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ABSTRACT:

Konon, A. 2000. Deformation mechanisms of cataclastic rocks from fault zones in the Magura nappe in the Beskid
Wyspowy Mountains (Poland). Acta Geologica Polonica, 50 (3), 387-392. Warszawa

Analyses of intact orientated samples of incompetent fault rocks from thrusts within the Magura nappe in the Beskid

Wyspowy Mountains indicate an arrangement of clay mineral plates parallel to numerous shears present in the rocks.

Reconstruction of the development of the shears suggests several phases of formation. Maximum palaeotempera-

tures in the range 80 — 160°C were reconstructed from the fault zones.
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Magura nappe.

INTRODUCTION

In most of the thrust zones observed within the
Magura nappe in the Beskid Wyspowy Mountains (Text-
fig. 1A) no structures indicating directions of tectonic
transport (Text-fig. 2) can be detected macroscopically. In
order to find a precise and sensitive tool for the determi-
nation of the geometry and origin of the tectonic
microstructures, as well as for the reconstruction of tecton-
ic transport directions, a comparative microscope analysis
of fault rocks (in the sense of SIBSON 1977), based on intact
orientated samples from thrust zones, has been carried out.

Additionally, maximum palacotemperatures in the
fault zones were analysed to determine more precisely the
deformation mechanism which influenced the fault rocks.

GEOLOGICAL SETTING

Several lithostratigraphic successions (SWIDERSKI
1953a, 1953b, BURTAN & SKOCZYLAS-CISZEWSKA1966,

BURTAN 1974, 1978) corresponding to first-rank tecton-
ic units (KSIAZKIEWICZ 1972) occur in the study area
(Text-fig. 1A). The Magura nappe is present in the
southern part of the area, the Silesian nappe is situated
to the north, and the units within the Mszana Dolna
tectonic window lie in the south (Text-fig. 1B).

The development of the Magura succession in the
study area is typical of the Raga unit (SIKORA & ZYTKO
1959, WEcrawik 1969, Oszczypko 1973, 1992;
CIESZKOWSKI 1992, MALATA & al. 1996, KoNON 1996,
1997) and comprises the Inoceramian Beds (Senonian-
Palacocene), the Variegated Shales (Labowa Shale
Formation, Lower Eocene), the Hieroglyphic Beds
(Middle Eocene - Upper Eocene)and the Magura Beds
(Magura Formation, Upper Eocene — Oligocene).

The Magura nappe mainly comprises the Beskid
Wyspowy subunit (Gory Wyspowe skiba — SWIDERSKI
1953b) and a fragment of the Kiczora subunit (Kiczora
skiba — SWIDERSKI 1953b).

Two main tectonic zones are present in the Beskid
Wyspowy subunit: the zone of synclines (i.e. the Lopien,
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Fig. 1. Tectonic map of central part of the Magura nappe in the Beskid Wyspowy region (with sample localities)

Snieznica, Lubogoszcz, Szczebel, Klimas — Zebalowa
and Lubofi Wielki synclines) and the marginal slices to
the north (Text-fig. 1A), together forming a classic
duplex (KONON 1997).

Fault rocks from the thrusts and fault zones are very
similar on a macroscopic scale (Text-fig. 2). They con-
sist predominantly of a clayey-silty blue-grey homoge-
neous matrix containing sporadic rock fragments, typi-
cally sandstone, up to 1 cm long. Rarely, when more
competent rocks, mainly sandstones, disintegrated, they
occur as breccia or microbreccia.

METHODOLOGY
Deformation analysis

The orientation of the mineral particles, the origin
of the shears and the mechanism of deformation were
analysed in the fault rocks by means of SEM and opti-
cal microscope. Samples were taken from several sites,
situated either directly in the thrust zones or in their
vicinity, within the Magura nappe in the Beskid
Wyspowy Mountains (Text-fig. 1A). Orientated, intact

samples were subjected to analysis. The observations
were carried out on the vertical plane directed N — S
and on the horizontal plane.

Samples were first dried using the sublimation
method in vacuum by rapid freezing of the wet sample
in fluid nitrogen, which enabled preservation of the
microstructures (Osipov & al. 1989, KACzyNSKI &
TRZCINSKI 1997). A JSM 840A type SEM microscope
was used to differentiate between pores and particles
on the basis of differences in brightness (SERGEEV & al.
1984, KaczyNskl & TrzciNskl 1997). SEM pho-
tographs were studied with the use of STIMAN com-
puter software based on the methods of SERGEEV & al.
(1984) and Osipov & al. (1989).

Methodology of palaeotemperature analysis

In order to determine the maximum palaeotemper-
atures reached during diagenesis within the rocks in the
study area, the pyrolysis Rock-Eval method (ESPITALIE
& al. 1977, 1985) and mixed-layer illite/smectite miner-
al analysis (PERRY & HOWER 1979, PoLLASTRO 1993,
SrRODON 1995, 1996a, 1996b) were carried out.
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Fig. 2. Thrust zone of the Beskid Wyspowy subunit (north of

Lubogoszcz syncline)

The Rock-Eval method is based on analysis of kero-
gen. One of the parameters that can be measured is
T, i.e. the temperature at which the largest amount

of hydrocarbons is liberated. Determination of T, is a
more representative method of testing the evolution of
type II organic matter (ESPITALIE & al. 1985) than vitri-
nite reflectance. In the case of type III kerogen the
method is as good as the vitrinite reflectance method
(EspiTALIE & al. 1985). Samples of shales and sand-
stones containing a macroscopically high organic con-
tent were collected for analysis.

The illite/smectite method is based on the ratio of
illite to smectite layers as well as on the determination
of the junction probabilit;f coefficient R. Argillaceous
fault rocks from thrusts and other faults were subjected
to analysis (Text-fig. 1). Diffractograms of normal, air-
dried samples, saturated with ethylene glycol as well as
heated to 550°C, were made for both raw samples, as
well as for the < 2 um and < 0.2 um fractions, under the
following conditions: range 2.7 + 50-60° 26, radiation
CoKa (or CuKa).

Carbonates, organic matter and the so-called free
iron oxides were removed according to the procedures
of JACKSON (1975).

Deformation mechanism in fault rocks

The thrusts mainly cut siltstones and clayey shales
within the Inoceramian Beds, Variegated Shales
(Labowa Shale formation) and Hieroglyphic Beds. The
fault rocks are compact and contain macroscopic frag-
ments <0.1 cm as well as over 80% of matrix. According

to the classifications of fault rocks of SIBSON (1977) and
WisE & al. (1984) these features indicate cataclasites in
most cases.

Where siltstones underwent cataclasis, their frag-
ments are preserved in fault rocks as less ductile bodies
than the matrix (Text-fig. 3a, c). The investigated fault
rocks are cut by many narrow zones of microfractures
(Text-fig. 3a, ¢). These continuous fractures cut bound-
aries between grains as well as pass through grains of
various composition (Text-fig. 4c), a characteristic of
brittle deformation (MITRA 1984). The matrix composi-
tion, including plates of clay minerals surrounding
grains of other minerals, is nevertheless characteristic
of ductile rocks.

Under SEM and in thin sections the investigated
samples present a high degree of clay mineral arrange-
ment (Text-figs 3d, 4), similar to that described by LasH
(1989) and MALTMAN (1988).

The clay mineral plates are transposed to positions
parallel to the numerous slip planes (Text-fig. 4). This
textural rebuilding, to parallelism with the shearing
plane, is common in poorly lithified rocks containing
slaty minerals (PETIT & LAVILLE 1987). These minerals
are orientated more or less parallel to the shears
(MORGANSTERN & TCHALENKO 1967, PETIT & LAVILLE
1987, MALTMAN 1988).

Many zones of microdislocations were observed in
the investigated rocks (Text-figs 3, 4). Shears termed R
predominate (Text-fig. 3a, c). Much less developed
high-angle shears, termed R, ’are also present (Text-fig.
3b). R, and R’ have the character of normal faults.

Shears nearly parallel to the main shear, termed Y
(sensu BARTLETT & al. 1981), low-angle shears termed
P,, as well as high-angle shears termed P,” were also
observed (Text-fig. 3).

The Y shears occur as quartz veins or as slip planes
to which the clay plates are parallel. According to the
Barrierr & al (1981) terminology, the P, and P
shears, which have the character of reverse faults, could
correspond to the P shears. They probably formed due
to local rotation of stresses within the R, and R/
shears, similar to the generation of series R-P shears
(GAMOND & GIRAUD 1982, GAMOND 1983).

The strongly inclined positions and sense of move-
ment along the planes of the R, and R’ shears indicate
that they formed as a result of simple shearing due to
the thrust movement and weight of overburden, similar
to the interpretation of JAROSZEWSKI (1972) and
MAasTELLA (1988) for the development of cleavage.

According to the analysis of mineral orientation on
the basis of brightness measurements (Osipov & al.
1989) in SEM images, the strikes of the observed dislo-
cations are usually W — E.




390 ANDRZEJ KONON

Apart from the observed shears, other indicators of
movement have also been noted (Text-fig. 3¢) including
structures known as ‘dead-fish structures’ (SIBSON
1996) comprising (Text-fig. 3d) dismembered lenses of
competent components within a strongly deformed clay
matrix. All of these structures point to a generally S—N
direction of tectonic transpozt.

Palaeotemperature analysis

Samples were taken from the quarry on the southern
slopes of the Snieznica Mountain (Text-fig. 1A — sample
7), and close to the overthrust of the Magura nappe on
to the Silesian nappe, near Dobra (Text-fig. 1A —sample
8). The sample from Dobra is characterised by T, =
448°C, while the sample from Snieznica quarry yielded
aT,, = 441°C. Pyrolysis analysis determined the kero-
gen type in the analysed rocks as type II (sample 8) and
type III (sample 7) (ESPITALIE & al 1985, SNOWDON
1989, THOMPSON 1994).

Comparison of T, with the SCI — Spore Colour
Index (THOMPSON 1994), in the case of type II kerogen,
as well as with the vitrinite reflectance in the case of
type III kerogene (THOMPSON 1994) suggests that the
investigated samples from Dobra and Snieznica (from
the Magura nappe) were subject to maximum
palacotemperatures between 80 and 120°C.

Fault rocks tested with the illite/smectite method
have revealed the presence of illite/smectite phases
characteristic (SRoDON 1995, 1996a) of the RO — R1
transition, with 40%S (smectite) layers (Text-fig. 1A -
samples 2 and 5), which correspond to palacotempera-
tures of about 100°C. At three points (Text-fig. 1A —
samples 3, 4, 6), the presence of 20 — 25% smectite lay-
ers has been established, which indicates palacotem-
peratures around 120°C (SRoDON 1995, 1996a). The
highest temperature noted by this method is from a
sample from the thrust zone (Text-fig. 1A — sample 1),
where the 10% content of smectite layers indicates
maximum palaeotemperatures of around 160°C.

The investigations suggest that the rocks in the
studied part of the Magura nappe were subjected to
maximum palaecotemperatures between 80° and 130°C,
in some cases reaching close to 160°C. Similar
palaeotemperatures, between 95° and 175°C, were
recorded by WIESER (1992) on the basis of copper min-
eralisation in rocks of the Magura nappe in the vicinity
of the Mszana Dolna tectonic window (Text-fig. 1A, B).

The same temperature interval was indirectly con-
firmed by the investigations of MEYNARCZYK (1996) on
inclusions in Marmaros diamonds from sandstones of
the Magura nappe near Mszana Dolna, suggesting

palacotemperatures between 75° and 137°C in the
migrating solutions during the late stages of diagenesis.

Studies by SRODON (1995) of illite/smectite mixed-
layer mineral phases also confirm that rocks in the
western Outer Carpathians were subjected to similar
maximum palaeotemperatures of around 150 - 160°C.
The relatively low palacotemperature values within the
Magura nappe do not exclude the possibility of higher
palacotemperatures at the southern margin of the
Mszana Dolna tectonic window (BURTAN & EyDKA
1978, MASTELLA 1988, WIESER 1992) as well as at its
contact with the Grybéw unit (JastoNowicz & WIESER
1988) as a consequence of passing over basement ridges
by the overthrusting Magura nappe (MASTELLA 1988).

The elevated palacotemperatures could have dis-
tinctly influenced the decrease in the coefficient of
internal friction. Decrease of rock resistance to shear-
ing was also facilitated by the release of extra water
through dehydration of clay minerals at temperatures
above 100°C. Crystallisation of new minerals in pores,
i.e. the creation of ferric chlorite as a by-product of illi-
tisation of smectite (SRODON 1996a), could have caused
the increase in pore pressure and therefore the initia-
tion of shears.

SUMMARY

According to the fault rocks classifications of
SiBsON (1977) and WISE (1984), both cataclasites and
breccias predominate in the thrust zones of the Magura
nappe. In fault rocks that appear homogenous on a
macroscopic scale, microscope investigations reveal a
large number of good indicators of tectonic transport
and deformation mechanisms.

In the faulted siltstones and shales the clay mineral
plates have been strongly reorientated to a position
parallel to small shears striking generally W — E and
with a variable dip.

The R, and R’ shears originated first. Local reori-
entation of the greatest principal stress within the R
shears caused the P, shears to originate. Similar zones
of R — P type shears formed as a result of the local
reorientation of stress axes within the rotated bands of
R’, shears. The influence of a pair of forces caused the
formation of dead-fish structures in the shear zones.

According to the criteria by Mitra (1984), all
shears originated mainly due to brittle deformation
mechanisms, probably close to the transition to ductile
deformation.

The deformation of the fault rocks was facilitated
by the influence of palaeotemperatures between 80°
and 130°C, and locally up to 160°C.



ACTA GEOLOGICA POLONICA, VOL. 50 A. KONON, FIGS 3-4

- N

[E—
DRIV \\\\\\‘%“:\:‘
M :-‘
= _— = —
M
@fv:
R TR e e TR e
/
“dead fish” shear zone
(sensu Sibson,1996)

Fig. 3. Tectonic microstructures observed under optical microscope and SEM in vertical plane

Vertical plane N-S

%

/
i
)

araif e
of quartz

/

v # sample 9 // sample 13

i, 10'um

100 pa

sample 11 sample 11 samp;le 11

Fig. 4. Tectonic microstructures observed under SEM in horizontal and vertical planes



DEFORMATION MECHANISMS OF CATACLASTIC ROCKS 391

Acknowledgements

The author would like to express his gratitude to everyone
who helped him with the paper, in particularly: to Jan SRoDOK
for offering the clay mineral separation method, to Leonard
MasTeLLA, Elzbieta DUBINSKA, Ewa St.aABY and Pawel BYLiNA
for extensive comments on earlier drafts of the paper, to
Ryszard KaczyNski for offering the STIMAN software and to
Jerzy TrzCINsKI for help in obtaining SEM data.

Joanna PiniNska (Warsaw), Chris Woob (Croydon), and
Karl KerLoG (Denver), are thanked for constructive review.

REFERENCES:

BARrTLETT, W.L. FRIEDMAN M., LOGAN J.M. 1981. Experimental
folding and faulting of rocks in limestone layers.
Tectonophysics, 79, 255-277. Amsterdam.

BuUrtaN, J. 1974. Szczegdlowa Mapa Geologiczna Polski w
skali 1:50000, Arkusz Mszana Dolna Wydawnictwa
Geologiczne; Warszawa.

— 1978. Objasnienia do Szczegblowej Mapy Geologicznej
Polski, Arkusz Mszana Dolna, 3-70, Wydawnictwa
Geologiczne; Warszawa.

Burtan, J. & ¥yDra, K. 1978. On metamorphic tectonites of
the Magura nappe in the Polish Flysch Carpathians.
Bulletin L’Académie Polonaise des Sciences Serie des
Sciences de la Terre, 26, 95-101. Warszawa.

BURTaN, J. & SkoczyLAS-CISZEWSKA, K. 1966. Mapa geolog-
iczna Polski 1:50000, arkusz Limanowa, Wydawnictwa
Geologiczne; Warszawa.

CieszkOWSsKI, M. 1992, Magura Nappe and its substrate north
of Nowy Sacz. Przeglgd Geologiczny, 7, 410-417. Warszawa.

EsprtaLig, J., DErROO, G. & MaRQurs, E 1985. La pyrolyse
Rock Eval et ses application. Revue de Institut Francais du
Petrole, 40 (5), 563-580; 40 (6), 755-794; 41(1), 73-90. Paris.

ESPITALIE, J., LAPORTE, J. , MADEC, M., MARQUIS, F.,, LEPLAT,
P, PauLET, J. 1977. Méthode Rapide de caracterisation des
roches meres de leur potentiel petrolier et leur degré
d’evolution. Revue de I'Institut Francais du Petrole, 32 (1),
23-42. Paris.

GamonDp, J.E 1983. Displacement features associated with
faults zones: a comparison between observed examples
and experimental models. Journal of Strutcural. Geology, 5
(1), 33-45. Oxford — New York.

GaMOND, J.FE. & GIRAUD, A. 1982. Identification des zones de
faille & l'aide des associations de fractures de second
ordre. Bulletin de la Societe Géologique de France, 24 (4),
755-762. Paris.

Jackson, M.L. 1975. Soil Chemical Analysis — Advanced
Course, 2nd ed. Published by the author, 895 pp. Madison,
Wisconsin.

Jaroszewskl, W. 1972. Mesoscopic structural analysis of the

tectonics of non-orogenic areas, with the northeastern
Mesozoic margin of the Swiety Krzyz Mountains as an
example. Studia Geologica Polonica, 38, 1-215. Warszawa.

Jasionowicz, J. & WIESER, T. 1988. Przejawy anchimetamor-
fizmu w skalach z otworu wiertniczego Jordanéw IG1.
Kwartalnik Geologiczny 1 (32), 227-228. Krakow.

Kaczynski, R. & TrzciNski J. 1997. IloSciowa analiza
mikrostrukturalna w skaningowym mikroskopie elek-
tronowym (SEM) typowych gruntéw Polski. Przeglgd
Geologiczny, 45 (7), 721-726. Warszawa.

Konon, A., 1996. Tectonics of the Yopieit Mts. (Beskid
Wyspowy, southern Poland). Przeglgd Geologiczny, 44 (12),
1195-1198. Warszawa.

— 1997, Tectonics of the Snieznica Massif and its foreland
(Beskid Wyspowy, Magura Nappe, southern Poland).
Przeglgd Geologiczny 45 (10/1), 1001-1007. Warszawa.

Ksiazxiewicz, M. 1972. Budowa geologiczna Polski t. IV.
Tektonika cz. 3. Karpaty. Wydawnictwa Geologiczne,
228pp. Warszawa.

LasH, G. G. 1989. Documentation and significance of progres-
sive microfabric changes in Middle Ordovician trench
mudstones. Bulletin of the Geological Society of America,
101, 1268-1279. Boulder, Co.

MaLATA, E., MALATA, T. & Oszczypko, N. 1996. Litho- and
biostritatigraphy of the Magura nappe in the castern part
of the Beskid Wyspowy Range (Polish Western
Carpathians). Annales Societatis Geologorum Poloniae, 66,
269-284. Krakéw.

MaLT™MAN, A. 1988. The importance of shear zones in natural-
ly deformed wet sediments. Tectonophysics, 145, 163-175.
Amsterdam.

MASTELLA, L. 1988. Budowa i ewolucja strukturalna okna tek-
tonicznego Mszany Dolnej, Polskie Karpaty Zewnetrzne.
Annales Societatis Geologorum Poloniae, 58, 53-173.
Krakow.

Mitra, G. 1984. Brittle to ductile transition due to large
strains along the White Rock thrust, Wind River moun-
tains, Wyoming: Journal of Structural Geology, 6 (1/2), 51-
61. Oxford — New York.

MryNARCZYK, M. 1996. Morfologia oraz geochemiczne i tek-
toniczne warunki powstawania diamentéw marmaroskich
w jednostce przeddukielskiej w Bieszczadach. Unpublished,
Institute of Geology, Warsaw University, pp. 1-56. Warszawa.

MORGANSTERN, N.R. & TCHALENKO, J.S. 1967. Microstructural
observations on shear zones from slips in natural clays:
Geotechnical Conference, Proceedings, 1, 147-152. Oslo.

Ostrov VI., Sokorov V.N. & RUMYANTSEVA N.A. 1989,
Mikrostruktura glinistych parod, 210pp. Nedra; Moscow.

Oszczypko, N. 1973. Geology of the Nowy Sacz Basin.
Biuletyn Instytutu Geologicznego, 271, 101-197. Warszawa.

— 1992. Stratigraphy of the Magura Nappe, Polish Flysch
Carpathians. Przewodnik Polskiego Towarzystwa
Geologicznego, Koninki, 63, 11-20 Krakéw.



392 ANDRZEJ KONON

PERRY, E. & HOWER, J. 1970. Burial diagenesis in Gulf Coast
pelitic sediments. Clays and Clay Minerals, 18, 165-177.
Clarkson, NY.

PetmiT, J.P. & LaviLig, E. 1987. Morphology and microstruc-
tures of hydroplastic slickensides in sandstone.
Deformation of sediments and sedimentary rocks.
Geological Society Special Publication, 29, 107-121.
Oxford.

PoLLasTRO, R. M. 1993, Consideration and application of the
illite/smectite geothermometer in hydrocarbon-bearing
rocks of Miocene to Mississipian age. Clays and Clay
Minerals, 41, 119-133. Clarkson, NY.

SERGEEV, Y.M., Srivak, G.V,, Sasov, A.Y., Osmrov, VI,
Soxorov, VN. & Rau E.I. 1984. Quantitative morpholog-
ical analysis in a SEM-microcomputer system-I.
Quantitative shape analysis of single objects. Journal of
Microscopy, 135 (1), 1-12. Oxford.

SiBsoN, R.H. 1977. Fault rocks and fault mechanisms. Journal
of the Geological Society of London, 133, 191-213. London.

— 1996. Structural permeability of fluid-driven fault-fractures
meshes. Journal of Structural Geology, 18 (8), 1031-1042.
Oxford-New York.

SIKORA, W. & ZyTKO, K. 1959. Budowa Beskidu Wysokiego na
potudnie od Zywca. Biuletyn Instytutu Geologicznego, 14,
61-204. Warszawa.

Snowpon, L. R. 1989. Burial diagenesis. Hutcheon-Ian

Manuscript submitted: 15th September 1999
Revised version accepted: 12th April 2000

(editor). Short course in burial diagenesis, 15, 39-58.
Mineralogical Association of Canada. Montreal.

SrRODON, J. 1995, Reconstruction of maximum paleotempera-
tures at present' erosional surface of the Upper Silesia
Basin, based on the composition of illite/smectite in
shales. Studia Geologica Polonica, 108, 9-20. Krakéw.

— 1996a. Clay minerals in diagenetic processes. Przeglgd
Geologiczny, 44 (6), 604-607. Warszawa.

-— 1996b. Datowanie proceséw diagenezy metods K-Ar, II
Symposium IGNiG, April1996.

SwipERski, B. 1953a. Mapa Geologiczna Polski w skali
1:50000, Arkusz Rabka.

— 1953b. Objasnienia do Mapy Geologicznej Polski, Arkusz
Rabka.

Trompson, S. 1994, Pyrolysis Rock Eval. Simon Petroleum
Technology. Course book, 253pp.

Wercrawik, S. 1969. Budowa geologiczna plaszczowiny
magurskicj migdzy Ujeciem Gorlickim a Tyliczem. Prace
Geologiczne PAN oddzial w Krakowie, 59, 5-101. Krakow.

Wieser, T. 1992. Przejawy mineralizacji miedziowej.
Przewodnik Polskiego Towarzystwa Geologicznego,
Koninki, 73-74. Krakéw.

Wisg, D.U,, Dunn, D.E., ENGELDER, J.T.,, GEISER, PA.,
HarcHER, R.D., Kish, S.A., OpoMm, A.L. & ScHAMEL S.
1984. Fault-related rocks: Suggestions for terminology.
Geology, 12 (7). 391-394. Boulder, Co.




