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Bedding-parallel calcite veins in Devonian rocks from the southern part of the Holy Cross Mountains Fold Belt in central Po-
land occur as tabular bodies on shallow-dipping as well as vertical Late Paleozoic map-scale and mesoscopic fold limbs. The
syntaxial and antitaxial bedding-parallel veins contain kinematic indicators such as rotated blocks, fibre boundary steps,
boudin trains, beef-like structures and congruous steps. These structures show a sense of movement consistent with the
flexural slip typical of folding resulting from buckling during subhorizontal shortening. We propose a mechanism of the grad-
ual formation of the veins and a progressive fabric development which is mostly consistent with an increasing dip angle of the
fold limbs and their gradual deformation. The fabric of the veins and kinematic indicators within the veins point to the
syntectonic growth of calcite during the Late Paleozoic buckle folding in the Holy Cross Mountains Fold Belt.
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INTRODUCTION

Bedding-parallel veins are useful tools in determining
mechanisms of fold growth and deformation history. As such,
they have been the subject of investigations in orogenic belts
and in non-folded regions. Bedding-parallel veins are common
in sedimentary and low-grade metamorphic rocks (Tanner,
1989; Price and Cosgrove, 1990; Roo and Weber, 1992;
Jessell et al., 1994; Fowler, 1996; Cobbold et al., 2013 and ref-
erences therein). Studies on bedding-parallel veins have
shown that they may indicate high pressure pore-fluid circula-
tion (Cosgrove, 1993; Suchy et al., 2002; Hilgers et al., 2006)
that partly resulted from hydrocarbon generation (Cobbold and
Rodrigues, 2007; Rodrigues et al., 2009). Bedding-parallel
veins have been used to obtain information on the crystal
growth mechanism, its significance in the deformation process
and relationship to displacement paths (Durney and Ramsay,
1973; Ramsay, 1980; Cox and Etheridge, 1983; Cox, 1987;
Passchier and Trouw, 1996; Petit et al., 1999; Koehn and
Passchier, 2000; Means and Li, 2001; Hilgers and Urai, 2002b;
Bons and Montenari, 2005). In addition, comprehensive struc-
tural analysis combined with petrographic and geochemical
studies allow to establish the relationship between fluids and
tectonic structures (Kenis et al., 2000; Lee and Wiltschko,
2000; Sejourne et al., 2005; Hilgers et al., 2006; Wiltschko et
al., 2009; Note et al., 2011).
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The aim of this paper is to present a model for the origin of
bedding-parallel veins occurring in sedimentary rocks from the
southern part of the Holy Cross Mountains (HCM; Fig. 1), based
on field observations coupled with petrographic and geochemi-
cal studies. Tectonic field studies and microstructural analysis
of the veins have been performed to determine kinematic char-
acteristics of the veins and correlate their development with
flexural slip during folding.

GEOLOGICAL SETTING

The HCM Fold Belt is located within the broad
NW-SE-trending Trans-European Suture Zone, which sepa-
rates the East European Craton from the younger fold-belts of
Central Europe (Berthelsen, 1993). The fold belt comprises a
series of map-scale folds built of Paleozoic rocks and is divided
into two parts — the tysogoéry Fold Zone (to the north) and the
Kielce Fold Zone (to the south; Fig. 1; Czarnocki, 1919, 1938,
1957a; Pozaryski, 1978; Konon, 2008). The zones are sepa-
rated by the Holy Cross Fault (HCF), at least 75 km long
(Czarnocki, 1938). The geodynamic position of the HCM is still
a matter of discussion. The fold zones are considered to be two
different tectono-stratigraphic units because their rock se-
guences can be distinguished from each other by lithology and
depositional environment (Czarnocki, 1919, 1957a; Pozaryski,
1978; Fig. 2). The boundary between the Kielce and tysogory
Fold zones is interpreted as the boundary between the
Matopolska and tysogory terranes (e.g., Pozaryski et al., 1992;
Pozaryski and Tomczyk, 1993; Unrug et al., 1999). These ter-
ranes are considered to be the first tectonic blocks that accreted
to Baltica between late Middle Cambrian and Tremadocian
times (Belka et al., 2002). The rock sequence forming the
Matopolska Terrane consists of Vendian to Tremadocian de-
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Fig. 2A - lithostratigraphic columns of strata in the Kielce and Lysogoéry regions (based on Nawrocki
and Poprawa, 2006, slightly modified); B — lithostratigraphic column of strata in the Paleozoic core
of the Kielce Region (based on Hakenberg et al., 1976; Stupnicka, 1992 and references therein)

posits, which are covered by Floian (Lower Ordovician) to Neo-
gene clastic and carbonate rocks (for review see Unrug et al.,
1999; Belka et al., 2002; Nawrocki and Poprawa, 2006). Five
unconformities have been recognized in this sequence: be-
tween the Ediacaran and Cambrian, between the Cambrian
and Ordovician, between the Silurian and Devonian, between
the Carboniferous and Permian, and between the Cretaceous
and Neogene, interpreted as the results of tectonic deformation
(e.g., Unrug et al., 1999; Nawrocki and Poprawa, 2006). In the
tysogory Terrane the rock sequence comprises Middle Cam-
brian to Devonian siliciclastic and carbonate rocks, which are
unconformably covered by Permian and younger rocks (e.g.,
Czarnocki, 1919, 1938).

Rocks of the tysogéry and Kielce regions were folded to-
gether after the Visean during Late Carboniferous times
(Czarnocki, 1919, 1938, 1950, 1957a, b; Lewandowski, 1982,
1985; Tomczyk, 1988; Szulczewski, 1995; Lamarche et al.,
1999, 2002; Konon, 2006; Szaniawski, 2008; Szaniawski et al.,
2011). This stage of deformation resulted in the formation of the
HCM Fold Belt eastwards of the Variscan Orogen thrust front
(Pozaryski et al., 1992; Dadlez et al., 1994; Mizerski, 1995;

<
<

Szulczewski, 1995; Krzeminski, 1999; Jaworowski, 2002;
Mazur et al., 2006; Konon, 2007). The shortening direction dur-
ing the folding was NNE-SSW (Czarnocki, 1938, 1950, 1957a,
b, 1961a—f; Konon, 2006, 2007).

The generally WNW-SSE-trending folds from the southern
part investigated of the HCM belt (Fig. 3), south of the HCF, exhibit
distinct variations in wavelength range of 1.5 to 8 km and in ampli-
tude range of 0.2 to 0.8 km (Konon, 2006). The geometry of the
fold shape profiles is variable. The folds may be symmetrical or
asymmetrical. Geometries of the fold shape profiles commonly
change along their axes (Czarnocki, 1956; Filonowicz, 1967,
1968; Kutek and Gtazek, 1972; Hakenberg, 1973; Kowalski, 1975;
Konon, 2006). During the Late Paleozoic fold growth, layer-parallel
shortening and layer-parallel shearing resulted in the development
of different mesostructures, such as minor contractional duplexes,
contraction and extension fault sets, stylolites, boudinage and
cleavage on the fold limbs (Konon, 2006). The fold shape profiles
that formed mainly during the Late Carboniferous were slightly
modified in Maastrichtian—Paleocene times (Kutek and Gtazek,
1972; Lewandowski, 1982, 1985; Szaniawski, 2008; Szaniawski
et al., 2011).

Fig. 1A - tectonic sketch-map of Central Europe (simplified after Janik et al., 2009), red square in the middle is Figure 1B;
B - geological map of the Holy Cross Mountains (after Czarnocki, 1938, 1961a-f; Filonowicz, 1973; Konon, 2007, modified)

MPA — Mid-Polish Anticlinorium, HCM — Holy Cross Mountains; folds in the Kielce Fold Zone (from the north): MG s. — Miedziana Goéra
Syncline, N a. — Niewachléw Anticline, K a. — Kielce Anticline, K s. — Kielce Syncline, D a. — Dyminy Anticline, G-B s. — Gatezice—Bolechowice
Syncline, Ch a. — Checiny Anticline, Rz s. — Rzepka Syncline; main faults in the Holy Cross Mountains (from the north): HCF — Holy Cross
Fault, MGF — Miedziana Géra Fault, NF — Niewachléw Fault, PF — Porgbki Fault, MFZ — Mdjcza Fault Zone, DIF — Daleszyce Fault
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Fig. 3. Geological cross-section through the Kielce Fold Zone (based on Filonowicz, 1973; Hakenberg, 1973 and Konon, 2006, slightly modified)

Quarries cited in text are marked on the limbs of folds, close to the cross-section; ¢; — Lower Cambrian, &, — Middle Cambrian, O — Ordovician, S — Silurian, D1 — Lower Devonian, D, — Middle
Devonian, D; — Upper Devonian, C; — Lower Carboniferous, P; — Upper Permian, T4 — Lower Triassic, T, — Middle Triassic, Tz — Upper Triassic, J1 — Lower Jurassic, J, — Middle Jurassic,

J; — Upper Jurassic

Map-scale folds in the Kielce Fold Zone are dissected by
longitudinal faults and cross-fold faults (Czarnocki, 1919, 1938,
1961a—f; Samsonowicz, 1934). Different components of move-
ment occurred along and across the fault planes. In the late
stage of folding or already in the post-fold stage, strike-slip com-
ponents developed along the oblique fault sets resulting from
NNE-SSW shortening (Konon, 2007). The second strike-slip
faulting that also occurred during the Late Paleozoic took place
along the longitudinal faults and part of the oblique faults. The
shortening direction during this event was approximately
NW-SE (Konon, 2007). The strike-slip fault network in the HCM
was later slightly overprinted during the Maastrichtian—Paleo-
cene second strike-slip stage (Jaroszewski, 1972; Konon and
Mastella, 2001; Mastella and Konon, 2002).

LITHOSTRATIGRAPHY
OF THE KIELCE FOLD ZONE

The Paleozoic succession in the Kielce Fold Zone com-
prises Cambrian to Permian, mainly unmetamorphosed,
siliciclastic and carbonate rocks (e.g., Czarnocki, 1919, 1938;
Fig. 2). The Cambrian rocks exposed in the hinge zones of
anticlines include Lower to Upper Cambrian shales alternating
with thin-bedded, fine-grained sandstones, and sandstones
with intercalations of conglomerate (Ortowski, 1975; Szcze-
panik et al., 2004a, b; Geyer et al., 2008). Above the Upper
Cambrian—Ordovician unconformity a series of transgressive
facies are represented by Ordovician offshore sandstones,
which are gradually replaced by limestones. Silurian rocks com-
prise 150—-300 m thick graptolitic shales passing upwards into a
300-500 m thick succession of greywackes, described as
flysch-like (see Koztowski, 2008 for review). Locally, an over
140 m thick shale-sandstone succession and up to 120 m thick
conglomerate unit have been recognized in a few places near
the HCF (Malec, 1993, 2001; Tomczykowa, 1993; Koztowski,
2008). The deposits are followed by a Lower Devonian se-
quence about 250 m thick, consisting of Lochkovian—Pragian
conglomerates and Emsian quartzitic sandstones with interca-
lations of shale (Tarnowska, 1981; Szulczewski, 1995). Middle
and Upper Devonian carbonate rocks represent the Devonian
carbonate platform, which attained a thickness of about 1400 m
(Racki, 1993; Szulczewski, 1995; Szulczewski et al., 1996).
The lower part of this succession (generally Eifelian and Lower
Givetian) comprises dolostones, whereas above, up to the
Fammenian, shales and limestones are prevalent. Above the
Devonian rocks is a Carboniferous succession comprising sili-
ceous shales with radiolarites and siderites. Their thickness is
estimated from 25 m in the southwestern part of the Kielce Re-
gion (Szulczewski et al., 1996), through about 250 m farther
north (Zakowa and Migaszewski, 1995), and reaches its maxi-
mum in the central parts of the region, where thicknesses ex-
ceeding 400 m were reported (Zakowa, 1981). The youngest
folded rocks belong to the Upper Visean and are unconform-
ably overlain by Permian rocks (e.g., Czarnocki, 1938).

METHODS

Calcite veins that occur parallel to bedding have been inves-
tigated in quarries within well-exposed Devonian carbonate and
siliciclastic rocks. Some of the exposures have been exploited
since the fieldwork was carried out. Samples were taken from
bedding-parallel veins and host rocks. Bedding-oriented sam-
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ples were collected in order to precisely recognize kinematic in-
dicators during petrographic investigation. Analysis of the ge-
ometry and relationships between the veins and the host rocks
were based on field studies and microstructural observations
on thin sections cut along the slickenlines on the vein planes.
The calcite veins were studied by means of conventional optical
microscopy, X-ray diffraction (XRD) and electron-probe mi-
cro-analyser (EPMA).

The mineralogical composition of the calcite veins was de-
termined with a DRON-1 diffractometer at the Institute of Geo-
chemistry, Mineralogy and Petrology, University of Warsaw.
The samples were irradiated with CoK,, radiation and XRD data
were collected over the range 5-70° 26, in the step-scan mode
employing 0.04° 26 step-size, and counting time 4 s per step.

The chemical composition of the calcite was determined by
EPMA using a CAMECA SX100 microprobe at the Inter-Insti-
tute Analytical Complex for Minerals and Synthetic Substances
at the University of Warsaw. The analyses were performed us-
ing an accelerating voltage of 15 keV, beam current of 10 nA
and beam diameter of up to 40 ym. Natural and synthetic stan-
dards distributed by CAMECA and SPI Supplies were used dur-
ing calibration.

CHARACTERISTICS OF VEINS

Bedding-parallel veins were examined in the map-scale
folds of the Kielce Fold Zone e.g., on the southern (Jaworznia
Quarry) and the northern limbs of the Kielce Syncline
(Sluchowice Quarry) and on the southern limb of the Miedziana
Gora Syncline (Mogitki and Kostomtoty quarries; Figs. 1B
and 3). The veins occur in variously bedded, competent and in-

Jaworznia Quarry

competent rocks: medium- and thick-bedded limestones
(Jaworznia Quarry), thin- and medium-bedded limestones with
interlayers of thin-bedded shales and marls (Mogitki and
Sluchowice quarries) as well as in thin-bedded limestones,
shales and marls (Kostomtoty Quarry; Figs. 4-6). In most cases
the veins tend to occur within thin interlayers of shales or near
the boundaries between limestones/shales and marls/shales
(Fig. 5B).

Bedding-parallel veins are common on the fold limbs and
may be traced continuously throughout the hinge with decreas-
ing thickness in a few exposures. They occur as sub-planar bod-
ies between the sedimentary layers. The veins reach 1-10 cm in
thickness and several of centimetres to tens of decimetres in
length. The bedding-parallel veins are bounded by slickensides
corresponding with the sense of flexural slip on bedding planes
(e.g., Fig. 6B). Straight or stylolitic morphologies of the vein
boundaries are common in competent thick-bedded limestones,
whereas in the incompetent thin-bedded shales and marls the
veins are frequently sheared (Fig. 5B).

COMPOSITION, TEXTURES, GEOMETRIC FEATURES
AND INTERNAL STRUCTURE OF THE BEDDING-PARALLEL VEINS

Bedding-parallel veins consist of calcite with chemical com-
position close to the stoichiometric formula (Fig. 7). The sum of
the trace elements (MgO, FeO, MnO) does not exceed
1.5 wt.%, and FeO always show the highest trace element con-
tent in all samples studied. Veins filled with fibrous calcite and
all highly recrystallised veins have higher FeO contents (Fig. 7).
Enrichment in FeO, MgO and MnO in the calcite veins filled by
fibrous calcite may also reflect a stronger contamination by tiny
host rock particles. Quartz is present in the veins as an acces-

Mogitki Quarry

Fig. 4. Examples of bedding-parallel calcite veins

A —in thick-bedded limestones and thin-bedded shales in Jaworznia Quarry, bedding plane 010/39; B — in medium-bed-
ded limestones and thin-bedded shales in Mogitki Quarry, the vein shows multilayered structure, bedding plane 010/59;
C, D — location of sampled bedding-parallel veins on the fold sketches; arrows show sense of slip recognized on the ba-

sis of slickensides on vein plane
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Kostomtoty Quarry

Fig. 5A — fragment of mesofold in Devonian shales and marls on the western wall of Kostomioty Quarry;
B - bedding-parallel calcite vein with marked sense of slip, bedding plane 350/50;
C - location of sampled bedding-parallel veins on the fold sketch (Konon, 2006)

Arrows show sense of slip recognized on the basis of slickenside on vein plane

sory mineral infilling minor fractures and microfaults in the cal-
cite veins (Figs. 8E and 9C, D).

The veins occurring on limbs with dip angles of 20-30°
show mainly primary growth fabric, whereas in the veins occur-
ring on limbs with a dip angle of 30—70°, the fabric is rebuilt or
partly changed (Fig. 8). Thus, several microstructurally different
domains are present within the veins.

Two main types of bedding-parallel veins with primary
growth textures can be distinguished: syntaxial veins and
antitaxial veins (Fig. 8A, C, E).

SYNTAXIAL VEINS

The bedding-parallel veins of this type occur in thin
interlayers of shale within the thick- or medium-bedded lime-
stones in the Jaworznia and Mogitki quarries, respectively
(Figs. 4 and 8A, C). The veins display a multilayered structure
with sheets separated by host rock particles, stylolitic seams or
calcite growth surfaces (Fig. 8C). The veins are mainly bitaxial
with readable median line, infilled with blocky or elongated cal-
cite (Fig. 8A-D). The calcite shows deformation twinning
(Fig. 8B, D). Twins are tabular or wedge-shaped, rarely ta-
pered. Apart from twins, microfracturing is also present but less
common. The vein calcite grains in limestones show epitaxial
overgrowth on the host rock grains. The grain sizes range from
0.1 mm at the edges of the veins to 5 mm towards their centres.
Calcite grains show perpendicular or occasionally oblique rela-

tionships with the vein wall (Fig. 8A, C). In a few places, some of
the grains in the vein centre show a subhedral habit.

The fabric of the calcite veins indicate that calcite was grow-
ing towards the vein centre. The composition of the veins and
host rock as well as geometric features suggest syntaxial
growth of calcite (Durney and Ramsay, 1973; Ramsay and
Huber, 1983). Additionally the inclination of grains may suggest
oblique vein growth (Petit et al., 1999). Nevertheless the pres-
ence of subeuhedral calcite as well as open holes in the central
part of the veins indicate that calcite was growing into open
space in some parts of the veins. Hence this fabric records the
orientation of the fracture consistent with bedding and face-con-
trolled growth of calcite.

The outer parts of the veins contain two different domains
that developed due to deformation of the primary growth fabric:
an irregular fabric zone (ifz) and a laminated zone (lz; Figs. 8A,
C and 9A, B). These domains either occur separately or the ir-
regular fabric zones are located close to the contact of the lami-
nated zones with primary growth textures.

The irregular fabric zones are up to 2 mm wide and several
centimetres long. They consist of fine, irregularly shaped
anhedral calcite. The crystal size exceeds 0.2 mm (Fig. 9A). Lo-
cally, aggregates of the calcite are randomly distributed within
the primary growth texture domains in the veins.

The laminated zones are connected with irregular parts of
the vein walls (Figs. 8A, C and 9B). The length of the zones
ranges from a few to tens of millimetres and the width from 0.2
to 2 mm. The elongated calcite grains are parallel or sub-paral-
lel to the vein walls. Remnants of calcite growth fabric were
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Sluchowice Quarry

Fig. 6A — mesofolds developed in Devonian rocks in the Sluchowice Quarry with marked places of sampling; B — an example of
slickenside on bedding-parallel calcite vein surface, the slickenside displays striation and congruous steps, arrow indicates the
sense of movement of the missing bed, bedding plane 350/29; C — location of sampled bedding-parallel veins on the fold sketch

noted in the laminated zones (Fig. 9B). Locally, the laminated
zones are subdivided by thin particles of shale and limestone
further referred to as host rock inclusions. Two types of host
rock inclusions are distinguished: discontinuous, sub-planar,
parallel to the vein walls (1) and small inclusions inclined at high
angles to the vein walls (~70°) (II).

ANTITAXIAL VEINS

The second type of bedding-parallel vein occurs in shales
and marls in the Kostomtoty Quarry and in limestones
interbedded with shales in the Sluchowice Quarry (Figs. 5
and 6). The veins are bitaxial, rarely unitaxial, filled with fibrous

calcite (Fig. 8E). Fibres extending from the central median line
of the veins towards the vein walls in both directions exceed
6 mm in length and have a width of more than 0.2 mm. They are
curved, sigmoidal in shape or inclined slightly towards the hinge
of the sampled fold. The inclination of fibres relative to the vein
walls changes within the vein from 80° in the centre to 30° to-
wards walls. Most of the straight fibres are inclined at an angle
of 70-80°. Fibre boundaries are smooth and rarely stepped.
The calcite fibres appear to be deformed and show evidence of
twinning (Fig. 8F). The twins are less readable or absent at the
outer parts of the veins.

The antitaxial veins contain host rock inclusions that are
mostly concentrated in the vein centre underlying the median
line and/or adjacent to the vein walls (Fig. 8E). Inclusions of
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Sample from Mogitki Quarry (3)

coarse-grained calcite vein, central part

c fine-grained calcite, marginal parts,
A partly recrystallised calcite veins

fibrous thin calcite veins

H O X+Ce

highly recrystallised calcite veins

O Mogitki (3) A
A Jaworznia (1)

+ Sluchowice (8)

O Kostomtoty (7)

Ca0O
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Mg*50 Fe*50

D CaO
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Fig. 7. Chemical composition of calcite determined by EPMA

A — composition of all calcite samples; B — composition of calcite from different parts of the deformed calcite veins sam-
pled at Mogitki Quarry (sample 3); C, D — MnO-MgO-FeO and MgO*50-CaO-FeO*50 showing differences in the chemical

composition of the bedding-parallel veins

both types are represented by particles of shale detached from
the vein walls during vein formation. The first type of host rock
inclusion, elongated or sigmoidal in shape, is isolated and rarely
forms arrays. These host rock inclusions are sub-parallel or
rarely slightly inclined to the vein walls (Fig. 8E). The second
type of host rock inclusion usually forms arrays inclined towards
the hinge of the sampled fold (Fig. 8E). This type of inclusion is
incorporated into beef-like structures, similar to those first de-
scribed by Hilgers and Urai (2005) and are characterized fur-
ther in the text (Fig. 10E, F).

The different composition of veins and host rocks and the
geometric features point to antitaxial growth of calcite according
to Durney and Ramsay (1973) and Ramsay and Huber (1983).
The direction of inclination and the curvature of fibres indicate
syntectonic growth of calcite in the veins mutually reversed on
both limbs of the sampled fold. It may also indicate oblique
opening during vein growth (Cox, 1987; Petit et al., 1999;
Koehn and Passchier, 2000).

Antitaxial veins contain small reverse faults (compare
Rodrigues et al., 2009) that truncate the veins towards the
hinge of the fold with maximum offset of the median line of
5 mm (Figs. 8E and 9C). Locally reverse faults are developed in
the outer, upper part of the veins and continue into beef-like
structures (Figs. 8E and 9D). The faulting resulted in develop-

ment of shear zones filled with fibrous and/or anhedral calcite
grains and aggregates of anhedral quartz grains (Fig. 9C-E).
Some of the grains show undulose extinction (Fig. 9C-E), indi-
cating deformation. The veins show subsequent growth of cal-
cite from the tips of shear zones towards the vein walls (Figs. 8E
and 9C). Horsetail-like distributed thin fibres at the upper and
lower fault tips are well-developed in the hanging wall (Figs. 8E
and 9C). The calcite grains from the foot and hanging walls ad-
jacent to faults are differentially strained and show evidence of
twinning on a level similar to that in the other parts of the vein.
Bedding-parallel calcite veins and limestones in the
Sluchowice Quarry are in parts recrystallised (Fig. 9F). Aggre-
gates of fibrous or elongated calcite are spread across the veins
and limestones. A transition from undeformed limestone
through stretched grains of limestone (e.g., microfossils) to ag-
gregates of fibrous calcite has been observed (Fig. 9F).

KINEMATIC INDICATORS IN THE VEINS
AND HOST ROCK

Bedding-parallel veins contain numerous microstructures
considered to point to the sense of movement along the beds
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median line

Fig. 8. Examples of textures of the bedding-parallel calcite veins

A, C — palisade texture, syntaxial vein (Jaworznia Quarry, sample 1 and Mogitki Quarry, sample 3, respectively);
B, E, F — calcite grains with twin lamellae; D — fibrous texture, antitaxial vein, central and outer zones
of the vein contain host rock inclusions (Kostomtoty Quarry, sample 6); arrows show sense of slip

during the process of folding. The presence of such micro-
structures is conditioned by the competence and thickness of
beds in the rock sequences. Five dominant microstructures
may be distinguished in the bedding-parallel veins: (1) rotated
blocks, (2) fibre boundary steps, (3) boudin trains, (4) beef-like
structures, (5) congruous steps (Fig. 10A-G). The most com-
mon microstructures are boudin trains. The occurrence of
other structures, e.g., fibre boundary steps, are related to
veins formed in incompetent rocks such as marls and/or
shales. Additionally fish-shaped structures have been distin-
guished in the shale host rock close to the calcite veins
(Fig. 10H). The kinematic indicators observed on limbs of
sampled folds point to simple shear consistent with flexural
slip in the sense of movement.

ROTATED BLOCKS

Rotated blocks occur in the outer part of the antitaxial veins
in elongated and fibrous aggregates of calcite as
microfault-bounded block domains (Fig. 10A). The blocks are
up to 1 mm across and are rotated by up to 10° in domino style
towards the hinge of the fold.

FIBRE BOUNDARY STEPS

The calcite fibres in the antitaxial veins show stepped bound-
aries (Fig. 10B). The steps along fibre-fibre contacts exceed
0.01 mm in size and continue in the calcite grains as discrete sys-
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Fig. 9. Evidence of progressive deformation of veins in form of a secondary fabric

A —irregular fabric zone with irregularly shaped calcite, partly with lobate boundaries (Jaworznia Quarry, sample 1); B —laminated zone
with elongated and fibrous calcite (Mogitki Quarry, sample 3); C, D — shear zones resulting from reverse faulting of the vein during
buckle folding (Kostomtoty Quarry, sample 6); E — quartz grains with undulose extinction within shear zone (Kostomtoty Quarry, sam-

ple 6); F — transition from undeformed limestone (bottom), through stretched bioclasts of limestone (centre), to aggregates of fibrous
calcite (top) (Sluchowice Quarry, sample 8); arrows show sense of slip
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Fig. 10. Examples of kinematic indicators in the bedding-parallel calcite veins and host rock

A — small blocks in the calcite vein rotated in domino style (Konon, 2006); B — systematic stepping of a fibre boundary (Konon, 2006; veins
sampled in Kostomtoty Quarry, samples 4 and 7, respectively); C, D —rhomboidal and sigmoidal boudins with forward vergence, inter-boudin
surfaces show occurrence of the dip-slip component with a normal sense (Jaworznia Quarry, sample 2, Sluchowice Quarry, sample 8, re-
spectively); E, F — examples of beef-like structures with numerous veinlets separated by elongated particles of shale (Kostomtoty Quarry,
samples 5 and 6, respectively); G — asymmetrical repeated steps with dihedral morphology (Mogitki Quarry, sample 3); H — fish-shaped
structures with stepping-up geometry (Kostomtoty Quarry, sample 5); arrows show sense of slip
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tematic shears. The shear length ranges between
0.02-0.08 mm. These shears are sub-parallel to the vein walls.
Systematic stepping of fibre-fibre boundaries is consistent with
the sense of movement interpreted from calcite growth (Konon,
2006). This corresponds to the flexural slip direction mutually re-
versed in both limbs of the sampled fold. These observations
suggests that fibre boundary steps developed during syntectonic
growth of calcite grains following an opening trajectory that was
oblique to the vein walls and median line. We interpret that the
shears synthetic with respect to the flexural slip could have been
formed simultaneously with fibre boundary steps.

BOUDIN TRAINS

Boudin trains occur in thin-bedded limestones and shales
(Fig. 10C, D). The boudin shape is predominantly rhomboidal
(limestones, shales), sporadically lenticular or sigmoidal
(shales). In some cases, dilation occurs across the inter-boudin
surface forming inter-boudin zones. The inter-boudin gaps are
filled with blocky or fibrous calcite. Relative displacement along
the inter-boudin surface between the individual boudins in the
trains ranges from 0.1 to 0.2 mm. The vergence defined by the
inclination of the inter-boudin surfaces is forward-vergent. An-
gles between inter-boudin surfaces and boudin exteriors range
from 55 to 65°. The aspect ratio of the boudins (boudin length to
boudin width) varies from 1 in limestones to 3 in shales.

The orientation of the boudin trains is parallel to the main foli-
ation in the rock matrix. Boudins show little or no evidence of in-
ternal deformation. Additionally boudin rotation is common and
the rotation angle exceeds 5°. The sense of rotation is consistent
with the flexural slip direction. Kinematic characteristics (sense of
slip direction on the surface separating the boudins) and ar-
rangement of the boudins allows us to classify them in the kine-
matic group of antithetic-slip boudinage of domino type
(Etchecopar, 1977; Hanmer and Passchier, 1991; Swanson,
1992; Goscombe and Passchier, 2003; Goscombe et al., 2004).

BEEF-LIKE STRUCTURES

These structures are common within the antitaxial clacite
veins in the study area (Fig. 10E, F). Beef-like structures (after
Hilgers and Urai, 2005) occur in thin interlayers of shale and
marl within limestones or at their boundaries. They create a
saw-like morphology of the vein walls (Fig. 8E). Beef-like struc-
tures consist of numerous sub-parallel calcite veinlets, sepa-
rated by elongated particles of shales, forming stacks (Fig. 10E,
F). The veinlets are sub-parallel to the vein walls and are wavy
or lenticular in shape and infilled with fibrous calcite. The fibres
grow in the same direction as fibres in the bedding-parallel
veins. The stacks of veinlets and host rock particles show an
asymmetrical geometry with vergence towards the hinge on
both limbs of the sampled mesofold (Fig. 10E, F). The vergence
is consistent with the flexural slip in the sense of movement.
The veinlets continue within the vein in arrays of host rock inclu-
sions, which are hosted in the calcite crystals or along the crys-
tal boundaries. The distribution of the host rock inclusions and
the asymmetry of the structures reflect primary foliation — cleav-
age in the shales. There is no evidence for shearing along
cleavage in the floor bed of the host rock.

CONGRUOUS STEPS

Steps tend to occur in incompetent rocks, mainly in shales.
Steps represent asymmetrical repeated features with a dihedral

morphology. Bedding-parallel veins occurring in the shales
show congruous steps (Fig. 10G). Threads of steps lie at the
angle of 0 to 10° with risers at 50-60° to the bedding plane.
Such an asymmetrical structure was probably formed by the in-
tersection of synthetic shears and T fractures corresponding to
threads and risers respectively. The shears tend to parallelism
with the bedding plane at their tips. The orientation of congru-
ous steps in relation to the slickenlines on vein planes suggest
that shears and fractures were produced during displacement
of vein walls resulting from simple shearing that corresponds
with flexural slip, similar to those described from brittle fault
zones by Norris and Barron (1969) and Petit (1987).

FISH-SHAPED STRUCTURES

Fish-shaped structures filled with calcite occur in abun-
dance within thin-bedded black shales adjacent to antitaxial
veins from Kostomtoty Quarry (Fig. 10H). The fish represent
asymmetrical structures of lens shape with angular tips and so
far they have been known from mylonitic rocks (Passchier and
Simpson, 1986; Hanmer, 1990; Passchier, 1994). The
fish-shaped structures investigated show stepping-up towards
the hinge of the sampled mesofold (Fig. 10H). The tips of the
structures continue into thin trails of small calcite grains extend-
ing on both sides of the isolated fish into the matrix parallel to
each other and slightly oblique (angle of about 5°) to the main
foliation of the enclosing matrix. The geometry and orientation
of the fish-shaped structures are comparable to mica fish clas-
sified to the type of group 1 sensu Grotenhuis et al. (2003), thus
analogously we propose the same kinematic interpretation of
the structures studied. The presence of the fish-shaped struc-
tures indicates a reduction of cohesion within the matrix and
then between fish and matrix (e.g., Kenkmann, 2000) during
their formation that probably resulted from horizontal shorten-
ing. The process may have been accompanied by pressure so-
lution mass transfer resulting in a lens-shaped geometry of the
structures (Grotenhuis et al., 2003). Thus calcite fish-shaped
structures can be interpreted as a result of solution and precipi-
tation processes (compare with quartz fish of Bestmann et al.,
2000, 2004) combined with flexural slip localized along bedding
planes.

DISCUSSION AND CONCLUSIONS

In the Kielce Fold Zone of the HCM Fold Belt, bedding-par-
allel veins occur on the map-scale and mesoscopic fold limbs,
and occasionally in the hinge zones. Kinematic indicators within
the veins on the fold limbs such as rotated blocks, fibre bound-
ary steps, boudin trains, beef-like structures, congruous steps
and additionally fish-shaped structures within host rock indicate
a sense of movement resulting from simple shear that is consis-
tent with flexural slip on the tilted limbs. Hence we interpret that
the structures could have been formed during main stage of
buckle folding, a mechanism that is typical for the anticlines and
synclines investigated (Figs. 3-6, 8 and 10; Konon, 2006).

The tendency of the veins to occur near the boundaries be-
tween rocks of different lithology e.g., limestones/shales,
shales/marls or within the shales may be explained by contrast-
ing mechanical properties of the different layers. The main de-
tachment horizons developed along thin shale or marl layers
favouring flexural slip and formation of bedding-parallel veins (cf.
Tanner, 1989; Noten and Sintubin, 2011). Rare continuity of
veins across fold hinges suggests that the formation of the veins
started in the initial stage of subhorizontal shortening (stage I/Il,
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Fig. 11). Likewise the presence of syntaxial veins within
thick-bedded carbonate rocks confirms the dilation of rocks at
this stage. Subsequently, activation of flexural slip along the vein
walls resulted in the secondary fabric development (stages I,
Fig. 11). The occurrence of antitaxial veins with fibrous fabric
tracking the opening trajectory of the veins within the thin-bedded
carbonates with interlayers of shales and marls point to operating
of dilation and simple shear along bedding planes at the same
time during folding (stages -1V, Fig. 11). Hence antitaxial veins
can be interpreted as synfolding veins.

Bedding-parallel veins display several microstructural fea-
tures giving hints of the mechanism of vein formation. All of the
veins show evidence of opening (stages l/ll, Fig. 11) such as
detached and displaced host rock inclusions (Ramsay, 1980;
Cox and Etheridge, 1983; Lee and Wiltschko, 2000; Hilgers and
Sindern, 2005), which are concentrated mostly in the centre of
the veins or adjacent to the vein walls (Figs. 8—10). The position
of these host rock pieces indicate that cohesion was lost along
the bedding planes due to subhorizontal shortening and pro-
gressive incorporation of host rock particles into the vein fabric.

Syntaxial veins display blocky or elongated grains, which
rarely have a subhedral habit, increase in grain size towards the
vein centre and show an absence of stepped grain boundaries.
The fabric of these veins indicate that the opening direction was
normal to the vein wall rather than slightly oblique (Fig. 8C) and
that vein growth involved open space filling (Fig. 8A). The latter
observation suggests that the opening of some parts of the
veins was faster than the growth of calcite so that the veins
could not be filled completely. We interpret that the typical
syntaxial veins with median lines (Fig. 8C) record normal
syntectonic growth of calcite, whereas the veins with subhedral
grains of calcite (Fig. 8A) record the orientation of the bedding
plane and face-controlled calcite growth mechanism (cf. Hilgers
and Urai, 2002a). The presence of a median line and locally
subhedral calcite grains as well as open holes in the same vein
suggest the heterogeneous growth of calcite within the vein.

Antitaxial veins display stepped fibre boundaries that are
considered as indicators of the crack-seal mechanism
(Ramsay, 1980; Cox, 1987; Passchier and Trouw, 1996). How-
ever, smooth fibre boundaries are also common and the veins
show little or no evidence of inclusion bands documenting re-
peated crack-seal increments. Additionally recent studies have
shown that host rock inclusions incorporated into beef-like
structures may have been formed during constant growth of
calcite across the antitaxial vein (Hilgers and Urai, 2005).

Antitaxial veins imply an oblique opening relative to the vein
walls and a continuous growth of calcite at the vein/host rock

contact (stages from I/1l to Ill, Fig. 11) similar to the results of
laboratory simulation of Bons and Jessel (1997) and Means
and Li (2001) and on conditions proposed by Hilgers and Urai
(2002b) and Hilgers and Sindern (2005). The curvature and in-
clination of calcite fibres as well as the fibre boundary steps re-
cord simple shear consistent with flexural slip path during fold-
ing. The lack of fibre twinning or poorly defined twinning in the
outer parts of the antitaxial veins in comparison to the inner
parts implies diminishing of strain rate towards the vein walls
(e.g., Hilgers and Urai, 2002b). The interpretation confirms that
synfolding growth of calcite with the youngest grains recording a
highly obligue vein opening which resulted from flexural slip.
The evidence of calcite growth from the tips of reverse faults to-
wards the vein walls implies that subsequent calcite precipita-
tion during and after vein faulting resulted from constant
subhorizontal shortening (compare Rodrigues et al., 2009).

The bedding-parallel veins were frequently deformed during
all stages of the folding process (Figs. 8, 9 and 11). We con-
clude that vein fabric as well as kinematic indicators record evi-
dence of the gradual formation of the vein and the progression
of fabric development, which is mostly consistent with an in-
creasing dip angle of the fold limbs and their gradual deforma-
tion (stages I-1V, Fig. 11). The presence of calcite twinning is an
ubiquitous indicator of initial deformation. Veins occurring in
steeper limbs show secondary fabric development in the form of
slip-reactivated features (stage Il-lll) and are partly
recrystallised (stage 1V; Figs. 8, 9 and 11).

We conclude that the formation of syntaxial veins is related
to an initial stage of horizontal shortening whereas the formation
of fibrous antitaxial veins and kinematic indicators as well as a
secondary fabric within syntaxial veins are related to buckling in
the study area. The homogeneous chemical composition of the
calcite in the veins points to stable conditions of calcite crystalli-
sation. The structures observed record the loss of cohesion
along bedding planes due to constant horizontal shortening
probably in a closed geochemical system. We conclude that the
vein fabric and the kinematic indicators record syntectonic grad-
ual deformation of the rocks and point to their development from
horizontal to buckled bedding during the Late Paleozoic buckle
folding in the HCM Fold Belt.
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