo + Spl + 2CO, + 4H,0 at 7 kbar requires very high
temperatures (e.g. 710°C at X(CO,) = 0.05, 735°C at
X(CO,) = 0.2). Therefore, it is suggested that this uncom-
mon mineral assemblage does not reveal typical regional
metamorphism, but contact metamorphic overprinting
the Dol-Phl assemblage, preserved in the matrix (Fig. 3c).
According to the published data (Wierzchotowski, 1976;
Wojciechowska, 2002), the Ktodzko-Ztoty Stok granitoids
had a wide contact aureole extending 2.5 km from the in-
trusion boundary, and therefore it could also embrace the
marble bodies located 1 km away from the intrusion. At
1.5 kbar, the pressure of emplacement of the Ktodzko-
Zloty Stok granitoids (estimated by Wierzchotowski,
1976), the reaction involving forsterite and spinel at low
X(CO,) (expected to occur due to a fluid infiltration in the
contact aureole), requires much lower temperatures of
540-560°C, which are more adequate to those obtained by
Cal-Dol geothermometry.

Other exceptional minerals recognised in the calcite
marble samples occur in the calcite marbles from Janowa
Gora (Tab. 3). The occurrence of fluorite and piemontite
in the marbles located close to the Staré Mésto-Kletno-
Marcinkow fault zone suggest them to be of a hydrother-
mal origin.

Remarks on the dynamometamorphic development of
the carbonate minerals

When considering the question of the origin of the car-
bonate segregation, discussed previously by Witek (1976)
and Karwacki (1987), among others, the recognised defor-
mational and metamorphic evolution of the marbles pro-
vides some additional implications. The microstructural
data show that both the isoclinal folds and the tight F2
folds deform the Cal-Dol mineral banding. Consequently,
the observed carbonate segregation is believed mainly to be
a pre-tectonic and pre-metamorphic feature, however in-
conclusively, whether representing the SO bedding or de-
veloped at an early-diagenetic dolomitization stage. In the
calcite marbles, the above-mentioned dolomite-consuming
reactions led to a depletion of dolomite or even its disap-
pearance, as observed in some tremolite-abundant samples
from the Stronie Slaskie quarry and diopside-bearing ones
from Kamienica. However, in most of the studied calcite
marbles, the silicate minerals produced in these reactions
are minor constituents suggesting a minor primary
amount of consumed dolomite in such rocks. In the
dolomite-bearing marbles, the progressive reactions de-
pleting dolomite led to the formation of the new sparse cal-
cite laminae (mainly along the axial planes of the F2 folds,
cross-cutting the primary dolomite horizons in the hinge
zones of the F2) or lenses composed additionally of coexist-
ing silicates (Fig. 3c). These observations only partially
confirm the results of earlier studies (Butkiewicz, 1968;
Karwacki, 1987) revealing that the dolomite formed during
the diagenesis of the carbonate sediments, while the calctie
blastasy was related to the polyphase structural and meta-
morphic rebuilding. The interstitial position of the calcite
between the dolomite boundaries, which is scarcely ob-
served in the dolomite and dolomite-calcite marbles,
would also confirm its later development. However, the
observed microstructures related to the consecutive stages
of the teconometamorphic evolution in the marbles sug-
gests more readily that the volume of the new calcite pro-
duced in the metamorphic conditions was insignificant in
its general amount in the dolomite-bearing marbles.

In conclusion, the tectonometamorphic development
in the LSMU marbles led predominantly to the recrystalli-
sation of carbonate minerals during an isochemical meta-
morphism (in accordance with Witek, 1976) associated
with the slender dynamo-metamorphic transposition of
Cal-Dol mineral banding and slight changes in the volume
proportions between the two carbonate minerals.

DISCUSSION

When it comes to the tectonometamorphic evolution
of the marbles, there is still considerable room for debate
on the interpretation of the petrological, meso- and micro-
structural data gathered from the marbles of the Ladek-
Snieznik Metamorphic Unit, supplemented by the avail-
able data, geological maps and cross-sections. The original
orientation of the successive tectonic fabrics, the tectonic
regimes of the five tectonic stages, and a possible explana-

tion for the differences in the peak metamorphic condi-
tions are discussed in this section.

The regime of D2

The analysis of the regional vergence and enveloping
surface orientation of the highest-order F2 folds in the mar-
bles plays an essential role in approaching the issue of the
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kinematics of the foremost tectonic stages. Due to the high
angle at which the S2 axial planes intersect the enveloping
surfaces of the F2 folds observed in the LSMU gneisses
(Dumicz, 1979) and the oblique to perpendicular align-
ment of the inclusion trails in the garnet porphyroblasts
relative to the external schistosity (Romanova & Stipska,
2001), it is believed that the foremost deformational events
resulted from an E-W horizontal contraction followed by
subvertical flattening (D1 and D2, according to Dumicz,
1979). It is also suggested that the main folding resulted
from an eastward thrusting (D2, according Don in Don ez
al., 1990). Conversely, the significance of the E-W directed
tectonic shortening is questioned by Cymerman (1997),
who correlates the main structural development of the
LSMU to its top-to-the-N (NE) thrusting.

The field observations show a roughly stable meridio-
nal alignment of the axes of the F2 folds across the area.
The scarce mineral lineation, perpendicular to the fold axes
and observed mostly in the folded S1 planes, could be inter-
preted as having developed during flexural-slip movements
(in accordance with Ramsay & Huber’s definition, 1987).
This indicates that the deformations produced during D2
were probably connected with E-W directed tectonic
shortening (in present day co-ordinates). Nevertheless,
even in adjoining outcrops, there is variation in asymme-
try of the F2 folds that may demonstrate the shear sense
during E-W shortening, and in the orientation of the en-
veloping surfaces of the F2 folds that may be taken as the
mean position of the S1 planes. The highest-order, mapable
F2 fold that should be taken into account in such investiga-
tions occurs in the folded marble interbeds in the Mz.
Krzyznik area, where it is associated with a set of subse-
quent parasitic mesofolds. Recently, it has been doubted
that the Biata Marianna and the Zielona Marianna out-
crops form a continuous marble body (Karwacki, 1990).
Mesoscopic observations confirm that they differ in their
lithology; the Zielona Marianna is frequently intercalated
by mica schists, whereas the main body of the Biata
Marianna is more homogeneous. However, on the basis of
the mesostructural observations, it is suggested that the
two outcrops could compose the limbs of a single synform.
The studies on the structural record of the natural out-
crops belonging to the Zielona Marianna layer indicate
that the observed mesofolds, classified as 3™ order ones,
could be related to larger, 2™ order folds with eastern
vergence, predicted to occur in the eastern limb of the
synform. It is suggested that because of its rheology, the
Zielona Marianna layer is more abundant in the F2
mesofolds which developed in this frequently intercalated
layer. In separate outcrops, the different asymmetry of Z-,
S- or M-shaped parasitic F2 folds indicates different local
stress conditions. Geological maps of the area (e.g. Oberec,
1966) show that one, synformal part of the folded marble
body in the Krzyznik region was preserved. The unknown
length ratio of its limbs and the limited number of pre-
served F2 folds in the surrounding mica schists, which may
represent an up to 4™ order of parasitic folds associated
with the hypothetical larger structure complicate the
judgement of the regional-scale vergence of the D2 folding.
The varied asymmetry and differing angle at which the en-

veloping surfaces crosscut the axial planes might reflect ei-
ther the existence of higher-order folds similar to those re-
cognised by Zelazniewicz (1978) in the Orlickie Mts., or a
different regional orientation of the S1 planes before the
D2 folding. Despite the significantly minor sizes, in most
occurrences excluding the Krzyznik region, the sets of F2
do not reveal a recognisable connection with any hypo-
thetical higher-order structures. These structural observa-
tions did not give a univocal answer concerning the rela-
tionship between S1 and S2; however, the different plunge
angles, from moderate to steep, at which the enveloping
surfaces generally intersect the S2 axial planes suggests a
mainly oblique position of the S1 before its reorientation
with respect to the S2 axial planes. In the microscale, the
preferred orientation of Czo and Tr porphyroblasts is sy
-mmetrical with respect to the grain-shape foliation mar-
ked by carbonates. The stable orientation of the F2 axes
(Fig. 4a) and the symmetrical fabric elements suggests that
D2 took place in a coaxial regime of pure shearing with o,
positioned perpendicularly to S2 and the N-S-trending ©,.

Moreover, it was recently reported that the various
shapes of the inclusion trails in the garnets syntectonic
with D2 in the mica schists of the Stronie formation are
well interpreted as having developed during a continuous
transition of the internal fabric from steep to flat attitudes
(Jastrzebski, 2005, according to the non-rotational the Bell
& Jonhson model, 1989). Generally, symmetric oligoclase
rims growing in the strain shadows also filled by the miner-
als of S2 confirm that the deformation was coaxial with the
O, stress component positioned perpendicularly to the S2
planes (Fig. 5g). Therefore, the microstructures in both the
marbles and adjacent mica schists can independently sup-
port the model based on mesostructural analysis proposed
by Dumicz (1979), who suggested a gravitational collapse
(D2) followed by a previous folding resulting from the
horizontal compression (D1). Assuming the subhorizontal
orientation of the S2 axial foliation (Dumicz, 1979), the
first tectonic stage led to a folding and the development of
an early subvertical fabric resulting from E-W directed tec-
tonic compression. As a result of the consequent subverti-
cal gravitational flattening, the originally steep S1 planes
were deformed to form the tight, strongly inclined to re-
cumbent F2 folds. At this time, the subhorizontal S2 axial
planar foliation developed. Integrated microstructural and
petrographic studies evidence that this tectonic stage was
connected with the temperature peak of the regional meta-
morphism of the marbles. Consequently, the original
metamorphic zonation, parallel to the subhorizontal S2
planes, was arranged at this time. The burial of the Stronie
formation and its progressive regional metamorphism re-
sulting from the E-W subhorizontal shortening (in the
present-day coordinates) could be related to the initial stage
of development of an accretionary wedge (Moravo-Silesian
Domain) of the Bruno-Vistulian terrane. The gravitational
tectonics of the D2 when the original isograd pattern in the
LSMU developed, could be relevant to the onset of uplift
of the Keprnik Dome (Boudin) of the Bruno-Vistulian ter-
rane, after its maximum burial stage, which took place be-
tween 350 and 340 Ma (according to the model of Schul-
mann & Gayer, 2000).
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Origin of the N-S trending lineations, proposed
correlation to those of the orthogneisses

The character and kinematics of the meridionally
trending lineation in the LSMU have been widely dis-
cussed and diversely interpreted. As this lineation could be
a composite tectonic feature (neglection of that fact can
lead to erroneous, simplified conclusions), its interpreta-
tion has to be carried out with respect to the superimposed
deformational events distinguished in the rocks of the
LSMU. A very important aspect of this investigation is the
correlation of the N-S trending tight recumbent folds pre-
served mostly in the metapelites of the Stronie formation
and similarly, the N-S (NE-SW) trending stretching linea-
tion mostly observable in the orthogneisses. The N-S
trending lineation in the Stronie formation has been con-
sidered to be associated with the N-S trending tight folds
(e.g. Teisseyre, 1975; Don, 1982). The development of the
N-S trending rodding lineation in the gneisses has been in-
terpreted as coincidental either to a N-S tectonic escape in-
duced by the E-W shortening (Zelazniewicz, 1988) or to a
NE-SW strike-slip transpression (Cymerman, 1997).

Based on the structural reconstruction and geothermo-
metric calculations carried out for the marbles of the Stro-
nie formation, it can be stated that the N-S trending linear
structures observed in the rocks of the Stronie formation
developed in two separate events characterised by different
metamorphic and kinematic conditions. This explains the
ascertained occurrence of two lineations: intersection (L21)
and stretching (L3), with each of them becoming locally
dominant. The orientation of the L2i intersection lineation
delineates the Y-axis of the strain ellipsoid representing the
tectonic stage related to the temperature peak of metamor-
phism. The formation of the subsequent stretching linea-
tion was connected with the uplift and retrogression. Un-
like the intersection lineation, its orientation shows the di-
rection of the maximum strain axis. These observations
could partially explain the controversy regarding the pres-
ence of a mineral lineation nearly parallel to the fold axis.
In the orthogneisses, the high temperature conditions at
which the rodding lineation was formed indicate its con-
nection with the N-S directed tectonic escape induced by
E-W shortening (according to Zelazniewicz, 1988). The
transition from prolate to oblate shapes of the rodding
lineation (Zelazniewicz, 1991) could be related to the flat-
tening strain responsible for folding in the Stronie forma-
tion (D2). Later top-to-the-NE reactivation under green-
schist facies conditions (Zelazniewicz, 1991) concurs with
the late shearing that yielded the L3 stretching lineation
under the retrogressive conditions in the Stronie forma-
tion.

The kinematics and origin of the D3 shearing

The kinematic criteria of the D3 shearing, i.e. the an-
gular relationships between the developed S- and C’-type
planes and the geometry of 6-clasts, indicate top-to-the-N
(N'W, NNE) movement along the reactivated former pla-
nar structures. Indicators of the opposite sense of shear are

sporadically observed. The top-to-the-N shearing recog-
nised within the LSMU can be correlated with the sinistral
movements in the Ztoty Stok-Skrzynka Zone, as mylo-
nitic structures in this zone have the same position in the
sequence of deformation (as in Dumicz, 1989). This defor-
mational stage could be linked to NNE-directed thrusting
of the Orlica-Snieznik Dome (Cymerman, 1997; Schul-
mann & Gayer, 2000), when it interacted with the adjacent
terranes. Therefore, the D3 shearing under retrogressive
conditions could reasonably be correlated with the thrust-
ing of the boudins (domes) of the Moravo-Silesian Domain
associated with the disturbance of the metamorphic iso-
grads in the East Sudetes (Schulmann & Gayer, 2000).
Top-to-the-N shearing followed the main tectonometa-
morphic collisional episode, which had been connected
with the burial and the subsequent gravitational relaxation
at the temperature peak of the regional metamorphism
(D1-D2). The late interaction with the adjacent Ktodzko
Metamorphic Unit and the Moravo-Silesian Domain could
be confirmed by a slight deflection of the mylonitic L3
lineation along the boundaries of the LSMU within its
marginal domains, where the L3 assumes a NE-SW direc-
tion in the Ztoty Stok-Skrzynka Shear Zone, NN'W-SSE
in the NW of the Krowiarki Mts. region (Fig. 4b). Within
the LSMU, the deformation was heterogeneous and accu-
mulated into laminae, hence parallel to the former S2 axial
planes. Nevertheless, the structures formed under exten-
sional strain conditions, i.e. boudinage and S-C’-type fab-
ric, prevail over the asymmetrical folds and S-C-type fab-
ric, which would favour a regional extension in a N-S di-
rection instead of the postulated transpressional stress con-
ditions. However, the extension responsible for the devel-
opment of the boudinage microstructures often orientates
along the S-cleavage of the S-C mylonites. Thus, the exten-
sional farbics, which represent the finite strain, could re-
sult from the progressive deformation during top-to-the-N
thrusting.

Consequences of the D4 and D5 folding

The differences in the spatial orientations of the
S21|S3 foliations across the LSMU area, with poles in the
NW parts of the Ladek-Snieznik forming a pattern with
the belt of the great circle having its girdle axis near 330/20,
indicate that F4 mesofolds are connected with larger struc-
tures. An analysis of the density of their poles on the
stereographic projections indicates that the axial planes of
these folds steeply incline towards the NE (Fig. 4d). Their
geometric features suggest that the F4 mesofolds could be
the mesoscopic equivalents of the large N'W-plunging,
SW-verging concentric folds which determine the struc-
tural architecture of the Krowiarki Mts. (e.g. Kuzniar,
1960), and could be connected with the NW branch of the
converging macrostructures defined by Don (1964). As-
suming the enveloping surfaces of the F4 folds are subhori-
zontal, slightly dipping towards the fold axes and have
SW-directed vergence (according to the cross-sections in
Kuzniar’s study, 1960), it is suggested that the D4 folding
of the subhorizontally oriented S2| |S3 foliations resulted
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from NE-SW shortening with a SW-directed shear compo-
nent. However, it should be mentioned that the continuity
of the marble layer in the Krowiarki Mts., and therefore its
subhorizontal enveloping surface, has also been questioned
(Don, 1964; Cwojdzinski, 1983).

In the LSMU, the NW-plunging concentric folds are
replaced by NE-plunging ones towards the S and E of the
area; their axes conform to the girdle axes of the foliation
belts on the stereographic projections. The comparable
low-ductile character of deformation in the marbles during
D4 and D5 may suggest heterogeneous activity of nearly
coincident NE-SW and NW-SE compressional regimes in
the LSMUj this could be responsible for the development
of the fan-like pattern of the macrofolds. Nevertheless, this
idea can apply to the observations from rocks near the
marble interbeds, which are distributed irregularly across
the LSMU area. There is not enough evidence that the
NE-plunging F5 folds distinguished in this paper are associ-
ated with the macroforms of the eastern part of the LSMU.

The distribution of the different mineral assemblages
marking the S2 axial plane foliation indicates decreasing
metamorphic conditions towards the NW/W (in accor-
dance with Karwacki, 1990 and Don et a/., 2003). Thus, the
calcite marbles of the lower part of the lithostratigraphic
profile (taken after Koszela, 1997) occupied the lower
metamorphic levels. Along the SE-NW section, from Mz.
Krzyznik to Zelazno, the ca. 100°C temperature difference
related to the D2 stage throughout the area is consistent
with the observed mineral zonation. The temperatures of

the D3 shearing also decrease in the same manner. The pat-
tern of the diopside and tremolite isograds in the marbles is
incomplete; however, in the SW part of the LSMU, it is
roughly consistent with the boundary between the gneis-
ses of the lower structural level and the rocks of the Stronie
formation. This suggests that the major NW-plunging F4
folds not only folded S2 planes but also the established D2
isograds. According to the existing P-T estimates presented
by, among others, Jézefiak (1988), Romanova & Stipska
(2001), Jastrzebski (2003) and Murtezi (2003), the stage of
the peak temperature conditions correlated with D2 took
place at a geothermal gradient of ca. 25°C/km. Under such
conditions, the differences in the temperature peak esti-
mates from Stronie Slaskie to Zelazno are preferably ex-
plained by the inclination of the isotherms towards the
NW at an angle of 20°, similar to the mean of the plunge
angles of the F4 fold axes (Fig. 4c). Consequently, the re-
sults of this study confirm the anticlinorial structure of the
gneiss units (as in Don, 1964) and indicate that the macro-
structures mainly developed by deformational event(s) fol-
lowing the temperature peak of the regional metamor-
phism. The inclination of both the S2 foliations and meta-
morphic isograds towards the NW (W) took place in the fi-
nal stages of interaction of the LSMU with the Moravo-
Silesian Domain and could be explained by the more in-
tense uplift in the eastern part of the LSMU resulting from
the NW-SE tectonic shortening, oriented perpendicularly
to the eastern boundary of the LSMU.

CONCLUSIONS

Both the meso- and microstructural record indicates
that the marbles in the Ladek-Snieznik Metamorphic Unit
underwent a polyphase structural evolution from ductile,
medium-grade metamorphic conditions to more brittle,
low-grade ones. The deformations related to the distin-
guished tectonic events reveal a heterogeneous manner be-
tween individual tectonic domains and within particular
outcrops. The earliest recognised tectonic stage, D1, led to
the inclination of the Cal-Dol mineral layering (generally
originated as a pre-tectonic and pre-metamorphic feature),
and its transposition to the oblique to subvertical, meta-
morphic S1 foliation resulted from E-W subhorizontal
shortening. The mesoscopic equivalents of these planes
could be the scarce, small-scale isoclinal, intrafolial folds
preserved in the marbles and surrounding mica schists. As
a result of the subsequent, subvertical D2 flattening, the S1
planes deformed to form tight, inclined to recumbent F2
folds (in accordance with Dumicz, 1979). The N-S trend-
ing tight folds are associated with the penetrative S2 axial
planar foliation marked by a grain shape fabric defined by
the parallel arrangement of flattened carbonates, and nee-
dle- and plate-shaped silicates: Tr-Phl-Ms-Czo. The F2
folds on the S1 planes are more evident within the marbles,
especially in their impure variants, than in the mica schists,
where the S2 axial plane schistosity developed as a domi-
nant tectonic feature. The non-penetrative flexural-slip

movement on the folded planes and the formation of the
well-preserved L2i intersection lineation accompanied the
folding. The D2-related mineral assemblages and tempera-
ture conditions show that D2 was associated with the tem-
perature peak of the regional metamorphism yielding am-
phibolite facies conditions. The progression of the regional
metamorphism was associated with the mineral sequence
Phl — Tr — Di in the dolomite-bearing marbles, presuma-
bly initially equilibrated at low to moderate X(CO,).
Under the attained peak conditions, the original flat ar-
rangement of the metamorphic isograds was developed.
Progressive reactions contemporaneous to D2 scarcely seg-
regated the carbonate phases into new aggregations. None-
theless, the dynamic recrystallisation associated with D2
and D3 resulted in the transition of the grain shape of the
carbonates, yielding the metamorphic grain shape S2 or
L3/S3 fabric.

Subsequently, under retrogressive conditions related
to temperatures ca. 100°C lower than those of D2, defor-
mation localised in shear zones (mostly reactivating S2 pla-
nes) occurred as a result of the N (NEE) directed tectonic
transport of the LSMU, when the Orlica-Snieznik inter-
acted with adjacent units, i.e. the Ktodzko Metamorphic
Unit and the Moravo-silesian Domain. Developed locally
across the study area and zonally within particular out-
crops, the mylonitic fabric (S3 planes with a N-S trending
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L3 lineation) was associated with the elongation and size
reduction of carbonate grains within S-C* or S-C mylo-
nites.

The mer1d10nally trending linear structures observed
in the marbles in the Ladek-Snieznik Metamorphic Unit
were generated in two separate tectonic events, D2 and D3,
which are characterised by different metamorphic and
kinematic conditions. The orientation of the S2/S1 inter-
section lineation L2i delineates the Y-axis of the strain el-
lipsoid representing D2, related to the temperature peak of
metamorphism. The formation of the subsequent stretch-
ing lineation was related to the retrogression during D3.
Contrary to the intersection lineation, its orientation
shows the direction of the maximum strain component.
The high temperature conditions at which the rodding
lineation was formed in orthogneisses (Zelazniewicz, 1988)
indicate its connection with the N-S directed tectonic es-
cape induced by E-W shortening, probably correlated
with the E-W shortening referred to as D1 in the Stronie
formation. The transition from prolate to oblate shapes of
the rodding lineation (Zelazniewicz, 1991) could be related
to the flattening strain responsible for folding in the Stro-
nie formation (D2). The later top-to-the-NE reactivation
under greenschist facies conditions (ZelaZniewicz, 1991)
could be correlated with top-to-the-N D3 shearing in the
Stronie formation.

The consolidation of the LSMU within the adjacent
terranes, shown by the deflection of the L3 lineation, con-
tinued during the closing tectonic stages, D4 and D5, re-
spectively related to the SW-NE (WSW-ENE) and
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