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deflections of fault traces in the restraining and releasing 
bends of asymmetric strike-slip faults. We propose a meth-
odology of fault zone investigation that allows to interpret 
the slip accommodation within fault zone and seismic–
aseismic behaviour of faults.

The formation of fault zones at shallow depths in crus-
tal conditions is controlled by mechanical properties of 
rocks and distribution of strain during faulting (Sibson 
1977, 1989; Chester and Logan 1986). Lithology and fab-
ric of sedimentary rocks control the internal structure of 
fault zones (Aydin 1978; Aydin and Johnson 1983; Ship-
ton and Cowie 2003; Micarelli et al. 2006; Bullock et al. 
2014; Michie et al. 2014), most often composed of two 
main units: the fault core consisting of fault rocks such as 
breccias, gouge, cataclasite or ultracataclasite associated 
with the slip surface, and the damage zone comprising frac-
tures and subsidiary faults. The two units are separated by 
a master fault and surrounded by the intact host rock (e.g. 
Chester and Logan 1986; Caine et al. 1996, 2010; Caine 
and Forster 1999; Billi et al. 2003; Faulkner et al. 2010). 
However, the fault zones that lack the cores and damage 
zones have been recently reported (e.g. Mukherjee 2013a, 
b, 2015). Natural strike-slip fault zones consist of straight 
fault segments and deflected parts of fault traces referred 
to as bends (Harding 1985; Sylvester 1988; Woodcock 
and Schubert 1994). Numerical simulations incorporating 
damage rheology governing the seismogenic upper crust 
display the termination zones of straight fault segments as 
well as the restraining and releasing bends with significant 
damage accumulation resulting in a broad damage zone in 
the top few kilometres of the crust (e.g. Finzi et al. 2009). 
Intense damage spreads out in the immediate vicinity of the 
core forming a zone up to a few hundred metres wide. As it 
moves away from the core, the decreasing strain is accom-
modated within the several kilometres wide zone (op. cit.). 
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Introduction

The present study focuses on the influence of rock fabric 
and porosity on the deformation style of damage zones and 
the roughness of slip surfaces on subsidiary faults within 
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The rock is strongly fractured within the damage zone that 
contains subsidiary faults and fractures at different scales, 
from grain-scale microfractures to macrofractures (e.g. 
Faulkner et al. 2010). Strains generally concentrate within 
a narrow segment of the sedimentary cover and form a 
symmetric damage zone (Finzi et al. 2009). The faults can 
also separate rocks of differing elastic properties. In this 
case, shallow-genearated damage may have an asymmetric 
pattern (Ben-Zion and Shi 2005; Dor et al. 2009).

Although studies addressing the mechanisms of the 
development of geometrical and structural asymmetries 
along strike-slip fault zones have often been reported, 
direct connection with lithological differences remains 
considerable scientific interest. The subsequent slip along 
faults tends to produce more planar surfaces and different 
structural patterns within damage zones. A question arises 
of the relationship between the structural pattern of damage 
zones in different lithologies and roughness of fault sur-
faces at small scale. In addition, the link between the struc-
tural pattern of damage zones and the slip mode behaviour 
of the faults in context of paleoseismicity is still a subject 
demanding further investigations.

To contribute to a better understanding of the slip 
accommodation by rocks of different lithologies, we focus 
on the exhumed damage zones of strike-slip faults dissect-
ing the south-western part of the Mesozoic cover of the 
Late Palaeozoic Holy Cross Mountains Fold Belt (HCFB) 
in Poland (Fig. 1a–c) (e.g. Czarnocki 1938; Mastella and 
Konon 2002). We study the damage zones having an asym-
metric pattern along segments of the fault zones where the 
Gnieździska-Brzeziny and Mieczyn faults juxtapose the 
strongly differing sedimentary rocks: incompetent Triassic 
claystones and competent Jurassic siliciclastic and carbon-
ate rocks (Figs. 1b, c, 2). In situ observations in exposures 
and laboratory studies of subsidiary fault surfaces including 
microstructural analysis of the damage zones, rock fabric 
and fault roughness measurements indicate that rock fabric 
and porosity facilitated the failure patterns of sandstones 
and limestones and influenced the diverse roughness of the 
slip surfaces. Moreover, these properties play an important 
role in slip accommodation and fault development.

Tectonic setting

The study area is located in the transition zone between the 
Polish and North German basins (e.g. Kutek and Głazek 
1972; Ziegler 1982, 1990b; Dadlez et al. 1995, 1997; 
Krzywiec 2000, 2002; Kutek 2001; Dadlez 2003) and the 
northern Tethys shelf (Matyja 2009). The Polish and North 
German basins formed along the Teisseyre-Tornquist Zone 
(TTZ) and the Elbe Fault System (EFS), respectively (e.g. 
Dadlez 1997; Scheck et al. 2002; Mazur et al. 2005; Scheck 
and Lamarche 2005).

The tectonic framework allowed for the formation of 
a very complex fault pattern within the Permo-Mesozoic 
rocks unconformably overlying the Palaeozoic basement 
comprising lower Cambrian to lower Carboniferous rocks 
of the Holy Cross Mountains Fold Belt (HCFB) (e.g. 
Czarnocki 1938). The HCFB consists of a series of folds, 
developed after the Visean, probably during the late Car-
boniferous and before the late Permian (e.g. Czarnocki 
1938, 1950). Map-scale folds, exposed in the fold belt, 
up to 160 km long and 20 km wide, are cut by map-scale 
WNW–ESE-striking, longitudinal, and N–S to NNW–SSE-
striking, transverse and oblique faults with straight traces 
(e.g. Czarnocki 1938; Konon 2006, 2007).

In the Permo-Mesozoic strata, west and south of the 
HCFB (Fig. 1c) dominate NW–SE and NNW–SSE-strik-
ing faults, as well as WNW–SSE-striking strike-slip faults 
forming an anastomosing fault pattern (Czarnocki 1938, 
1948; Kutek and Głazek 1972; Konon and Mastella 2001; 
Mastella and Konon 2002; Konon 2007, 2015).

The strike-slip faulting was related to the inversion of 
the Polish Basin, as well as the reactivation of the faults 
belonging to the fault systems of the northern shelf of 
the Tethys Ocean. The formation of the strike-slip faults 
resulted from a compressional/transpressional stress regime 
at the end of the Cretaceous and the beginning of the Ceno-
zoic along the northern Peri-Tethyan Platform (e.g. Ziegler 
1987, 1990a, b; Golonka et al. 2000; Dadlez 2003; Mazur 
et al. 2005). The faults developed when the maximum hori-
zontal compressional stress was ca. 10º (Konon and Mas-
tella 2001; Mastella and Konon 2002).

The fault pattern consists of generally non-planar dextral 
strike-slip faults (Fig. 1b) (Mastella and Konon 2002; Konon 
2015). Similar, not perfectly planar faults are commonly 
observed along strike-slip fault zones (e.g. Wilcox et al. 
1973; Freund 1974; Garfunkel et al. 1981; Heimann and Ron 
1987). The strike-slip fault zones with continuously curved 
traces of faults comprise restraining and releasing bends 
(e.g. Woodcock and Schubert 1994). Both the restraining 
and releasing bends were recognized along the Gnieździska-
Brzeziny Fault (G-BF) (Konon and Mastella 2001; Mastella 
and Konon 2002) and Mieczyn Fault (MF) (Konon 2015).

Fig. 1  Localization of the study area: a tectonic sketch map of Cen-
tral Europe (simplified after Guterch et al. 2000). MPA Mid-Polish 
Anticlinorium, HCM Holy Cross Mountains. b Geological map and 
c Fault network of the western and south-western part of the Meso-
zoic cover of the Holy Cross Mountains (after Czarnocki 1938, 1961; 
Senkowicz 1958; Jurkiewicz 1961; Krajewski 1961; Różycki 1961; 
Jurkiewicz 1965, 1967; Filonowicz 1967, 1973; Filonowicz and Lind-
ner 1986; Grzybowski and Kutek 1967; Hakenberg 1973; Szajn 1977, 
1980, 1983; Kwapisz 1983; Filonowicz and Lindner 1986; Cieśla and 
Lindner 1990; Janiec 1991; Mastella and Konon 2002; Konon 2007, 
2015)

◂
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Methods

We have used different methods to obtain detailed char-
acteristics of the fault zones. In situ outcrop observation 
allowed us to assemble structural data and samples of slick-
ensides and host rocks for further studies. Field studies 
were coupled with microstructural observations including 
characteristics of the composition and porosity distribu-
tion of the host rocks and structures within damage zones 
to determine the relationship between the rock fabric and 
the failure pattern. Additionally, measurements of the slip 
surface have been used for determining the relationship 
between the roughness of the slip surfaces and the failure 
pattern within the sandstones and limestones. The results of 
these investigations allowed us to complete a conclusion on 
the role of sedimentary rock fabric on the slip accommoda-
tion within fault damage zones.

Fault zone observations and sampling

The structural observations of the Gnieździska-Brzeziny 
and Mieczyn fault zones have been based on the geological 
maps at the scales 1:100000 (Czarnocki 1938, 1961) and 
1:50000 (Jurkiewicz 1961, 1965, 1967; Filonowicz 1967, 
1973; Filonowicz and Lindner 1986; Grzybowski and 
Kutek 1967; Janiec 1991). Structural observations allowed 
to examine the top 1–2 km of the fault zones and select rep-
resentative exposures for the study. The dextral strike-slip 

fault zones observed in quarries revealed primarily an inter-
nal structure of the damage zones of the G-BF and MF. 
Nevertheless, the exposures lack the main fault planes and 
the associated cores. As a result, trenches across the fault 
zones were excavated in two sites: Miedzianka and Lipo-
wica. The trenches revealed the contact between Triassic 
claystones and Jurassic siliciclastic and limestones (Konon 
et al. 2016) and exposed the broad damage zones devel-
oped in the limestones.

Two different lithologies of sedimentary rocks within 
damage zones have been selected for sampling (Table 1): 
medium- and thick-bedded Lower Jurassic sandstones 
(Piaski and Rytlów), and thin- and medium-bedded Upper 
Jurassic limestones (Miedzianka, Laskowa and Lipowica). 
Hand samples of slickensides were collected from sub-
sidiary fault surfaces consistent with Riedel shears (Riedel 
1929) along map-scale dextral strike-slip faults from the 
restraining (Piaski, Rytlów, Miedzianka and Lipowica) and 
releasing (Laskowa) bends (Figs. 1, 2). The offset of the 
subsidiary faults varies from few to 10 m.

Samples from Piaski, Rytlów, Laskowa and Lipowica 
were collected from the first-order R shear with sense of 
movement consistent with the main dextral strike-slip 
fault. Samples from Miedzianka were collected from the 
first-order sinistral R’ shear and second-order sinistral R1′ 
shear (Fig. 3). All samples have been oriented in relation 
to the subsidiary faults in the field and then to the main MF 
and GBF (Fig. 3). The samples were analysed to obtain: a 
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microfracture and microfaults pattern within damage zones 
associated with the slip surfaces, calcite vein textures, rock 
porosity distribution within the fault zones and roughness 
of the slip surfaces.

Microstructural observations

Relationships between the distribution, mineralization 
of microfracture and microfault patterns, and rock fabric 
along faults within damage zones have been studied using 
microstructural observations. They were based on thin sec-
tions of representative samples cut along the slickenlines 
on the fault planes. They were carried out by means of 

conventional optical microscopy (OM) and scanning elec-
tron microscopy (SEM).

Porosity evaluation

Highly porous and cemented low-porosity rocks define 
various failure patterns. Therefore, the grain size com-
position, cements and the total porosity of the host rocks 
have been analysed. Pore distribution data were deduced 
microstructurally. The samples were impregnated with blue 
epoxy to show the interconnected pore space in the rock. 
However, this method was barely useful to analyse lime-
stone porosity due to the microscale of the pores. There-
fore, SEM was applied for quantifying microporosity that 
allowed for the analysis of both interconnected and isolated 
pores in the rocks. Digital 8-bit image analysis was per-
formed by ImageJ through processing of converted binary 
images with black pore spaces and the white solid phase 
of the rocks. Total porosity was defined as the ratio of the 
sum of the areas from all pores and the entire image area, 
expressed as the percentage.

Measurements of slip surfaces

The microfracture and microfault pattern within the dam-
age zones, as well as mass transfer within the rocks, may 
affect the fault surface and produce different roughness. 
Results of field measurements of fault surfaces from other 
areas indicate distinct roughness recognizable at various 
scales (e.g. Power et al. 1988; Renard et al. 2006; Candela 
et al. 2009). For this study, we have used laboratory meas-
urements of roughness in small segments of rock samples 
obtained from the fault surfaces. A contact profilometer was 
used to obtain images and quantitative parameters of the 
investigated segments of the fault surfaces. The Hommel 
Tester T800 profilometer is a measuring instrument used to 
analyse a surface profile to quantify its roughness. A rigid 
steel stylus equipped with a sapphire blade is moved ver-
tically in contact with a sample and then moved laterally 
across the sample for a specified distance and specified 
contact force. A profilometer measures small surface varia-
tions in a vertical stylus displacement as a function of posi-
tion. The device was set to measure vertical features rang-
ing from 10 to 10 mm in height. The height position of the 

Table 1  Slickenside samples No. Localization Type of exposure Rocks

6 Laskowa Abandoned quarry Limestones

83, 84, 85, 86 Rytlów Active quarry Sandstones

98, 99 Piaski Abandoned quarry Sandstones

102, 103, 107, 110 Miedzianka Trench Limestones, limestones with cherts

114, 115, 116 Lipowica Trench Limestones

G-BF

G-BF G-BF

G-BF

Miedzianka

Laskowa Lipowica

MFMF

Piaski Rytlów

R R

R’ R

R ’1

R

R

Fig. 3  Diagrams of subsidiary faults related to Mieczyn (MF) and 
Gnieździska-Brzeziny (G-B) faults
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stylus generates an analogue signal (magnetic induction), 
which is converted into a digital signal that is stored, ana-
lysed and displayed by additional software (HommelMap 
and Turbo Roughness). The radius of the applied sapphire 
blade is 20 nm, and the horizontal discretization (spacing 
between the profiles) is 10 μm. The stylus tracking force 
was in the range of 0.6–2.5 mN. To measure surface rough-
ness, experiments were conducted on 14 small segments 
(30 × 30 mm) of rock samples under identical conditions. 
Each investigated surface consisted of 300 single profiles.

Measurement of the roughness parameters was carried out 
in accordance with DIN EN ISO 4287 specification (2010) 
and EUR 15178 EN report (1993). Total roughness statistical 
parameters (Sa, Sq, Ssk, Sku) and additional amplitude param-
eters (St, Sp, Sv) are described and presented below.

Sa—the arithmetic mean of the sum of the values of 
roughness profiles:

Statistically, Sa is the arithmetic mean of the deviations of 
the roughness profiles about the centre line. Sa provides 
limited information because of its sensitivity to extreme 
peaks and valleys in the profiles.

Sq—the root-mean-square roughness is defined as the 
value obtained from the deviations of the roughness pro-
files over the surface (square values of the peaks):

In practice, Sq is the measure of the standard deviation of 
the profile angle and is more sensitive to extreme peaks and 
valleys than Sa.

Ssk—the measure of the shape or symmetry or symmetry 
of the amplitude density curve of the roughness profiles:

A plateau-like profile is indicated by negative skewness 
values. A normal distribution of the profile values results in 
zero skewness. Skewness values are greatly influenced by 
individual extreme profile peaks and valleys.

St is the total height of the surface. It is the height 
between the highest peak and the deepest valley. Sp is the 
highest peak of the surface. It is the height between the 
highest peak and the mean plane. Sv is the deepest valley of 
the surface. It is the depth between the mean plane and the 
deepest valley.
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Characteristics of the damage zones

Exposures of the Mieczyn fault zone show well-preserved 
damage zones covering the sandstones. Small quarries 
along the Gnieździska-Brzeziny Fault zone reveal damage 
zones covering the limestones. The width of the damage 
zones is limited by the size of the exposure and attains up 
to several metres for the sandstones and up to 20 m for the 
limestones. Trenches excavated at the Miedzianka and Lip-
owica sites have revealed that the fault zones are composed 
of three lithological complexes: (1) incompetent claystones 
exceeding several metres, (2) a mixed zone of claystones 
and elongated or lens-shaped fragments of competent 
gaizes arranged parallel to bedding that ranges in width 
from a few to several metres; and (3) a damage zone cover-
ing the limestones that exceeds 25 m in width (cf. Krauze 
2015). In the study, we focus on the shallow generated brit-
tle failure of the rocks that concentrated within the damage 
zones developed in sandstones and limestones (Figs. 4, 5, 
6, 7, 8).

Structural features

The strong failure of rocks within damage zones exposed in 
the Piaski, Rytlów, Miedzianka and Lipowica sites denote 
restraining bends (Figs. 1b, 2, 4a, 5a, 6a, 8a). A weaker 
damage of the overturned beds in the Laskowa site denotes 
a releasing bend (Figs. 2, 7a), where macroscopically the 
rocks seem to be almost intact. Intense damage of rocks at 
this site is recognizable exclusively in microscale. Cross 
sections of rocks cut parallel to the striation show details 
of slip surfaces and associated damage zones with shear 
fractures and their infillings. They contain minor structures 
that correspond to the sense of movement of the sampled 
faults recognized during field work. Hence, characteristics 
of the internal structure of damage zones within sandstones 
and limestones require detailed mezo- and microstructural 
observations discussed in the following sections.

Sandstones

The sandstones are strongly affected by subsidiary faults 
and shears development resulted in complex structural pat-
tern of damage zones recognizable macroscopically at both 
Piaski and Rytlów sites. Slickensides developed within the 
sandstones are highly polished, grooved and corrugated 
along the slip direction (e.g. Means 1987). The slickensides 
are intersected with synthetic Riedel shears (Petit 1987; 
Doblas 1998) that resulted in incongruous steps (Figs. 4, 
5). Cross sections parallel to the grooves on the slicken-
sides within sandstones show thin, up to 4-mm-thick zones 
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Fig. 4  a, b Slickensides from 
dextral R subsidiary faults of 
Mieczyn Fault zone cutting 
lower Jurassic sandstones 
at Piaski. c Visualization of 
roughness of slip surface: 1 
topography map, 2 2D diagram 
(pseudo-image)
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Fig. 5  a, b Slickensides from dextral R subsidiary fault of Mieczyn Fault zone cutting lower Jurassic sandstones at Rytlów. c, d Visualization of 
roughness of selected slip surfaces: 1 topography maps, 2 2D diagrams (pseudo-images)
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Fig. 6  a Slickenside from sinistral R′ subsidiary fault from intensively damaged upper Jurassic limestones within Gnieździska-Brzeziny Fault 
zone at Miedzianka. b Visualization of roughness of slip surface: 1 topography map, 2 2D diagram (pseudo-image)
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of fault rocks that can be traced continuously along the 
exposed fault plane.

Cross sections of damage zones, limited to tens of cen-
timetres in width, show very thin, up to 2-mm-thick defor-
mation bands or clusters of bands that are arranged parallel 
or oblique to the main slip surface in wall damage zones 
(Fig. 9). They also occur in the continuation of the main 
slip surface within the host sandstones in the tip damage 
zone. The deformation bands result in low and high angle 
patterns of the Riedel shears. The deformation bands are 
brighter in colour, more cohesive and more rigid in com-
parison with the intact host rock.

Deformation bands observed within sandstones sites 
occur in three sets (Fig. 9): (1) parallel to the main slip sur-
face and synthetic to the sense of movement of the sam-
pled fault that corresponds to the Y shears, (2) inclined at 
50°–80° to the slip surface with the sense of movement 
hardly recognizable macroscopically that geometrically 

corresponds to the R′ shears, and (3) two opposed sets with 
an inclination 15°–25° to the slip surface and synthetic 
to the sense of movement of the sampled fault that corre-
spond to R and P shears, respectively. The shears developed 
within individual sets or more often coexist within complex 
networks that show geometrical and kinematical relation-
ships with the fault damage zone. Spacing between the 
individual shear fractures in the sets ranges from few mil-
limetres to centimetres (Fig. 9a–d) and depends on the den-
sity of slip surfaces within a multilayered fault zone. Mac-
roscopically, the R bands tend to show a slightly variable 
(15°–25°) angular position with respect to the fault plane 
and a distinct linear or segmented geometry within the 
damage zone. Such angular relation conforms with the field 
observations from other areas (e.g. Mukherjee and Koyi 
2010; Mukherjee 2010, 2013a, b). It is significant that this 
type of Riedel shears may be linked to the P or Y defor-
mation bands within a very narrow, up to few centimetre 

Fig. 7  a Slickensides from dextral R subsidiary fault from Gnieździska-Brzeziny Fault zone at Laskowa. b Visualization of roughness of slip 
surface: 1 topography map, 2 2D diagram (pseudo-image)
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Fig. 8  a Slickenside from dextral R subsidiary fault within Gnieździska-Brzeziny Fault zone cutting upper Jurassic limestones at Lipowica. b, c 
Visualization of roughness of slip surfaces: 1 topography map, 2 2D diagram (pseudo-image)
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Fig. 9  Structural pattern of deformation bands associated with subsidiary fault zones: a, b, c Rytlów, d Piaski. MF Mieczyn Fault
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wide zones that covers the area in the close vicinity of the 
fault surface. R’ deformation bands show a slightly curved 
or rarely sigmoid geometry and a quite narrow lateral dis-
tribution. It is significant that the R’ deformation bands 
tend to change the angle of inclination to the fault plane 
from 45° to 85° with an increasing complexity of the struc-
tural network within the damage zones. Low-angle R’ sets 
commonly occur individually and terminate on the fault 
surface or on the R, P deformation bands (Fig. 9a, c). The 
high-angle R’ sets occur individually or more often develop 
between R shears (Fig. 9a, c). Some cross sections of the 
damage zones show that the R shears cut and offset the R′ 
shears (Fig. 9a).

Thin sections of sandstones within the fault zones show 
that the fault rocks and thin bright deformation bands 
consist of cataclasites (Figs. 10a–d, 11a, b). Based on the 
deformation mechanism depending on the composition, 
grain size, porosity and cementation of the deformed rocks, 
the deformation bands have been defined as cataclastic 
bands (Aydin 1978; Aydin and Johnson 1983). The pres-
ence of small-scale kinematic indicators, described further 
in the text below, allows us to classify them as compac-
tional shear bands (after Aydin et al. 2006).

Shear bands occur individually, coalesce within the anas-
tomosing pattern or are arranged in discrete arrays (Figs. 9, 
10). Additionally, they form clusters within the array over-
steps. Shear bands have a limited length and tend to bifur-
cate at their ends. Their thickness ranges from 0.05 to 
1 mm. Shear bands form zones that can be up to 15 mm in 
width. Spacing between shear bands within the zones var-
ies from tenths of a millimetre up to a few centimetre. They 
commonly display a small-scale fault stepping geometry 
that allows to establish kinematic indicators (Fig. 10a, c) in 
form of isolated lenses (e.g. Fossen and Hesthammer 1997) 
and strike-slip duplexes within clusters (e.g. Woodcock 
and Fischer 1986; Cruikshank et al. 1991). Both structures 
occur within contractional oversteps of bands that form 
linking damage zones. The individual parallel bands within 
the structures delimit isolated fragments of the host sand-
stones that bear a primary texture or are partly deformed. 
This resulted in a small-scale shear band-bounded sand-
stone compartments texture. The structure contains lenses 
of preserved or slightly deformed host rocks.

The contact between the cataclasites and the host rock 
is distinct (Fig. 10a–d, 11a). The mineral composition of 
the cataclasites along the slip surface and shear bands is the 

Fig. 10  Internal structure of cataclastic shear bands within sand-
stones at Rytlów based on OM images. a, c Details of geometry 
and kinematics of shear bands. b, d Grain size and porosity reduc-
tion within shear bands in relation to host sandstone. Relicts of 

intact grains (RG) within shear bands can be seen. Sense of move-
ment based on field observation. Light a, c cross-polarized; b, d plane 
polarized
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same as the host sandstones. Cataclasites consist of grains of 
finer fractions (0.01–0.1 mm), and the intergranular space 
contains very fine and predominantly angular or slightly 
rounded, elongated, crushed fragments of larger grains, 
loosely distributed in the clay-siliceous matrix (Fig. 11a, b). 
The crushed grains show a various level of damage across the 
bands with fracture propagation limited to individual grains. 
The orientation of grain fracturing is predominantly subpar-
allel to oblique with an inclination of 10°–40° with regard to 
the shear bands extent (Fig. 11b). Fractures are intragranu-
lar of mode I—wedge-shaped, often limited to a part of the 
grain, and mode II—cross-cutting the grains (Fig. 11b). 
Fracture propagation and distribution resulted in grain size 
reduction. The fragmented grains within the shear bands are 
arranged subparallel (smaller fragments) or slightly oblique 
(larger fragments) to the shear band extent. Residual grains 
of the host rock have been noted within the shear bands. 
Some of the shear bands display a bisected structure with 
a distinct inner and outer zone (Fig. 11b), respectively, of 
stronger and weaker comminution of grains (cf. Aydin and 
Johnson 1983; Underhill and Woodcock 1987). Processes of 
fragmentation and comminution of grains provided matrix 
formation that caused porosity reduction within the defor-
mation bands to 0.5–4 %, in relation to the host sandstone 
(Figs. 10a–d, 11a, b) with the highest reduction within the 
inner zone of the structures. The porosity is very fine inter-
granular with no visible evidence of dissolution.

Limestones

The limestones are strongly fractured and fragmented 
within the fault zones exposed at Miedzianka and Lipo-
wica that resulted in tens of metres broad damage zone. 
Fragmentation of beds within some parts of damage zones 
is so strong that bedding can be barely seen (Fig. 6). The 

fractured rocks commonly occur as lens- or sigmoid-shaped 
fragments. Conversely, the limestones exposed at Laskowa 
show overturned beds with weak macroscopic damage in 
relation to the Miedzianka and Lipowica (Figs. 6, 7, 8). 
The beds can be traced continuously across the site and 
are slightly fractured. Slickensides developed within lime-
stones at all sites show a mineral lineation, striation and/or 
different types of steps, both congruous and incongruous, 
resulting most often from the development of Riedel-type 
shears and calcite-infilled extensional fractures (Figs. 6, 7, 
8). The slip surfaces and the shear fractures within dam-
age zones are usually associated with calcite mineraliza-
tion with bulk within the main fault. Host limestones with 
cherts bear structures less mineralized by calcite in com-
parison with those within pure limestones. The mineralized 
fractures and shears intersected with slickensides form a 
visible network of asperities.

Cross sections of slickensides from subsidiary faults 
within limestones show fault rocks that represent micro-
breccias (Fig. 12a, c). The rocks display an abundance of 
the calcite assemblage within veins of fragmented host 
rocks and a network of thin, up to 0.5-mm-thick fractures 
and shears that divide the host rocks into smaller frag-
ments. Slip surfaces within limestones are underlined by 
calcite veins with fibrous crystals that extend predomi-
nantly parallel to the slip surface (Fig. 12b) or with blocky 
or elongated crystals also arranged subparallel or slightly 
oblique to the slip surface (Fig. 13a, b). Additionally, lime-
stones with cherts can form clear-cutting slip surfaces with-
out a mineral infilling or with a small assemblage of calcite 
along some parts of the fault plane (Fig. 14a, b).

Thin sections of damage zones within limestones display 
a complex structural pattern dominated by extensional and 
shear structures accompanied by calcite growth (Figs. 13, 
14, 15).

Fig. 11  Examples of grain and porosity distribution within shear 
bands from Rytlów based on SEM images: a contact between shear 
band and host sandstone; b bisected structure of shear band with sig-

nificant fragmentation of grains resulted in fine-grained cataclasite 
within inner zone and coarse-grained cataclasite within outer zone
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Fig. 12  Fault rocks within fault zones cutting limestones: microbreccias from a Laskowa and c Lipowica, with abundant assemblage of calcite. 
b Fragment of fibrous calcite vein parallel to fault plane. Sense of movement based on field observation. Cross-polarized light



1878 Int J Earth Sci (Geol Rundsch) (2017) 106:1863–1888

1 3

Fig. 13  Complex structural pattern of damage zone of dextral strike-slip fault cutting limestones at Lipowica. Sense of movement of the main 
fault based on field observation. Cross-polarized light
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Segmentation of microfaults resulting in extensional 
overstepping geometry is common (Fig. 13). The steps 
between individual segments show dilational jogs of vari-
ous width and length that exceeds up to few millimetres. 
The steps with densely arranged segments produce very 
thin and relatively long dilational jogs predominantly 
infilled with fibrous calcite arranged parallel to the seg-
ments (Fig. 13a, b). In turn, greater spacing between the 
segments facilitates the formation of relatively larger dila-
tional jogs with blocky and elongated calcite arranged 
slightly oblique to the jog walls and subparallel to the seg-
ments. The geometry of these structures depends on the 
wall morphology of the extension fracture that preceded 
jog development. It is often reflected by narrow inclusions 

of the host rock that are up to a tenth of millimetre wide, 
arranged parallel to the wall rock (Fig. 13b).

The tip damage zones are dominated by horsetail frac-
tures inclined at 50°–60° to the slip surface and wing 
cracks inclined at 40°–45° to the slip surface (Fig. 13a). 
Those are 0.2–1.0 mm thick. The horsetail fractures tend 
to have a wavy, occasionally curved wedge-like shape and 
are subdivided by synthetic microfaults arranged subparal-
lel or slightly oblique, up to 5°, to the main slip surface. 
The microfaults form a dense pattern in the close vicinity 
of the main slip surface that dies out towards the intact host 
rock (Fig. 13b). The displacement along the faults resulted 
in the dilational pattern of the calcite veins with blocky 
and elongated crystals arranged subperpendicular to the 

Fig. 14  Calcite veins within limestones with cherts from Miedzi-
anka: a Network of syntectonic veins within damage zone. The grey–
blue automorphic silica occupies parts of the sample. b Details of 

clear-cutting fault plane. Sense of movement based on field observa-
tion. Cross-polarized light
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fracture wall. Similarly to the previously described veins 
within the oversteps, the veins contain host rock inclusions 
that extend along the veins between synthetic faults and 
reflect the fracture wall geometry. Such a pattern resulted 
in a complex vein texture that changes across the damage 
zone (Fig. 13b).

Wall damage zones display shear fractures that tend to 
occur in one or two sets (Figs. 13, 14a, 15). Individual shear 
fractures within the sets are inclined at different angles: 
15°–20°, (Fig. 15a), 60°–80° (Fig. 15a) and 80°–85° 
(Fig. 13a), to the slip surfaces. The sense of movement is 
synthetic in the first set and antithetic in the two other sets, 
corresponding to R, R′ and R1′ shears. The shears begin 
from the slip surfaces and continue into the host rock for a 
limited length of up to tens of centimetres. Their thickness 
ranges from a few millimetres near the slip surface to zero 
at the end. Some of the steep shear fractures occur in an 
echelon pattern with closely spaced, calcite-infilled arrays 
that are lozenge or sigmoidal in shape (Figs. 13a, b; 15a, 
b). They crosscut larger dilational jogs, horsetail fractures 
and other shear fractures within the complex damage zones 

(Fig. 13). The arrays show extensional oversteps. Occasion-
ally, neighbouring arrays are connected and form isolated 
lenses (Figs. 13, 15). The thickness of an individual array 
exceeds 0.2 mm, whereas its length varies from tenths of a 
millimetre to tenths of a centimetre. Other shear fractures 
extend continuously across the damage zone and show a 
complex multilayered structure built by minor calcite veins 
divided by host rock particles incorporated into the struc-
ture (Fig. 15). The veins show a wavy, band-like geometry. 
An individual vein can bifurcate into a cluster of thinner 
veins and coalesce again into one or two veins. Some of the 
veins occur along minor segmented faults and thus form a 
step-like morphology (Fig. 15b). The thickness of the veins 
reaches up to 1.0 mm.

The development of calcite crystals within shear frac-
tures resulted in the same pattern as within the horsetail 
fractures or dilational jogs. They are blocky or slightly 
elongated and do not exceed 1.0 mm in size. They are 
arranged subperpendicular or slightly oblique to the vein 
walls. Commonly, individual crystals continue across the 
veins and cover several host rock inclusions (Fig. 15b). The 

Fig. 15  Shear fracture network infilled with calcite developed within limestones at Miedzianka. Sense of movement based on field observation. 
Cross-polarized light
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shape of the inclusions is lozenge-like and wavy, some-
times sigmoid, with the longer boundary reflecting the 
geometry of the vein wall.

Most of the veins within damage zones display second-
ary deformation textures. Deformation lamellas within 
primary calcite crystals are common (Figs. 13, 14, 15). 
Pressure solution seams occur at the boundaries of rock 
fragments within the breccias, extend along and parallel to 
the slip surfaces and across the damage zones (Figs. 12, 13, 
16).

Rock fabric characteristics

Rock fabric analysis has been performed for a better under-
standing of the failure mechanism within the sandstones 
and limestones.

Sandstones

The sandstones represent fine-grained quartz arenites 
(after Pettijohn et al. 1972) with grain-supported texture. 
The rock fabric is characterized by well-preserved pri-
mary structural features with partly fractured grains and 
high porosity (Fig. 16a). Grains are rounded, but the big-
ger grains are much more angular than the smaller grains. 
Grains are medium sorted with a size variation between 
0.1 and 0.3168 mm. The predominant grain size is 0.20–
0.25 mm. The bigger and smaller grains contribute to ca. 
30 % grains in the samples. The rock fabric contains only a 
small contribution of the quartz cement that resulted in sig-
nificant porosity. The sandstones show two types of poros-
ity: primary porosity restricted by mechanical compaction 
and cementation, and secondary porosity related to grain 
dissolution. The primary porosity is partly cemented by 
early quartz, up to a few per cent. Early cementation is evi-
denced by the dominance of point and straight grain con-
tacts resulted from low mechanical compaction. The total 
porosity of the rock fabric is 15–22 %.

The fabric and high porosity of the sandstones facilitated 
cataclastic flow during faulting: frictional sliding and grain 
crushing within thin localized zones of slip resulted in 
shear bands formation. Quartz grain fracturing resulted in 
grain comminution and matrix formation within the shear 
band network. Quartz cementation completed the previous 
mechanical porosity reduction.

Limestones

The limestones are developed as mudstones and grain-
stones (after Dunham 1962) with massive texture (Fig. 16b) 
and irregular silica concentrations interpreted as cherts. 
The silica occurs also as the partial infilling of stylolites 
(Fig. 16c). Image analysis indicates that the rock fabric is 
characterized by very low porosity, not exceeding 0.1 %. 
This is intercrystalline porosity chaotically distributed in 
the rock as fine, isolated pores that are better developed in 
grainstones than in mudstones. Most probably, the devel-
opment of this porosity is related to the early phases of 
diagenesis. Much higher values of porosity were observed 
in the case of fissure porosity accompanying stylolites, 
developed independently from the rock fabric porosity. 
It reaches 3 % and is composed of a network of intercon-
nected fine fissures. Stylolites contain also pores formed 
due to dissolution of the stylolite mineral infilling.

Fig. 16  Examples of rock fabric and porosity distribution based on 
SEM images: a sandstones at Rytlów; b, c limestones at Lipowica
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The low porosity of the cemented limestones and their 
massive texture facilitated brittle failure and formation of 
extensional structures during faulting. The presence of tec-
tonic stylolitic seams associated with small-scale structures 
within damage zones suggests syntectonic pressure solu-
tion mass transfer from the host rocks towards the exten-
sional structures resulting in syntectonic calcite growth.

Roughness of slip surfaces

Quality assessment of the roughness of the sampled fault 
surfaces confirms that the surfaces are less rough within 
sandstones than those within limestones (Figs. 4, 5, 6, 7, 
8). The visible nivelation of the asperities on the slicken-
sides within sandstones resulted in their lower roughness. 
Nevertheless, the grooves and ridges produced a strongly 
determined lineation that allowed to establish the direction 
of movement.

The quantity assessment of the roughness (Table 2) 
reveals that Sa and Sq—the arithmetic mean and the quad-
ratic mean—indicate that in both cases, the peaks on the 
analysed fault planes have an even statistical distribution. 
Based on their values, it is not possible to conclude on the 
differences in roughness between limestones and sand-
stones, but they indicate that the peaks and valleys have a 
normal (Gaussian) distribution on the measurement plane. 

In turn, distinct differences in Ssk values allow to deter-
mine the symmetry of the profile ordinate distribution. 
Negative Ssk values reflect the prevalence of valleys over 
peaks and indicate the concentration of material in the 
vicinity of small peaks, which points to a ‘plateau-like’ sur-
face. Such case is observed clearly in sandstones. In four 
out of five samples, the Ssk values are negative (Table 2) 
and the plateau-like surface incised by narrow valleys is 
visible also on maps and pseudo-images (Figs. 4, 5). In the 
case of limestones, the Ssk values are positive, indicating 
the predominance of peaks over valleys (Figs. 6, 7, 8).

Additional parameters confirm this observation. Sp, ordi-
nates of the highest peaks, does not exceed 1.5 mm in sand-
stones and is much larger in limestones (Table 2). Valley 

depths (Sv) are similar in both cases, whereas a similar rela-
tionship as for Sp was observed for St, because this is the 
sum of the height of the highest peak and the depth of the 
lowest valley on the surface (Sp + Sv).

The analysis of roughness indicates that the slip surfaces 
within the sandstones are smooth with well-developed 
grooves and ridges along the slip direction. The slip sur-
faces within the limestones are relatively more rough with 
high widespread peaks.

Discussion

The investigation of non-planar dextral strike-slip fault 
zones shows an asymmetric pattern of failure within both 
restraining and releasing bends resulting from different 
properties of rocks within the fault walls. Shallow gener-
ated brittle failure of rocks was concentrated within the 
southern walls built of competent sandstones and lime-
stones exposed, respectively, along the Mieczyn and 
Gnieździska-Brzeziny faults. The relatively uniform trend 
of the deformational pattern of sandstones within all locali-
ties is correlated with the location within the restraining 
bend of the studied section of the fault. The more diversi-
fied trend of the deformational pattern in limestones is 
associated with the non-planar geometry of the studied sec-
tions of the fault. The intensity of damage is related to the 
geometry of the fault and depends on the position within 
the contractional and extensional sectors of the fault. Con-
tractional sectors of faults show intense macro- and micro-
scopically recognizable damage zones with intense crushed 
rocks cut by numerous subsidiary faults (Figs. 6a, 8a, 12c), 
whereas extensional sectors show the formation of subsidi-
ary faults with microscopic-scale rock crushing resulting 
in the formation of microbreccias. This regularity can be 
interpreted as perturbations of fault geometry and partial 
accommodation of fault slip by intense damage of rocks 
within contractional sectors of the fault.

Multiple episodes of fault slip have facilitated a dis-
tinct, complex structural pattern within the damage zones 

Table 2  Results of the 
measurement of the roughness 
parameters

Parameters No. of sample

Sandstones Limestones

83 85 86 98 99 102 110 114 115 116

Sa (mm) 0.832 0.431 0.426 1.443 0.369 0.754 0.672 0.442 0.854 0.715

Sq (mm) 0.964 0.527 0.5 1.614 0.452 0.902 0.854 0.523 0.985 0.916

Ssk −0.587 −0.024 0.206 −0.744 −0.248 0.323 0.239 0.364 0.267 0.233

Sp (mm) 1.19 1.43 1.38 2.69 1.04 2.29 2.40 1.67 2.83 2.37

Sv (mm) 2.47 1.34 1.15 4.09 1.21 2.22 2.24 1.33 1.96 2.61

St (mm) 3.66 2.77 2.53 6.78 2.25 4.51 4.64 3.00 4.79 4.98
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developed in sandstones and limestones exposed along a 
fault zone that is recognizable in macro- and microscale. 
Results of the detailed analysis of the studied fault zones 
are consistent with the previous worldwide studies in fault 
zones (e.g. Johansen et al. 2005; Fossen et al. 2007; Blen-
kinsop 2008; Faulkner et al. 2010) and provide evidence 
for two distinct deformation styles of fault development 
with regard to rock fabric and porosity.

Deformation of highly porous sandstones (Figs. 9, 
10, 11) is primarily dominated by a micromechanism of 
grain crushing and shearing that resulted in the formation 
of shear bands and intense pressure dissolution of grains 
within the host rock without mass transfer into the shear 
bands. Cataclastic shear bands (Figs. 10a, c; 11a, b) exhibit 
grain fracturing, comminution, matrix development and 
cementation that reduce porosity in relation to the intact 
host rock (Fig. 11a–d). The presence of cataclasis, strong 
cementation and cluster patterns probably facilitated slip 
that developed along the shear bands, often at their bounda-
ries, and continued as segments within the shear band or 
propagated across the clusters of shear bands within over-
steps of segments (cf. Knipe et al. 1997; Hesthammer and 
Fossen 2001; Nicol et al. 2013). The complex structural 
pattern of the damage zones within sandstones compris-
ing Riedel shears indicate a successive, multistage evolu-
tion of the fault zones from low-angle R’ through R asso-
ciated with high-angle R’ or P shear bands (Fig. 9). The 
relationship of the shear band sets within the damage zones 
(Figs. 9, 10) suggests that the low-angle R’ shears represent 
an early stage of fault zone nucleation, prior to the forma-
tion of R, high-angle R’ and P bands, whereas the latter 
shear bands are related to the more mature stages of fault 
zone development resulting in complex patterns. Signifi-
cantly, the shear bands observed within the complex pat-
terns show a constant activity during the evolution of a 
fault zone. These observations support previous studies of 
porous sandstones within strike-slip fault zones (e.g. Ahl-
gren 2001; Katz et al. 2004).

Deformation of cemented, low-porosity limestones 
(Figs. 12, 13, 14, 15) along fault planes occurs primarily 
by fracturing and veining with subsequent shearing accom-
panied by pressure solution and local mass transfer along 
extensional structures (cf. Crider and Peacock 2004). The 
subsidiary faults propagated along segmented slip sur-
faces, often connected by calcite-filled dilational jogs (cf. 
Segall and Polard 1980; Sibson 1989). The complex struc-
tural pattern and textures of calcite veins allow to follow 
the successive development of fault zones. The presence of 
various extensional structures, R, R′ and R1′ shear fractures 
and synthetic microfaults or more mature, complex, multi-
layered fibrous veins parallel to the fault plane in the same 
sample indicate a subsequent growth of the fault: from a tip 
damage zone (extension horsetail fractures, wing cracks) 

through a linking damage zone (dilational jogs) to a wall 
damage zone (shear fractures, microfaults). Blocky and 
elongated calcite crystals, occasionally with well-developed 
faces, and their subperpendicular arrangement with regard 
to the vein walls indicate that calcite grew in open frac-
tures such as horsetail fractures and wing cracks. In turn, 
the elongated crystals arranged slightly obliquely to the 
vein walls may indicate oblique opening of fractures with 
a shear component and simultaneous infilling with calcite. 
Both textures display evidence for the further deformation 
history recorded by deformation lamella within calcite. The 
elongation and fibrous development of the crystals towards 
the sense of movement along slip surfaces and the presence 
of host rock inclusions within crystals arranged subparal-
lel to the vein walls (Figs. 13, 15) confirm the syntectonic 
growth of calcite during successive opening episodes of 
veins defined as crack-seal process (Ramsay 1980). Addi-
tionally, the formation of bifurcating veins within clusters 
and their linkage into one or more, wide complex vein(s) 
suggests control of the deformation pattern by local anisot-
ropy of the host rocks resulting from their heterogeneous 
texture, e.g. the presence of microfossils and larger grains 
or change in mineral composition.

Based on studies of strike-slip fault zones and results 
of laboratory experiments (e.g. Moore and Byerlee 1992; 
Ahlgren 2001; Katz et al. 2004; Skarbek et al. 2012; Beeler 
et al. 2013, Wei et al. 2013), we suggest that the slip of 
the Mieczyn and Gnieździska-Brzeziny faults was accom-
modated by two modes of slip behaviour: shallow stable 
sliding or aseismic creep, and stick–slip or seismic. The 
results of structural observations reveal that both the porous 
sandstones and the low-porosity limestones display evi-
dence of aseismic and seismic microevents of faulting that 
has been recorded in rocks within different deformation 
patterns facilitated most likely by rock fabric and poros-
ity. Thus, we interpret that the early stages of low-angle R’ 
shear band within sandstones can be related to the stable 
sliding behaviour of the Mieczyn Fault zone. Conversely, 
cataclasis and shear patterns comprising conjugate R and 
high-angle R’ shears are probably related to the stick–slip 
behaviour of the fault. By analogy, we interpret that the 
predomination of R shears within the R–P networks along 
the Mieczyn Fault damage zone and the development of 
Riedel shear meshes lacking P shears within limestones 
from the Gnieździska-Brzeziny Fault damage zone can be 
also related to the stick–slip behaviour of the studied fault 
sections (cf. Sibson 1996, 2000). Mineral lineation resulted 
from the fibrous extensional veins development within dila-
tional jogs occurring along the slip surfaces recording the 
cyclical opening and infilling by calcite may be related to 
microearthquakes that were generated by the shallow sta-
ble sliding of the fault (cf. Fagereng et al. 2011; Collett-
tini et al. 2011). The syntectonic vein development was 
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associated with pressure solution of fault plane and host 
rock, defined as pressure solution creep process (cf. Gra-
tier et al. 2003, 2013). The presence of crack-seal-type 
extensional veins along faults and shear fractures from dif-
ferent stages of fault development suggests a continuum 
between the modes of slip during the past activity of the 
fault (cf. Peng and Gomberg 2010). The evidence of grain-
scale dissolution of sandstones and intense dissolution of 
limestones within damage zones is clear. The dissolution of 
quartz grains could enhance the slip within sandstones and 
maintain the fault activity. Conversely, successive episodes 
of fracture opening and calcite infilling accompanied by 
pressure solution of limestones probably restrained faulting 
(cf. Gratier et al. 2011).

Considering fault surface roughness in relationship to 
slip distance, we have observed decrease in roughness with 
increasing slip that resulted in smooth fault surfaces. This is 
consistent with recent detailed studies on this issue within 
active fault zones (e.g. Sagy et al. 2007; Sagy and Brodsky 
2009; Bistacchi et al. 2011). However, we have observed 
that the degree of smoothing within sandstones does not 
depend on the scale of faulting, whereas the slip surfaces 
within limestones are smoother on larger-scale faults in 
relation to small-scale faults, up to one metre (cf. Power 
et al. 1988; Candela et al. 2009; Brodsky et al. 2011). The 
latter show predominantly rough surfaces with high wide-
spread peaks.

Matching the results of field observations and labora-
tory measurements of selected slip surfaces integrated with 
structural interpretation of different deformation styles of 
sandstones and limestones, we suggest that rock fabric and 
porosity facilitated different mechanical behaviour of rocks 
resulting in diverse roughness of the slip surfaces. Thus, 
the slickensides developed in sandstones are distinctly 
less rough than the slickensides developed in limestones 
(Figs. 4, 5, 6, 7, 8; Table 2). The ‘sandstone’ slickenside is 
smooth due to strong cataclasis and simultaneous cemen-
tation by a siliceous matrix along the slip surface. Shear 
related to slickenside formation had eliminated the high 
peaks, which could have been preserved in the case of a 
different mechanism—tension or extension. Single quartz 
grains or larger rock fragments detached during shearing 
had a tendency to become inserted in the post-cataclastic 
surface zone and formed grooves that were parallel to the 
slip direction. Very smooth slip surfaces could have delim-
ited accumulation of energy on the fault plane and prevent 
the re-roughing of the slip surface. In turn, the develop-
ment of slickensides in limestones is relatively more com-
plex due to low rock porosity, their high susceptibility to 
pressure solution and in consequence the migration of flu-
ids that precipitated calcite within the extensional struc-
tures. The presence of structures within a complex inter-
nal pattern, typical of various parts of the fault zone, the 

cross-cutting relationship of structures, the deformational 
twinning of calcite and pressure solution evidence in one 
sample (Figs. 13, 14, 15) indicate that the fault planes in 
the limestones were formed during subsequent multistage 
evolution with simultaneous infilling of extensional struc-
tures with calcite. Hence, the slickenside surfaces in lime-
stones are more rough despite their cryptocrystalline struc-
ture, and the multistage process of slow shear favoured the 
recrystallization of calcite on the slickenside surface. Con-
sequently, even the low anisotropy of the slip surface could 
result in the accumulation of energy by increasing frictional 
force on a fault plane that may result in significant increase 
in roughness.

The presence of fractures and faults reduces the strength 
of the rocks. Both the observations of fault zones and labo-
ratory experiments (e.g. Morgan 1999; Ben-Zion and Sam-
mis 2003; Lockner et al. 2011) indicate that rocks main-
tain some residual level of strength after failure. Residual 
strength is related to the roughness of the fault surfaces—
low on smooth surfaces and high on rough surfaces. It 
determines the friction on the fault surfaces and the sus-
ceptibility of rocks to fault development. The application 
of residual strength analyses in relation to the roughness of 
the slip surfaces in different lithologies will be investigated 
in the future study.

Conclusions

The failed rocks within the dextral strike-slip Mieczyn and 
Gnieździska-Brzeziny fault zones deformed asymmetri-
cally. The intensity of damage is controlled by the geom-
etry of the faults and is clearly higher within the restraining 
bends than within the releasing bend.

We conclude that fabric and porosity of rocks controlled 
the failure pattern within damage zones and facilitated 
diverse roughness of the subsidiary fault surfaces. Both 
lithologies: sandstones and limestones, accommodated 
slip by different mechanisms and influenced the fault zone 
development.

Sandstones display high porosity that enhanced cataclas-
tic shear band formation. The process was accompanied by 
dissolution of quartz grains within shear deformation bands 
that resulted in strong cementation and completed the pro-
cess of porosity reduction across them. Limestones show 
very low porosity that enhanced the formation of dilatant 
structures infilled with calcite that precipitated from fluids 
originated by local rock pressure solution. Extensional type 
of failure of limestones is independent of their position 
within the extensional or contractional sectors of the non-
planar fault.

The complex structural pattern of damage zones within 
sandstones and limestones shows evidence of multiple episodes 
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of slip and continuous mixed mode of fault slip behaviour. Dif-
ferent deformational patterns recorded by the rocks give hints 
on the crucial role of the paleoseismicity in shallow-genearated 
damage of rocks within strike-slip fault zones.

Therefore, knowledge of the structural pattern of dam-
age zones and the roughness of slip surfaces can be applied 
in interpretations of seismic–aseismic behaviour of faults. 
The proposed methodology can be used also in the analysis 
of seismically active fault zones.
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Cieśla E, Lindner L (1990) Geological Map of Poland. Końskie sheet. 
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Rudki. Prace Państwowego Instytutu Geologicznego 1:1–404 
(In Polish with English summary)

Czarnocki J (1961) Materiały do przeglądowej mapy geologicznej Pol-
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