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Mineralogical and petrological characteristics 
of exotic schist cobbles from the Krosno Beds 
(Silesian Unit, Bieszczady Mts., south-east Poland)

Exotic schist cobbles were collected from two localities: Roztoki Dolne and Ustrzyki Górne (Krosno Beds, Silesian 
Nappe, Bieszczady Mts., SE Poland), where they occur in streams as a detrital material. These cobbles reach up 
to 25 cm in diameter, but a few boulders (up to 1 m) were also found. They were grey and green in colour and had 
mica and quartz layers (most often thicker than 0.5 cm, although some quartz layers can reach 1 cm). Some exotic 
cobbles found were tectonically deformed. These investigated schist cobbles consisted of quartz, white mica (phen-
gite) and chlorite. Additionally other minerals which also occurred in cobbles were: garnet (almandine), tourmaline 
(dravite), and accessory: apatite, zircon, rutile and ilmenite. Biotite (often altered) and feldspar (albite, oligoclase) 
are rare. Numerous calcite veins were observed. Garnet porphyroblasts had different shapes (spherical, elliptic or 
tectonically elongated) and sometimes showed zonation. Tourmalines had characteristic blue and brown zones, due 
to variable contents of Fe. The protolith of the schists analyzed had the character of pelitic-mudstone rocks. The 
precursor rocks were metamorphosed during both progressive (almandine-amphibolite facies) and retrogressive 
metamorphism. The north-west extension of the Marmarosh or Rakhiv massifs between Dukla and Silesian sub-
basins was the most probable source of these exotic cobbles.

Key words: Bieszczady Mts., Krosno Beds, exotic cobbles, schist, garnet porphyroblast, tourmaline.

Charakterystyka mineralogiczno-petrologiczna łupków egzotykowych z warstw 
krośnieńskich (jednostka śląska, Bieszczady, płd.-wsch. Polska)
Łupki egzotykowe zostały pobrane z dwóch lokalizacji: Roztoki Dolne i Ustrzyki Górne (warstwy krośnieńskie, jed-
nostka śląska, Bieszczady, południowo-wschodnia Polska), gdzie występowały jako materiał detrytyczny w korytach 
potoków. Ich wielkość na ogół nie przekracza 25 cm, aczkolwiek zanotowano również kilka większych okruchów 
(do 1 m średnicy). Charakteryzują się kolorem szaro-zielonym, z laminami mik i kwarcu dochodzącymi do 1 cm 
grubości, aczkolwiek najczęściej nie przekraczającymi 0,5 cm. Część z odnalezionych okazów wykazuje cechy 
tektonicznej deformacji. Zbadane łupki zbudowane są z kwarcu, jasnej miki (fengit) oraz chlorytu. Dodatkowo 
obserwuje się granat (almandyn), turmalin (drawit), a także akcesorycznie apatyt, cyrkon, rutyl oraz ilmenit. Biotyt 
(często przeobrażony) oraz skalenie (albit, oligoklaz) są rzadkie. Notuje się liczne żyły kalcytowe. Porfiroblasty 
granatu charakteryzują się zmiennym kształtem – od okrągłych, przez eliptyczne do tektonicznie wydłużonych. 
Niekiedy występuje u nich zonacja. Turmaliny posiadają charakterystyczną niebiesko-brązową zonację, wynikającą 
z różnej zawartości Fe. Protolit analizowanych łupków miał charakter pelityczno-mułowcowy. Uległ on metamor-
fizmowi zarówno progresywnemu w warunkach facji almandynowo-amfibolitowej, jak również retrogresywnemu. 
Północno-zachodnie przedłużenie masywu Marmarowskiego lub Rachowskiego (pomiędzy basenami śląskim 
i dukielskim) jest najbardziej prawdopodobnym obszarem źródłowym analizowanych skał egzotykowych. 

Słowa kluczowe: Bieszczady, warstwy krośnieńskie, łupki egzotykowe, granat, turmalin.
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The described exotic cobbles of metamorphic rocks from 
the Krosno Beds were found in two outcrops: Roztoki Dolne 
(Mchawka stream) and Ustrzyki Górne (Zakopianiec stream). 
Both outcrops of exotic-bearing layers occur in synclines de-
veloped from the Krosno Beds (Lower). The Roztoki Dolne 
Syncline is a continuation to north-western extension (direc-
tion) of the Ustrzyki Górne Syncline [25]. The Krosno Beds 
(Oligocene) are represented here by argillaceous, calcareous 
sandstones and dark grey sandy shales with thick-bedded Otryt 
sandstone packages [21, 25] and their thickness reaches one 
hundred metres. These deposits include olistostromal sediments 
(melanges) – exotic pebbles, cobbles and boulders of metamor-
phic rocks (schists, amphibolites, gneisses) and microfauna 
limestones (Upper Eocene). Exotic cobbles derived as basement 
rocks from the Marmarosh or Rakhiv massifs [4, 13, 19, 21].

Two exotic-bearing layers (horizons) – lower (ca. 50 cm 
thick) and higher (ca. 2 m thick) in the northern limb of 
the Roztoki Dolne Syncline (Fig. 1) – were described [19]. 
The outcrop of layers with exotic cobbles in Roztoki Dolne 
(Mchawka stream) is located in a so called “transition zone” 
between thin-bedded sandstone and thick-bedded sandstone 
and shale of the lower division of the Krosno Beds [19, 21].

The outcrop of the exotic-bearing layer in Ustrzyki Górne 
area (affluent of the Zakopianiec stream) is located in the 
axial part of the Ustrzyki Górne Syncline [25] or the Brzeżna 
Syncline [12]. The N-E limb of the Ustrzyki Górne (Brzeżna) 
Syncline is formed from thick bedded Otryt sandstone pack-
ages belonging to the middle division of the Lower Krosno 
Beds. The exotic-bearing layers were described [25] as ho-
rizons located about c.a. 250 m higher from the top of the 
youngest Otryt sandstone packages (Fig. 2).

Introduction

The aim of the works (which is still relatively incomplete) 
on the exotic rocks [11, 15] is to provide information about 
the basement of the Carpathians. It is necessary to understand 
the complicated history of the Carpathian region, as it plays 
the key role in the petroleum industry [13, 17].

The area studied is located in the Bieszczady Mts. (SE 
Poland) in the southern part of the Silesian Nappe – called 
the Central Carpathian Depression. In the border zone of this 
area there are distinguished systems of faults and flakes which 

connect with overthrust of the Dukla Nappe [18, 22–25]. In 
this zone flysch deposits are strongly deformed tectonically. 
There are deposits of deep-marine sediments, thick- and thin-
bedded coarse-grained sandstone and shale. The total thickness 
of Silesian Nappe deposits reaches 2000 m [25]. In Krosno 
Beds, several exotic-bearing layers were found and described 
in numerous outcrops: Ustrzyki Górne [14], Roztoki Dolne and 
Baligród [19, 21], Bukowiec [20], Opołonek Mt and Połonina 
Wetlińska Mt [7], Wetlina–Owczarnia stream, Osada stream [3].

Geological setting

Fig. 2. Geological map of the Ustrzyki Górne area [14]

1 – the main outcrop where exotic rocks were found, 2 – border line 
of exotic rocks occurrence, 3 – Fore-Dukla zone, 4 – thin-bedded 

flysch deposits of the middle division of lower Krosno Beds,  
5 – the Otryt sandstones, 6 – thin-bedded flysch deposits of the 
upper division of lower Krosno Beds, 7 – Quaternary deposits,  

8 – syncline axis, 9 – anticline axis

Fig. 1. Geological map of the Roztoki Dolne syncline [21]

1 – shales and sandstones, 2 – exotic-bearing layers,  
3 – thick-bedded Otryt sandstones, 4 – overthrust of the Kalanica, 

5 – syncline axis
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Field work
Field trips were aimed at finding as many exotic rock 

pebbles and cobbles as possible to get enough samples for 
further analyses. During these trips special attention was paid 
to detrital material in alluvias. The authors also attempted to 
find exotic-bearing layers and get exotic rocks in situ.

Many exotic schist cobbles were found near Ustrzyki 
Górne. They were found in two subsequent affluents of 
Zakopianiec stream, where they occurred as a detrital mate-
rial in alluvias at a distance of 30 m. The average size of the 
exotic rock cobbles found there was 15 × 10 × 5 cm, although 
a larger boulder (30 × 20 × 15 cm) was also observed. 

The authors also found exotic schist cobbles near Roztoki 
Dolne. Lots of cobbles of exotic rocks were found in the 
Mchawka stream. Exotic schist cobbles from this locality 
also occurred as a detrital material in alluvias. The average 
size of the exotic schist cobbles was similar to the size of 
those noticed in Ustrzyki Górne, although one block of ex-
otic schist that reached about 120 × 80 × 70 cm was found.

Macroscopic and microscopic investigations
The colour, foliation, presence of garnets (or its lack) and 

character of tectonic deformations for 16 samples of exotic 
schist cobbles was described. The results were useful for 
the classification of the samples into different groups and 

choosing the most representative and interesting samples 
for further studies.

The aim of microscopic observations (performed on thin 
sections with the use of Nikon Eclipse E600 Pol microscope, 
magnifications 20÷500x) was to identify and describe rock-
formation and accessory minerals. In order to define the 
percentage values of those minerals, modal analysis was 
done. Thin sections were cut perpendicular to the foliation. 
Microphotographic documentation was done using a Nikon 
digital camera.

Cathodoluminescence 
Cathodoluminescence investigations were done using 

a cold cathode CITL 8200 Mk 3a mounted on Nikon Eclipse 
E600 Pol. Average voltage was 600÷900 mA, while beam 
currents were 16÷19 kV.

SEM-EDS analysis
The chemical composition of minerals was determined 

using the SEM-EDS method. Universal thin sections of 
selected samples were analyzed using a field emission scan-
ning microscope, Hitachi S-4700, equipped with an energy 
dispersive spectrometer, NORAN Voyager 3100. Time of 
analysis was 100 s for a point, accelerating current 20 kV. 
The ZAF correction algorithm was used.

Methods

Results

All collected exotic schist cobbles have a generally grey-
greenish color. However, this color is not the same for every 
sample and it varies from pale grey, through grey (often with 
a brown shade) to grey-green (Fig. 3A, B).

Cobbles of investigated schists have an ellipsoidal or 
a rod shape. These shapes are as a result of fracturing along 
the foliation surfaces during transport. Size, position and 
relations between mica and quartz layers are different in each 
sample of investigated schist cobbles, which often change 
even within the same specimen.

Mica and quartz layers are most often up to 2 mm thick 
and occur alternately in a regular way (Fig. 3A). Sometimes 
large quartz layers (about 1 cm thick) can be noticed. 

Mica layers can also be very thin (about 1 mm thick) 
and occur in thicker packages. Those packages can occur 
alternately with quartz layers that sometimes have the same 
thickness.

Mica layers can also be irregular. In such a situation 
quartz layers are noticeably larger (0.5÷1 cm) and also  
irregular (Fig. 3B).

In many samples red garnet porphyroblasts can be noticed. 
Their size rangess from 1 mm to 5÷6 mm. Although they 
are usually spherical or oval, some of them are tectonically 
elongated.

In some samples strong tectonic deformations and larger 
quartz layers (1 cm or even thicker) can be observed. 

Schistose structure (observed with well developed mica-
chlorite and quartz layers) is clearly visible in optical micro-
scopic study. Mica-chlorite layers can occur in larger lamines 
and create s-c structures (mica fish). There are characteristic 
porphyroblasts of garnets and plagioclases noticed in the 
investigated exotic schists. In the case of garnet porphy-
roblasts, in their pressure shadows the growth of quartz is 
observed (Fig. 3D).

For all collected samples modal analysis was done 
(Tab. 1).

Quartz
In investigated schist cobbles, quartz is the main rock-

forming mineral (37.9÷77.4 vol. %). It reaches up to 0.4 mm 
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Fig. 3. Photographs and microphotographs of collected exotic schists cobbles

A – sample b.1.4 with regular, thin mica and quartz lamines and garnet porphyroblasts; B – sample a.4, irregular thin mica layers and larger 
quartz layers; C – sample a.3, chlorotization of biotite, relics with characteristic brownish pleochroism are well presented; D – sample a.1, 

garnet porphyroblasts with quartz grown in pressure shadows, crossed polars; E – sample b.1.4, tectonically elongated garnet porphyroblast, 
crossed polars; F – sample a.3, feldspar porphyroblast, crossed polars; G – sample b.1.1, a tourmaline with a very intense brown zone;  

H – sample a.2, a tourmaline with a blue zone.
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in size. Blasts of quartz form monomineral layers, but can 
also be noticed in mica-chlorite layers, in pressure shadows 
of garnet porphyroblasts or as inclusions in garnets. Quartz 
blasts show characteristic undulatory extinction, which sug-
gests deformation of its structure. 

White mica
White mica, which is the second main mineral in the 

investigated samples, reaches 22.2÷42.5 vol. %. White mica 
most often forms larger laminae with chlorite, although it 
can occur as a monomineral layer. Sometimes it can also fill 
fractures in garnet porphyroblasts. 

Chemical analysis (SEM-EDS) of white mica revealed that 
they consist of 2.18÷3.64 wt. % Fe2O3 and 1.44÷1.99 wt. % 
MgO (the sum of Fe and Mg is 0.482÷0.677). The Si/AlIV 
ratio ranges from 3.111 to 4.128. This high Si/AlIV ratio 
in tetrahedral site and Fe and Mg partly replacing AlVI in 
octahedral site may suggest that analyzed white micas are 
phengites. According to Borkowska and Smulikowski [5] 

phengite is a variety of muscovite, with the Si/AlIV ratio 
higher than 3. All the analyzed white micas meet this re-
quirement. Points representing the SEM-EDS analysis of 
white mica were plotted on the M2+-Al-Si diagram (Fig. 4). 
They are found between the muscovite and phengite fields, 
which seem to confirm previous conclusions.

Biotite
Besides white mica, biotite is also present in investigated 

rocks. It reaches 0.9÷8 vol. %. The relatively low quantity 
of this mineral in all rock samples is a result of advanced 
chloritization process. Biotite rarely creates monomineral 
layers. Most often it can be perceived as single pseudohex-
agonal plates with only a few relics where characteristic 
brownish pleochroism is preserved. SEM-EDS analysis re-
vealed a lower amount of K2O (4.03÷5.00 wt. %) compared 
to a chemical composition of unaltered biotite. This amount 
of K2O is a result of chloritization process. It seems to be 
more appropriate to name those dark micas as hydrobiotites 
or some phases between biotite and chlorite.

Chlorite
Chlorite, which is a product of biotite alternation (Fig. 3C), 

reaches 3.8÷10.5 vol. %. in investigated rock samples. It oc-
curs in monomineral laminae or in mica-chlorite laminae. 
It can also be perceived as inclusion in garnet porphyroblasts. 
Classification of chlorites in investigated rocks is not easy 
due to the lack of ability to measure values of both Fe2+ 
and Fe3+ during SEM-EDS analysis. Because of that, points 
representing chemical analysis of chlorites, plotted in Hey’s 
diagram (Fig. 5) can only be interpreted as an approximation. 
Chlorites chosen for the SEM-EDS analysis occur both in 
lamines and garnet porphyroblasts.

Most points representing chemical analysis of chlorites 
from chlorite-mica laminae are plotted on Hey’s diagram in 
the ripidolite area. Only a few points are plotted in brunsvigite 

Table 1. Modal analysis [vol. %]

Sample
Mineral composition [vol. %]

Quartz Muscovite Biotite Chlorite Garnet Tourmaline Apatite Zirkon Opaque 
minerals Feldspar Calcite

A.1 37.9 42.5 0.9 9.1 7.7 0.3 0.3 0 1.3 0.1 0
A.2 50.8 28.0 3.5 5.9 8.7 1.1 0.5 0.1 1.5 0 0
A.3 77.4 5.7 8.0 5.1 0 0 1.8 0 0.6 1.3 0
A.4 75.9 11.1 6.4 3.8 0 1.6 0.5 0 0.4 0 0.3

B.1.1 58,0 22.2 2.4 9.9 4.4 1.2 0.6 0.3 0.6 0.5 0
B.1.2 54.1 28.3 5.5 8.8 0.9 0.9 0.5 0.1 0.5 0.4 0
B.1.4 55.1 29.3 1.1 10.5 0.2 2.5 0.5 0.1 0.5 0.3 0
B.2.1 57.4 23.9 3.2 4.2 0 1.1 0.6 0 0.5 6.0 3.2

Fig. 4. M2+-Al-Si diagram of mica-group composition
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or pycnochlorite fields. On the basis of SEM-EDS analysis re-
sults, two different types of chlorites in chlorite-mica laminae 
were noticed. These types have different magnesium numbers 
and are plotted in different positions on Hey’s diagram – chlo-
rites with a higher magnesium number (#mg = 0.526÷0.589) 
are lower within the ripidolite area, while those with a lower 
magnesium number (#mg = 0.319÷0.418) are higher within 
the ripidolite area.

Quite a similar position as chlorites from laminae (es-
pecially those with lower #mg) have chlorites from garnet 
porphyroblasts. The only difference is that chlorites from 
garnets porphyroblasts are a little higher within the described 
fields due to higher value of Fe (#mg = 0.203÷0.263).

Garnets
Garnets are quite often noticed in investigated rocks 

(Tab. 1). Garnet’s porphyroblasts range from 0.2÷0.9 vol. %, 
up to 4.4÷8.7 vol. %. They are fractured, with chlorite or 
mica filling veinlets. In studied minerals, characteristic in-
clusions of quartz occurred. Garnet’s porphyroblasts reach 
about 2 to 5 mm and have various shapes (spherical, ellip-
soidal and tectonically elongated) (Fig. 3D, E). The smaller 
porphyroblasts occur within mica-chlorite laminae, while 
the larger occur both in mica-chlorite and in quartz laminae. 
The results of SEM-EDS analysis (Tab. 2) also proved that 
investigated garnets are almandines (Alm58.50-79.58). SEM-EDS 
analysis (mapping) was also very useful to suggest zona-
tion in investigated garnets. In the cores a higher amount 
of FeO (34.07÷35.69 wt. %) and a lower amount of CaO 
(1.96÷3.07 wt. %) were measured, while in the rims the amount 
of FeO decreases (24.48÷32.25 wt. %) and the amount of CaO 
increases (6.30÷9.63 wt. %). As a result of this situation there 
are different almandine and grossular end-members contents 
calculated (core – Alm75.55-79.58Gro4.83-8.09Py6.30-9.48Sp5.05-9.31; rim 
– Alm58.50-70.58Gro17.22-25.67Py4.50-9.48Sp1.40-15.88). The amount of 
pyrope end-member is quite similar in rims and cores and 

According to previous conclusions we can assume that 
chlorites in investigated rocks are ortochlorites from the dia-
bantite-piknochlorite-ripidolite group. This conclusion seems 
to be confirmed by the fact, that ripidolite (most chemical 
analyses are placed in the ripidolite area in Hey’s diagram) is 
a product of biotite alternation [5] and this process is common 
in investigated exotic schist cobbles.

Feldspars
Plagioclases, often forming porphyroblasts (Fig. 3F), are 

relatively rare in investigated rocks and reach up to a few 

Fig. 5. Classification diagram for analysed chlorites [10]

1 – chlorites from mica-chlorite lamines (#mg = 0.319÷0.418),  
2 – chlorites from mica-chlorite lamines (#mg = 0.526÷0.589),  
3 – chlorites from garnet porphyroblasts (#mg = 0.203÷0.263)

vol. % (most often not more than 1.3 vol. %. (Tab. 1). They 
occur in quartz laminae and also in white mica-chlorite 
laminae. They are up to 1 mm, non-twinned, with inclu-
sions of different minerals (most often white mica). The 
results of chemical analysis were plotted on classification 
diagram (Fig. 6). Plagioclases in analyzed rocks are albite 
(Ab91-92) and oligoclase (Ab84-85). In CL analyses they have 
green-yellow colors, which is most probably a result of the 
occurrence of MnO [6]. These colors have extremely low 
intensity, because in studied feldspars a very low amount of 
MnO (up to 0.13 wt. %) was identified.

Fig. 6. Feldspar classification diagram
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reaches 4.50÷9.48 wt. %. The amount of spessartite end-
member also does not change noticeably from core to rim, 
although sometimes the higher contents, up to 15.88 wt. % 
are measured in the rims. All changes of chemical compo-
sition are only noticed in spherical and ellipsoidal garnet 
porphyroblasts, while in those tectonically elongated no such 
changes were detected (probably) due to homogenization 
process during tectonic movements.

Tourmaline
In investigated rocks, tourmaline forms columns and 

reaches up to 2.5 vol. %. They occur in both mica-chlorite 
and quartz layers. Characteristic brown and blue zones are 
often noticed in thin sections (Fig. 3G, H). The results of 
SEM-EDS analysis (Tab. 3) classify those minerals as alkali 
tourmalines (Fig. 7). Measured values of Mg, Fe, Na and 
a vacancy in X position classify analyzed tourmalines within 
the alkali group as dravites (Fig. 8). Only two analyses were 
plotted in the tourmalines classification diagram in schorl 
field. These two analyses were made from very intense 
brown zones, where the contents of FeO were the highest 
(15.06÷21.59 wt. %). Those brown parts may be relicts 
of tourmalines (schorl) that occurred in primary pelitic-

Fig. 7. Classification diagram of tourmaline groups [8]

Analysis were taken from: 1 – colourless zones,  
2 – blue zones, 3 – brown zones

Fig. 8 Mg/(Mg+Fe) vs. X-vacancy/(Na + X-vacancy) 
diagram for analyzed tourmalines 

Analysis were taken from: 1 – colourless zones,  
2 – blue zones, 3 – brown zones

mudstone protolith rocks as heavy minerals and during 
metamorphism were overbuilt by dravite.

Accessory minerals 
Accessory minerals like apatite, zircon, rutile, ilmenite 

are also present in investigated rocks.
Apatites are quite common (0.3÷1.8 vol. %) (Tab. 1) in 

both mica-chlorite and quartz layers. They are small (up to 
0.1 mm) and oval. In CL analysis they have green colour, 
which is a result of the occurrence of REE (detected during 
SEM-EDS analysis – Y2O3 up to 2.46 wt. %, Nb2O5 up to 
2.47 wt. %). Zones with a different intense green color can 
be noticed. This phenomenon is probably related to changes 
of REE contents in apatite blasts. 

Ilmenite and Ti oxides occur often in investigated rocks, 
although they do not reach more than 1.5 vol. % (Tab. 1).

Calcite
Calcite (up to 3.2 vol. %) forming thin veins (about 1÷2 cm 

long and 0.1 mm thick) is also noticed in investigated rocks. 
Larger veins crossing whole samples were also detected 
(1÷2 mm thick). In CL analysis calcite veins have colors 
from yellow to dark-red, which is a result of MnO occurrence.

Discussion

Protolith
The SEM-EDS analysis data of tourmalines was very 

useful to determine the protolith of investigated exotic schist 
cobbles. The results of chemical analyses were plotted on 
Al-Fe(tot)-Mg (Fig. 9) and Ca-Fe(tot)-Mg (Fig. 10) diagrams, 

which show the typical chemical composition of tourmalines 
from different rock types. 

In the Al-Fe(tot)-Mg [9] diagram (Fig. 9) most points 
representing chemical analyses from colorless zones in tour-
malines, are plotted in “metapelites and metapsammites not 
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and aplites” field. A similar situation can be noticed in the 
Ca-Fe(tot)-Mg (Fig. 10) diagram, where most points are 
plotted in “Ca-poor metapelites, metapsammites and quartz-
tourmaline rocks” field.

Metamorphic transformation of investigated rocks formed 
during two stages. 

In the first stage the protolith had been regionally, progres-
sively metamorphosed in conditions of lower temperatures 
of almandine-amphibolite facies or in higher temperatures 
of green schist facies. It is difficult to obtain PT conditions 
more precisely, because both biotite and almandine may be 
present in the highest temperatures of green schist facies. 
In such conditions, plagioclases with more than 7% anortite 
(as albite and oligoclase in studied rocks) may also be stable. 
It seems to be right though, that the most likely conditions of 
this stage of metamorphism were those of low-temperature 
almandine-amphibolite facies. The occurrence in investigated 
schist cobbles quartz + muscovite + biotite + almandine + pla-

Fig. 9. Al-Fe(tot)-Mg (molecular proportions) diagram [9]

Analyses were taken from: I – colorless zones, II – blue zones,  
III – brown zones. 1 – Li-rich granitoid and their associated 

pegmatites and aplites, 2 – Li-poor granitoids and their associated 
pegmatites and aplites, 3 – Fe3+ – rich quartz-tourmaline rocks, 

4 – metapelites and metapsammites coexisting with an Al-saturating 
phase, 5 – metapelites and metapsammites not coexisting with an 
Al-saturating phase, 6 – Fe3+ – rich quartz-tourmaline rocks, calc-
silicate rocks and metapelites, 7 – low-Ca metaultramafics and Cr, 
V-rich metasediments, 8 – metacarbonates and meta-pyroxenites

Fig. 10. Ca-Fe(tot)-Mg (molecular proportions) diagram [9]

Analyses were taken from: I – colourless zones, II – blue zones,  
III – brown zones. 1 – Li-rich granitoid pegmatites and aplites,  

2 – Li-poor granitoid pegmatites and aplites, 3 – Ca-rich metapelites, 
metapsammites and calc-silicate rocks, 4 – Ca-poor metapelites, 

metapsammites and quartz-tourmaline rocks, 5 – metacarbonates, 
6 – meta-ultramafics

coexisting with an Al-saturating phase” field. Points represent-
ing analyses from blue zones and a few from colorless zones 
are plotted in “metapelites and metapsammites coexisting 
with an Al-saturating phase” field, while points representing 
analyses from brown zones are plotted in “Fe3+ rich quartz-
tourmaline rocks, calc-silicate rocks and metapelites”. Only 
two analyses, due to a higher amount of Fe in extremely 
intense brown zones (probably relic of heavy minerals) are 
plotted in ”Li-poor granitoids and their associated pegmatites 

On the basis of the tourmaline SEM-EDS analysis and 
microscopic observations, it is possible to state that most 
likely, the protolith of investigated rock cobbles were pelitic-
mudstone rocks. This conclusion seems to be confirmed 
by the fact that pelitic-mudstone rocks have the ability to  
accumulate boron, essential to tourmaline crystallization [5].

Metamorphic conditions

gioclase paragenesis (which is characteristic for pelitic-
mudstone rocks metamorphosed in epidote-amphibolite facies 
according to Winkler [26]) can confirm this conclusion. The 
results of SEM-EDS analysis of garnets plotted on Miyashiro 
& Kuculu diagram (Fig. 11) (Miyashiro and Kuculu in: [1]) 
also seem to confirm such an interpretation (all points that 
were plotted on the diagram represents garnets form epidote-
amphibolite facies). 

The second stage is represented by retrogressive meta-
morphism, related to tectonic activity (faults, shear zones). 
It can be stated on the basis of the occurrence in investigated 
rocks of garnet porphyroblasts with elongated shape due to 
tectonic processes. Moreover, the occurrence of phengite, 
albite and secondary chlorite (after biotite) is characteristic 
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for this type of metamorphism. The changes in PT conditions 
were also recorded in zones of garnet porphyroblasts. The 
increasing almandine and pirope end-members and decreas-
ing grossular, andradite and spessartite end-members from 
core to rim can be a sign of a progressive metamorphism [2]. 
In a case of garnet porphyroblasts in investigated rocks, the 

Source of exotic cobbles

It is quite reasonable that investigated exotic schist cobbles 
from Krosno beds are related to thick-bedded, middle- to 
coarse-grained, polymictic Otryt sandstones [3]. In those sand-
stones grains of schists as well as different crystalline rocks 
(with quartz, alkaline feldspars, plagioclases, muscovite and 
biotite), quartzite and limestone are present [7]. It means that 
the composition of these sandstones is very similar to exotic 
rock cobbles from the investigated area, which leads to the 
conclusion that source area and transport directions (from SE) 

must have been the same for both Otryt sandstones and ana-
lyzed exotic schist cobbles. Such a direction has been deter-
mined [19] on the basis of the occurrence in Otryt sandstones 
characteristic oriented structures. According to Ślączka and 
Wieser [19], the source area of these exotic rock cobbles was 
small islands situated between the Dukla and Silesian subbasins 
and being the north-western extension of the Marmarosh or 
Rakhiv massifs. These islands were composed of crystalline 
rocks and in some parts of Eocene-Oligocene limestones [3]. 

Conclusions

Investigated exotic schist cobbles are grey and green in 
color, with mica-chlorite and quartz layers most often reaching 
up to 0.5 mm. Some of these rocks are tectonically deformed 
and show S-C structures (mica fish). 

The cobbles consist of: quartz, white mica (phengite) 
and chlorite (ripidolite). The other minerals like garnets 
(Alm58-79Gro4-25Py4-9), tourmalines (dravite), biotite (most 
often altered) and plagioclases (albite, oligoclase) are also 
present as well as apatite, zircon, Ti oxides and ilmenite. 
Small or larger calcite veins are also common.

The protolith of investigated schists was pelitic-mudstone 
rocks (such a conclusion was made according to Henry and 
Guidotti’s [9] diagrams based on chemical composition of 
tourmalines).

Primary protolith rocks were metamorphosed in condi-
tions of epidote-amphibolite facies (quartz + white mica + 
biotite + plagioclase + almandine paragenesis) [26]. The 
next stage was retrogressive, high-pressure metamorphism 
related to tectonic activity. 

The rims of garnet porphyroblasts, elongated and homog-
enized garnet blasts, the occurrence of phengite and secondary 
chlorite and the s-c structures (mica fish) are evidences of 
the retrogressive metamorphism.

The transport of the clastic material (with exotic rock 
cobbles) of Krosno Beds was from SE. The source area was 
probably the islands which were the north-western extension 
of Marmarosh or Rakhiv massifs, situated between the Dukla 
and Silesian subbasins [19].

increasing grossular and spessartite end members and de-
creasing almandine end member form core to rim are noticed. 
Therefore, cores seem to be a relict of the progressive stage 
of metamorphism (almandine-amphibolite facies of regional 
metamorphism) while rims overbuilt cores during high-P 
metamorphism. The tectonically elongated garnet porphyrob-
lasts do not show zones of different chemical compositions. 
It is a result of their transformation and homogenization 
during intense deformation movements in shear zones.

Fig. 11. Chemical composition of garnets. Individual fields represent 
various metamorphic zones

1 – garnets from greenschists and epidote-amphibolite facies, 2 – garnets from 
epidote-amphibolite facies and low-temperature subfacies of garnet-amphibolite 

facies, 3 – garnets from amphibolite facies, 4 – garnets from granulite facies 
(according to Miyashiro and Kuculu in [1])
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