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The development of fault pattern in the Silesian Nappe (Central Carpathian Depression) in the castern part of Polish Outer Carpathians is
outlined, from ficld obscrvations and interpretation of air photos and radar images. Fault slip analysis and palacostress reconstruction
was applied to determine different systems of strike-slip, reverse and normal faults and the relative age of cach system was determined.
The results show a consistent cvolution of fault systems which occurred as several episodes. Some of these cpisodes arc local but others
represent a regional pattern of faulting across the whole Polish Eastern Outer Carpathians. The beginning of fault cvolution took place in
Late Oligocene to Late Miocene times. The oldest phase is represented by reverse and thrust faults of system R with SW-NE compres-
sion; a younger phasc involves origination of strike-slip faults belonging to system S, (with the same dircction of compression). Reverse
(system R;) and strike-slip (system ;) faults were formed locally during a N—S compressional event. Dextral strike-slip faults of system
S; with simultanous opening of a dextral set of fault system S, originated subsequently. The youngest cvents arc represented by normal
faults Ny, Ny, and Nj systems during NW-SE, and SW-NE to N-S cxtension.
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INTRODUCTION

This paper analyses fault pattern using mesostructural data
collected from natural and artificial outcrops in order to recon-
struct the structural evolution of the Silesian Nappe in its
southeastern part in the Bieszczady Mts. (Fig. 1). It follows in-
vestigations on small-scale structures from the area
(Rubinkiewicz, 1998).

The study area lies within one tectonic unit — the Central
Carpathian Depression (Totwinski, 1933) — comprising here
the Oligocene-Miocene Krosno Formation (see Wdowiarz,
1985). Several sliced, thrusted one to another folds occur in the
area. Recent investigations show that in most cases they are an-
ticlinal forms with sloping, widely outcropping southwestern
upper limbs. Outcrops of the steep, northeastern lower limbs
are narrow and typically cut by large overthrusts (Fig. 1B),
along which the anticlines are thrust over similar folds of the
forefield. The regional fold axes and the stretching of the main
thrusts are directed NW-SE in the part of the Silesian Nappe in-
vestigated (Ksigzkiewicz, 1972).

Faults different in scale are common across the Outer
Carpathians. Detailed analysis of fault pattern was carried out
by Decker ef al. (1997) in the western part of Polish Outer
Carpathians, and this indicated polyphase faulting. Other pa-
pers describe faults from the Mszana Dolna tectonic window
(Mastella, 1988) and the Babia Géra region (Aleksandrowski,
1989), which occur within the Magura Nappe. The structural
evolution of the Romanian Carpathians, including its fault de-
velopment, was described by Manteo and Bertotti (2000). No
detailed structural analysis with stress field reconstruction has
yet been carried out in this part of the Silesian Nappe. Regional
papers (Opolski, 1930; Slaczka, 1968; Gucik et al., 1980;
Wdowiarz, 1980, 1985) present a generalised geological set-
ting along with discussions on the main tectonic structures. The
fault pattern has also been analysed from radar images
(Mastella and Szynkaruk, 1999).

METHODOLOGY

The analysis is based on a new 1:25,000 geological map of
the area (Rubinkiewicz, 1999). Faults were interpreted from air



392

Jacck Rubinkiewicz

U-cdk20 i
® fault measurement station

/ main faults

\ main overthrusts

M dislocation between the Fore-Dukla unit and
the Central Carpathian Depression

z |

(=]
Lnde
e

A o
Pohary Mt. Q;'R‘N" o
1

Central Carpathian Depression

Zach?ézewie | Fore Dukla unit

|5}

[T
CARPATH S

-

U-cdk22 @ :I
®RBaligréd
.U-cdkll

U-cdi20

M.n. Magura Nappe
Ss - Subsilesian unit
S.1r.-Stebnice unit -

Fig. 1: A — Location map of study arca; B — Location of the fault measurement stations with tectonic sketch

photos and radar images. Data collected in the field included
that on faults visible at outcrop. Fracture cleavage, interbedded
slips and series of en echelon fractures were interpreted sepa-
rately. Initially, the field work comprised detailed observations
at outcrop, including the lithology and orientation of bedding
and fault planes, fault-related mineralisation and the magni-
tude, direction and sense of fault movement (Petit, 1987). Fol-
lowing Jaroszewski (1980, 1984) and Dadlez and Jaroszewski
(1994), the following types of faults were distinguished: nor-
mal, strike-slip, reverse, oblique-slip, neoformed, reactivated,
ductile and brittle, together with their relation to other struc-
tures (joints and minor folds) at outcrop. In cases of several

generations of faults, their relative age as well as the probable
conjugate relation of particular associations were determined.

The geometry of such fault displacements were first
described by Anderson (1951). Numerical methods include
those applied by Angelier (1979), Etchecopar (1981) or Reches
(1987), while graphic methods were used by Arthaud (1969),
Aleksandrowski (1985) and Lisle (1987) (see Angelier, 1994
for a full account of methods used in fault displacement analy-
sis).

TectonicsFP software (Reiter and Acs, 1999) was used for
structural data analysis, particularly of fault slip. The first phase
of data processing included preparation of plots of fault slip
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data from each outcrop and of the senses of displacement. The
method of Angelier (1979), presenting the fault planes as great
circles and the orientation of slickenlines in form of points with
arrows showing the sense of slip of the upthrown block, was
applied (Fig. 2). All diagrams are in a lower hemisphere projec-
tion. Selected diagrams are shown here to illustrate the particu-
lar systems and sets of faults.

The data sets, shown on particular diagrams from outcrops,
are typically non-uniform (Fig. 2A), and so were subsequently
separated into uniform sub-sets (Fig. 2B). The stress and strain
fields, in which the systems and sets of faults were generated,
were then analysed. In the case of sets of conjugate faults, the
value of the shear angle ® and orientation of the principal
stress axes oy, Oz, 03 were determined using the method of rect-
angular sectors (Dihedra, P-T axes — Turner, 1953), an inver-
sion method (Angelier and Gougel, 1979; Spemer and
Ratschbacher, 1993) as well as the numeric dynamic analysis
method (NDA — Spang, 1972). Next, compression and exten-
sion directions were determined, along with their regional vari-
ability. Finally, stages of the development of particular fault
sets and systems were determined and their relative age was in-
terpreted.

Three main tectonic regimes of fault development (Fig. 3)
differing in the orientation of the main stress axes (o> 65> 03)
are distinguished in the subsurface part of the Earth’s crust (An-
derson, 1951). The first is characterised by the development of
reverse faults (o) — horizontal, o3 — vertical), the second by
the development of strike-slip faults (o and o3 — horizontal),
and the third by normal faults (o, — vertical, o3 — horizontal).
Systems of oblique-slip faults are rare. The commonly used
geometric subdivision of faults into diagonal, parallel and per-
pendicular in relation to the orientation of regional axes of folds
and overthrusts was applied in the paper.

FAULTS

Data were collected in 35 outcrops evenly distributed in the
investigated area (Fig. 1B). In most cases they include small
faults with displacements not exceeding several metres. Large
dislocation zones were observed in many outcrops, character-
ised by the occurrence of breccia and cataclasite zones up to
several metres across as well as by strong folding of rocks di-
rectly adjacent to the fault zone. Analysis should be cautious in
these zones, as many of the small-scale faults occurring there
are of a second order in relation to the main dislocation, Abrupt
changes of strike resulting from drag folds testify to the close
presence of the fault zone.

Most outcrops with faults occur within relatively ductile
shale and shale-sandstone units (by comparison with units of
thick-bedded sandstones).

The direction and sense of the fault displacement was deter-
mined on the basis of structures present on the fault surface or
in its direct neighbourhood. Typically these included slicken-
sides with calcite coats with distinct steps and slickenlines, Oc-
currence of other structures depends on the type of fault and is
described below.

U-cdk 35-2

Fig. 2: A — Angclicr plot illustrating fault slip data (cqual arca, lower
hemisphere projection — used in the entire paper); B — Diagrams after
manual sorting of fault slip data

Lower right corner of diagram — number of measurements, upper right
corner of diagram — number of fault measurement stations

A total of 545 fault planes were measured, 52% of which
included strike-slip faults, 25% reverse faults, 16% normal
faults and 7% oblique-slip faults.

STRIKE-SLIP FAULTS (S)

Strike-slip faults, that is faults with max. 10° deflection of
slickenlines from the horizontal, prevail among small faults ob-
served in outcrops. Although strike-slip faults are observed in
different tectonic situations and in different parts of the Krosno
beds, their outcrops are concentrated mainly within overthrust
zones (Fig. 4).

Beside slickensides, the direction and sense of slip of
strike-slip faults were determined on the basis of drag folds
(Fig. 5A and 6A) and folds with vertical axes, and in brittle
rocks, i.e. sandstones, on the basis of low-angle Riedel shears,
situated at about 20° in relation to the main fault plane (Fig.
5B). In zones of larger faults, small shears, situated ca. 20-35°
in relation to the strike of the main fault zone, were often ob-
served, which comprise typical feather fractures (Dadlez and
Jaroszewski, 1994). Small contractional strike-slip duplexes
were common in ductile beds, while comparable extentional
structures occurring in more brittlle sandstone units were most
rarely observed (Fig. 5C, D). All these structures can be ob-
served along single fault zones, and their occurrence depends
on the lithology of rocks and on local deformation conditions.

The observed length of strike-slip faults is variable. The
longest can be traced for several hundreds of metres, based on
analysis of air photos and radar images, while their wide defor-
mation zones, breccia and cataclasites are present in outcrops
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Fig. 3. Tectonic regimes in relation to fault systems: A — compression —
reverse faults, B — compression — strike-slip faults, C — extension —
normal faults

within streams. The length of strike-slip faults observed in
outcrops does not exceed a dozen or so metres, typically several
metres. Faults often lie en echelon, supplying additional criteria
for determining the sense of displacement.

The scale of horizontal displacement of strike-slip faults
observed in outcrops varies from a dozen or so centimetres
(Figs. 5, 6) to 1 m. Larger displacements can be deduced from
lithological contrasts in both walls, and in the case of faults in-
terpreted from radar images (archive of Polish Geological Insti-
tute) this displacement may reach several hundred metres.

Planes of strike-slip faults are typically vertical or very
steep (dip 70-90°). Some faults disappear in beds of ductile
shales (Fig. 6A). Faults disappearing on non-ductile bed sur-
faces (Fig. 6B) as well as transitional to interbedded slip in
cases of acute angles between fault and bed strike (Fig. 6C)
have also been observed. Occasionally, secondary, often min-

eralised fractures or accompanying faults occur at ends of faults
(Fig. 6D).

Two sets of diagonally intersecting strike-slip sets with op-
posing senses of displacement (dextral and sinistral) can often
be observed in individual outcrops. They compose a conjugate
system, for which the magnitude of shear angle and the orienta-
tions of main stress axes can be determined.

Three systems of strike-slip faults have been distinguished
in the area investigated.

SYSTEM §,

Sets of faults diagonal in relation to the orientation of the
main NW-SE structural direction have been observed in many
outcrops, where the dextral set has an azimuth of 10-30° and
the sinistral set an azimuth of 60-85°. Typically both sets occur
in individual outcrops (Fig. 7A, C), however, in some cases,
one of the sets dominates (Fig. 7B). The shear angle ® value
(Fig. 8), measured in exposures varies between 23 and 34° with
values of 24 and 32° dominant, and does not depend on lithol-
ogy. However, fault surfaces can often be curved (Fig. 6C),
therefore values of this angle can vary slightly even within one
exposure. Values obtained of the shear angle are similar to
those previously noted (i.e. Dadlez and Jaroszewski, 1994, p.
72). In cases when the complementary set was lacking, the ori-
entation of o stress was tentatively reconstructed on the basis
of shear angle @ value. For this system the axis of the o, stress
has the azimuths of 15° (SSW-NNE) and 46° (SW-NE).

Typically the dextral set is more mineralised. Secondary
calcite overgrowths with well developed drusy crystals occur
there. The increased migration of hydrothermal solutions could
result from wider opening of fissures of this fault set, which in
turn suggests extensional conditions in the later phase of their
development linked with the formation of system S.

Faults of this system, occurring in shale-dominated units,
do not use earlier discontinuity surfaces and attenuated zones in
rocks, and so can be treated as neoformed faults. Sporadic reac-
tivated slides were observed in thick- and medium-bedded
sandstones diagonal joint planes (Rubinkiewicz, 1998), the ori-
entation of which is similar to the orientation of the diagonal
fault sets.

The analysed sets cut folds and overthrusts as well as the
observed small-scale reversed faults, as inferred from analysis
of intersection relations in the field and on maps, thus they are
obviously younger than the phase of development of the main
tectonic structures in the region. The pattern of orientation of
small-scale faults representing this system is identical with the
pattern of large faults interpreted from radar images (Fig. 9), as
well as with the interpretation of Mastella and Szynkaruk
(1999) for this region. System S, resulted from SW-NE and
SSW-NNE compression (tectonic shortening).

SYSTEM S,

In the southern part of the area near Kalnica (Fig. 4) a local
change in the axes of regional structures to longitudinal is ob-
served. This takes place in the Fore-Dukla zone as well as in the
Central Carpathian Depression near the overthrust separating
the two units. Sets of conjugate faults occur here, intersecting
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For other explanations sce Fig. |

each other at ca. 60°, oriented differently to those of system S;.
Sinistral faults are oriented at an average of 20-45°, and dextral
faults at 140-160°, This resulted from their development in a
stress field characterised by o, orientation and an azimuth of 0°
(Fig. 7C).

Reactivation of dextral faults of system S, by sinistral faults
of system S, is observed in some outcrops. This development
can be linked with a local change of the structural pattern, prob-
ably caused by a change in the direction of overthrusting of the
Fore-Dukla unit. This took place later than the formation of the
main tectonic structures in the area, as well as after the domi-
nant S system of diagonal faults. This system developed dur-
ing N-8 compression.

SYSTEM §;

Sets of longitudinal dextral (dominant) and locally sinistral
strike-slip faults, parallel to, or at low angles to, the orientation
of the regional structures in the area have been observed south
of the Mokre—Zachoczewie line (Fig. 4), typically in overthrust
zones. Strikes of fault surfaces vary between 90 and 145°, with
a prevalence of faults with a strike of 130°. In some outcrops
both sets are present, and the @ angle of this pair is smaller (Fig.
7D) than in the case of diagonal faults and varies between 17
and 25°. This suggests their formation in a stress field with an
increased role of extension (analogous with hybrid shears —
Hancock, 1985), which was probably caused by more brittle
failure in low pressure conditions.
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Fig. 5. Examples of structures for determining sense of slip for strike-slip
faults (map view): A — drag folds with steeply dipping axes, B— Ricdel
shears (R), C — extensional duplexes, D — contractional duplexes

Fault surfaces are not always vertical; in some cases they
dip at 45-70° to the NE and SW. This is caused by displace-
ment taking place along earlier reversed fault surfaces, thus
these are reactivated faults.

The observed temporal succession suggests that they
formed after the faults of systems S, and S,. Their development
is linked with indefinite strike-slip movements generally taking
place along overthrusts.

REVERSE FAULTS (R)

Outcrops with reverse small-scale faults are concentrated in
overthrust zones and their neighbourhood (Fig. 10). This group
comprises reverse faults with displacement angles not exceed-
ing 20° to the dip.

The direction and sense of displacement for reverse faults
was determined on the basis of tectoglyphs on slickenside sur-
faces and the drag folds. The vergence and geometry of folds
near overthrusts were also analysed (Fig. 11A, B). Shale-rich
units yield folds characterised by a variable parallel and
disharmonic geometry (Fig. 11A), while non-ductile beds are
folded in larger, more concentric forms. In both cases the direc-
tion perpendicular to the fold axis represents the direction of
displacement, and the vergency of folds is its sense.

Typically small parts of the reverse fault planes or small
overthrusts are present in outcrops. Small-scale reverse faults,
truncating the beds and disappearing in the surrounding shales,
are present in steeply inclined sandstone beds, while the sloping
sandstone beds lack shears, which pass into flexural slips.

In the analysed group of small-scale faults the displacement
varies between several to over a dozen metres. In some cases

the fault gets steeper (Fig. 11A, B). Thus the dip angles of fault
planes reveal a considerable variety, although fault sets with
dips between 20 and 55° southwards dominate (Fig. 12).
Steeping of reverse fault planes towards the surface may
indicate the existence of overthrusts forming imbricate struc-
tures (see Mastella, 1988; Dadlez and Jaroszewski, 1994), orig-
inating due to branching of secondary overthrusts from a
sloping decollement surface.

The disappearance of such faults typically results either
from gradual steeping of the fault surface, branching into sec-
ondary faults (Fig. 11A) or from the formation of a fold over
the end of the fault (Fig. 11B), referred to as the fault propaga-
tion fold.

Sets of conjugate reverse faults were determined and mea-
sured only in some outcrops (i.e. Fig. 11C) therefore the orien-
tation of the axes of the marginal main stresses can be
determined approximately. The @ angle values vary between
20 and 40°, very often attaining different values even within
one exposure, which results from the earlier steepening of fault
planes described above.

Two systems of a regular structural pattern formed by small
reverse faults can be distinguished on the basis of the data col-
lected.

SYSTEM R,

Longitudinal faults with strikes parallel to the direction of
regional structures in the area (azimuth 110-130°) and SW dips
prevail in the exposures. Sets of small-scale reverse overthrusts
with NE dips are rare (Fig. 11C). In some cases sloping
overthrust surfaces with variable S and N dips were observed
within one outcrop (Fig. 12C). This often points to the exis-
tence of sloping normal and reverse faults, typical for one slip
surface or for the occwrrence of R and P shears (Dadlez and

Fig. 6. Examplcs of strike-slip fault accomodation (map view): A — disap-
pearance in shales, B — disappearance on neutral surface, C — transition
to interbedded slip, D — sccondary fractures at the end of fault
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Jaroszewski, 1994, p. 84), accompanying the main dislocation.
Practically all observed reverse faults are mineralised with cal-
cite. The system originated during SW-NE and SSW-NNE
compression (Fig. 10).

Faults of this system originated after the formation of the
main regional folds, when further tectonic shortening due to
folding from bending was no longer possible. This is suggested
by the identical orientation of overthrusts and reverse faults in
upper and lower limbs of regional folds.

SYSTEM R,

Locally (Fig. 10), near the overthrust of the Fore-Dukla unit
near Kalnica (see system S,), a set of reverse faults with strikes
between 75 and 110° and southern dips was observed. In places
its conjugate equivalent with similar strikes and with northern
dips co-occurs. System R, is distinguished only in this area, and
so its formation is probably connected with a local W-E trend
in the course of regional structures, The faults are cut by
strike-slip faults of system S,; they are thus older, although they
also developed due to N-S compression (Fig. 12A), although
with a different orientation of the principal stress axes.

The observed systems of reverse faults are mainly
neoformed faults. In later phases their planes were reactivated
as strike-slip or normal faults.

NORMAL FAULTS (N)

This group includes faults distinguished on similar criteria
of displacement direction as reverse faults, however with an

U-cdk3
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Fig. 7. Examples of diagrams of strike-slip faults: A — system S, of conju-
gate faults, formed during SW-NE compression, B-— example of domina-
tion of one fault set, formed during SW-NE compression, C — system S;
of conjugate faults, formed during local S-N compression, D — system Sy
of conjugate faults, fomed during NW-SE compression with predominant
dextral faults

For other explanations sce Fig. 2

fluctuation

Fig. 8. Fluctuation graph of @ angle for system S, of conjugate strike-slip
faults ;

opposite sense. Small-scale normal faults are much rarer than
reverse faults. They typically occur with other generations of
faults, particularly with reverse faults (Fig. 10).

The senses and directions of the displacements were typi-
cally determined on the basis of drag folds (Fig. 11D), low an-
gle Riedel shears (Fig. 11E) and the displacement of strata in
both fault sides.

The displacement of the normal faults investigated varies
from several centimetres to several metres. Cataclasites and
breccia (Fig. 11F) accompany some faults, which may form en
echelon arrays.

In some outcrops, normal faults occur in two sets with op-
posite senses (Fig. 11E), forming a conjugate system. Their
mutual disappearance is observed on surfaces of the comple-
mentary set. Minor calcite mineralisation occurs along these
faults,

A great variety is observed in the angles of dip of the nor-
mal fault planes, from vertical or very steep (dip angles 50-90°)
to gently sloping (dip angles 15-45°). This results from their
shovel shape, causing dip to vary even within one exposure.

The pattern of normal faults is complicated in comparison
with other systems, comprising at least three systems of faults,
which can co-occur within one outcrop (Fig. 10 — Ostawa
river).

SYSTEM N,

The first group includes sets of transverse faults, locally di-
agonal in relation to the orientation of axes of the regional
structures (Fig. 12D), with strikes of 20-60° and steep dips of
50-90° towards the NW and SE, forming a conjugate system,
Their exposures are concentrated in the southwestern part of
the area (Fig. 10). These faults also intersect reverse faults of
system R, and diagonal strike-slip faults of system S;. They
most probably represent the NW-SE extension phase. Some of
the faults are neoformed, while a part of them reactivates earlier
planes of diagonal strike-slip faults of system S;.

SYSTEM N,

The second system, evenly distributed on the investigated
area (Fig. 10) comprises longitudinal normal faults character-
ised by a mean strike of 110-140°, One or two systems (Fig.
12E) of conjugate faults occur, characterised by variable dips
towards the NE and SW. In most cases they include reactivated
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Fig. 9. Rosc diagram of strike-slip faults interpreted from radar images

faults, using surfaces of longitudinal reverse faults, and so they
often dip at low angles (Fig. 12E). Very steeply dipping sets
tend to be neoformed, cutting reverse faults of system R; and
diagonal strike-slip faults of system S;. Therefore this system
formed in a younger phase of SW-NE extension.

SYSTEM Ny

This group comprises sets of diagonal faults with strikes of
80-100° and typically low-angle dips of 10-35° towards the N
and S. Their occurrence in the area is completely random (Fig.
10). Similarly to the previous ones, they are younger than the
reverse and strike-slip faults, and formed during N-S, or in
some cases NNE-SSW extension.

Intersecting relations show that these normal faults are
younger than strike-slip and reverse faults. None of these
groups of faults dominates. According to Reches (1983), a sub-
sequent development of discontinuous structures with a differ-
ent deformation direction (i.e. variable o3 orientation, constant
o, orientation) can take place in a triaxial stress field. Thus,
faults of systems N, and N, may have originated during one de-
formation phase.

OBLIQUE-SLIP FAULTS

Faults of this group comprise only a small part of the faults
measured in outcrops. They are characterised by a variable ori-
entation and do not form uniform sets. “Reverse” and “normal”
faults were observed in this group.

Two cases of the occurrence of these faults are worth men-
tioning. The continuous change of line orientation within one
fault plane may indicate a gradual change of direction of rela-
tive block movement (see Jaroszewski, 1968), caused by un-
known local factors. In the second case, oblique-slip faults,
which after retrodeformation against bedding position turn out
to be normal faults, have been observed in the youngest part of
the Krosno beds. A variable thickness of the same beds was ob-
served along both sides of the fault, as well as variable slip, in-
dicating that the faults might be synsedimentary, representing a
pre-folding phase.

INTERPRETATION

The earliest pre-folding development phase is represented
by synsedimentary faults observed in the youngest flysch
members, locally dated as Early Miocene (Malata, pers.
comm.), however due to insufficient data the directions of ex-
tension within the sedimentary basin have not been determined.
Flysch sedimentation, which terminated in the Late Oligocene,
was followed by folding (Slaczka, 1996), and this resulted in
the development of regional folds.

During the initial folding phase, flysch masses were trans-
ported along large overthrusts with the simultaneous formation
of NE verging regional folds. Secondary overthrusts developed
from these large overthrusts (Fig. 13). They formed along the
axial planes of synclines (Rubinkiewicz, 1999), cutting lower
limbs of the regional anticlines and steepening towards the sur-
face (Fig. 13). This led to the formation of an imbricate system
(Fig. 13), typical of the tectonic pattern of this part of the Cen-
tral Carpathian Depression, The formation of such structures
depends on the lithology of the Krosno beds, composed largely
of medium- and thick-bedded competent sandstones, thus lead-
ing to the formation of regular regional fold structures. More
complicated tectonic deformations occur locally in shale-rich
units and situated near various tectonic dislocations such as
strike-slip faults.

Reverse faults and overthrusts of system R; originated as
secondary structures in zones of the steepening overthrust
planes, as well as in their direct forefield. Analysis of the strain
field from exposures points to their origination during SW-NE
compression. :

During the final phase, steepening of overthrusts caused
termination of the slide and further tectonic shortening, which
led to switch in orientation of the intermediate and the least
principal stresses and the formation of diagonal strike-slip
faults of system Sy, cutting overthrusts. They were formed dur-
ing the same SW-NE compression. These fault systems are
neoformed, though some of them may also have utilised earlier
attenuated and failure planes in the flysch complex, i.e. from
the phase of diagonal joint formation (Rubinkiewicz, 1998).

After the formation of these fault systems, a local change in
the orientation in regional structures took place, caused most
probably by a change in the thrusting direction of the Fore-
Dukla unit. This resulted in the formation of overthrusts and re-
verse faults of system R, in the vicinity of Kalnica (Fig. 4), fol-
lowed by strike-slip faults of system S,, of which some
reactivated faults of system S;. Both systems originated during
local N-S compression.

The next phase is connected with the reactivation of
overthrusts of system R;. Longitudinal, usually dextral faults
of system S, suggesting a phase of strike-slip movement along
the planes of the main overthrusts, were observed along
overthrusts of system R or in their direct vicinity. They were
formed mainly in the southern part of the area investigated (Fig.
4). Opening of pre-existing fault fissures and secondary miner-
alisation of dextral faults of system S also took place during
this phase, pointing thus to secondary extension during simple
shearing (Fig. 14). Dominantly dextral movements of this type
were noted e.g. at the boundary between the Magura and
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Fig. 10. Main directions of compression and extension inferred from reverse and normal faults

Silesian nappes (Decker et al., 1999) and dated as post-Middle
Miocene.

A decrease of horizontal compression during the initial
phase of the post-orogenic heave of the Carpathians resulted in
the possibility of stretching the flysch complex. Transverse
normal faults of system N; were formed in this phase (Fig. 14).
They cut overthrusts of system R as well as strike-slip faults of
system S,, the latter being locally reactivated. This testifies for
a younger phase of deformation linked with NW-SE extension,
therefore parallel to the course of the regional structures. Faults

of this system have been observed mainly in the southwestern

part of the area investigated, where the tectonic deformation is
most intense.

Most probably, the last, youngest phase of fault develop-
ment took also place in the later phase of the post-orogenic
heave of the Carpathians, however without horizontal com-
pression. This resulted in the formation of longitudinal normal
faults of systems N; and N;, which locally utilised planes of
earlier reverse faults of system R,. Additionally, steep
neoformed faults originated.
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Fig. 11. Examples of outcrops with reverse (A—C) and normal (D-F) faults
(cross-scction): A — aboverthrust zone with secondary structures related
to main overthrust, B— fault propagation fold, C — system of conjugate
reverse faults, D — sct of normal folds with drag structurcs, E — system of
conjugate normal faults, F — en echelon array of normal faulits

Two phases of calcite mineralisation of different age have
been distinguished in the fault zones investigated. Earlier,
syn-kinematic mineralisation is more common and took place
during the formation of all fault types. Numerous slickensides
originated then. Later, post-kinematic mineralisation formed
secondary calcite overgrowths on fault planes, usually growing
over earlier-formed slickensides. Such secondary mineralisa-
tion is present on planes of the dextral fault set of system S;.

Zones of reverse faults are usually most mineralised, of
strike-slip faults to a lesser degree, while zones of normal faults
are typically least mineralised. This is probably due to deeper
penetration of flysch masses by reverse and strike-slip faults, so
the migration of hydrothermal solutions was facilitated. Such
mineralisation may have taken place recently (Gruszczynski
and Mastella, 1986), as testified to by the occurrence of
travertines in zones of reverse faults.

CONCLUSIONS

The fault pattern in the investigated area of the Silesian
Nappe comprises several systems and sets of faults. Each of
them has a stable orientation in relation to the strike of the main
tectonic structures, forming a generally uniform structural pat-
tern. Some of the measured fault systems are observed across
the whole area (e.g. system R, or S), while the others are local
(ie. Ry or S;). Therefore detailed analysis of small faults
identified areas with a more or less complicated evolution of

the fault pattern and the associated phases of compression and
extension.

Analysis of the fault pattern in the investigated area of the
Central Carpathian Depression has indicated several phases of
fault development.

Regional SW-NE compression resulted in the development
of the following fault systems (Fig. 14):

Phase 1. Development of a set of reverse overthrusts and
faults (system R;), forming an imbricate structure, cutting re-
gional folds, in a stress field characterised by o, o, — horizon-
tal, o3 — vertical during the terminal folding phase.

Phase II. Formation of diagonal strike-slip faults (system
S,), cutting folds and overthrusts in a stress field characterised
by oy, o3 — horizontal, o, — vertical.

Change of compression into N-S (Fig.15) resulted in the lo-
cal reorientation of regional structural directions, causing the
following phases to develop:

u-cdk34-3

i N=4

Fig. 12. Examples of diagrams of reverse (A—C) and normal (D-F) fault
data scts: A — system R, of conjugate reverse faults, formed during local
N-S compression, B— one set of reverse faults (system R,), formed during
SW-NE compression, C — cxample of subhorizontal thrust surface, D —
system N, of steeply dipping normal faults, formed during SE-NW exten-
sion, E — system N, of normal faults, formed during SW-NE cxtension, F
— system Nj of normal faults, formed during N-S extension

For other cxplanations sce Fig. 2
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Krosno beds: lower [l middle[@ upper [ |

Fig. 13. Schematic cross-scction through the investigated arca showing the (e}
: ; 1
geometry of main (regional) folds and overthrust V

Phase IIIa. Overthrusts and reverse faults of system Ry in a
stress field characterised by o, o, — horizontal, o3 — vertical.

Phase IIIb. Strike-slip faults of system S;, locally reacti-
vating dextral faults of system S, (IIIb;) or two neoformed sets
(llIb,) in a stress field characterised by &, o3 — horizontal, 6,
— vertical.

The following phase is linked with the activity of simple
shear (Fig. 14):

Phase 1V. Strike-slip faults of system S;, longitudinal or di-
agonal, in a stress field characterised by o, 63 — horizontal, o;
— vertical. Opening of fractures and mineralisation of the
dextral set of system S, also took place during this phase. This
would point to a predominance of dextral movement along
overthrusts.

Phases V and V1 are linked with the post-orogenic heave of
the Carpathians in a stress field characterised by o, — vertical,
o3, o3 — horizontal (Fig. 14).
SE-NW extension: . -
. lizati
Phase V. Transverse normal faults from system N; possi- DRIpIC =R \ -

bly due to local (in the SW) extension along directions parallel
to the overthrusts. Locally the faults have reactivated faults of
system S,. see: Fig.15
SW-NE and N-S extension:
Phase VI, Normal faults of system N, and Ns, which were
developed as the youngest faulting event.

—ge—

REGIONAL REVIEW

The first phase of faulting is very common across the whole
Polish Outer Carpathians though reverse faults formed during
variable orientations of compression. For example, in the west-
ern part reverse faults originated during NNW-directed thrust-
ing (Decker et al, 1997), which lasted from the
Eocene/Oligocene up to Early Miocene times. In the Romanian
Carpathians in turn, the first tectonic event was characterised

Fig. 14. Main stages of development of the fault pattern in the study arca
with examples of diagrams and stress regimes

Axial plancs of main anticlines and overthrusts arc shown; for other expla-
nations for symbols sce text
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111D,

b,

Fig. 15. Local stages of development of the fault pattern formed during N-S compression

by WSW-ENE directed shortening of Middle Miocene age
(Manteo and Bertotti, 2000). In the study area reverse faults of
system R;, which formed during SW-NE compression, typical
of the eastern segment of the Polish and probably Ukrainian
Quter Carpathians, occur. They were probably formed in Early
to Middle Miocene times.

Development of conjugate strike-slip faults, similar to
those from the second phase, was also observed in the whole
arc of the Polish Carpathians and postdates the formation of re-
verse and thrust faults. These were also formed during com-
pression, the direction of which varies from SSE-NNW in the
west, through N-S in the central part, to SW-NE in the east of
the Polish Outer Carpathians. Similar strike-slip faults were ob-
served in the Romanian Carpathians, though they originated
during a NNE-SSW compressional event in Late Mio-
cene-Early Pliocene times (Manteo and Bertotti, 2000), so the
compression in the area investigated took place probably be-
tween the Middle and Late Miocene.

Observed dextral strike-slip movements along pre-existing
thrust planes were noted only in the eastern part of the Outer
Carpathians (to the east of Poprad river) and within inner parts
of the orogen. On the other hand, in the western part, sinistral
movements prevail. Such architecture suggests thrusting of the
central part of the Polish Outer Carpathians northwards. This
could have taken place during post-Middle Miocene times
(Decker et al., 1999).

Extensional phases are the most problematic, differing in
evolution in particular parts of the Carpathians. They could in-
dicate areas with smaller or Jarger amplitudes of post orogenic
heave.
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