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In the Bardo Syncline (Holy Cross Mountains, Poland), two beds of tuffite (named the Niewachléw tuffites) have been discov-
ered within greywackes of Ludlow (Silurian) age. K-Ar dating of the lower bed yielded an age of 292.8 +4.0 Ma, while the up-
per bed provided an age of 341.9 +4.3 Ma. The dates pertain to metamorphic alteration of the tuffite, related to reactivation of
the Daleszyce Fault Zone. In this zone, biotite crystals present in the foliation zones were recrystallized and their K-Ar isoto-
pic system was rejuvenated in a temperature range of ~270-300°C. The dates that were obtained define the ages of two
tectono-metamorphic episodes and reflect the timing of displacements along the fault which, in turn, reflect two deformation
phases during the Variscan Orogeny (Mississippian and Early Permian). Moreover the dates may be correlated with Late
Variscan magmatic activity in the Holy Cross Mountains and adjacent areas. The deformation of the Daleszyce Fault Zone
may be regarded as resulting from displacements of lithospheric blocks within the Trans European Suture Zone during the
Late Variscan reconstruction of the Baltica palaeocontinent margin.
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Belt.

INTRODUCTION

The Holy Cross Fold Belt (HCFB) is situated in the southern
part of Central Poland (Fig. 1A). In a tectonic sense, it belongs
to the Trans European Suture Zone (TESZ) (Pharaoh, 1999;
Winchester et al., 2002a) — a >2000 km-long tectonic zone that
transects Central Europe, extending between the Black Sea
and the North Sea (Pharaoh et al., 1996; Grad et al., 2002). The
TESZ separates (Fig. 1A) the Precambrian East European
Platform from the Paleozoic platform of Western and Central
Europe (Berthelsen, 1992; Grad et al., 1999; Pharaoh et al.,
2006). The TESZ consists of numerous lithospheric blocks
amalgamated during the interval between the Cambrian and
Carboniferous, to the SW margin of the Baltica palaeocontinent
(Pharaoh, 1999; Belka et al., 2002; Winchester et al., 2002b,
2006; Nawrocki and Poprawa, 2006; Pharaoh et al., 2006) but
for opposing views see Malinowski et al. (2005), Zelazniewicz
et al. (2009), Mazur et al. (2015) and Smit et al. (2016). Addi-
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tionally the HCFB forms (Fig. 1A) the easternmost part of the
Variscan external belt in Western and Central Europe
(Aleksandrowski and Mazur, 2017; Krzywiec et al., 2017a, b;
Mazur et al., 2018). The HCFB represents the only place where
Paleozoic basement belonging to the TESZ can be studied at
the surface. For this reason, the Paleozoic rocks of the HCFB
are of great importance for understanding the Variscan tectonic
evolution of the TESZ.

Recently, additional tuffite beds have been discovered in
the Bardo Syncline (Fig. 1B) belonging to the HCFB (Wojcik,
2017), which occur within Upper Silurian (Ludlow) greywackes.
Biotite grains separated from the tuffite were used for more pre-
cise determination of the Silurian greywacke age, using the
K-Ar dating method. In this paper, an explanation is given for
the discrepant age results of the K-Ar dating from these Upper
Silurian tuffites.

GEOLOGICAL SETTING

The Holy Cross Fold Belt traditionally is subdivided into two
units (Czarnocki, 1919, 1957) that differ in both tectonic and
stratigraphic features (Fig. 1B), i.e., the northern unit — the
tysogory region, and the southern unit — the Kielce region.
These two units are separated by a WNW-ESE striking tectonic
boundary (Fig. 1B), referred to as the Holy Cross Fault. Accord-
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Fig. 1A — sketch tectonic map of Central Europe (after Pozaryski et al., 1992; Winchester et al., 2002b; Mazur and Jarosinski, 2006;
Nawrocki and Poprawa, 2006; changed); CDF — Caledonian Deformation Front, HCF — Holy Cross Fault, HCFB — Holy Cross Fold
Belt, KCH - Koszalin-Chojnice Zone, KLFZ — Krakéw-Lubliniec Fault Zone, Rl — Riigen Island, STZ - Sorgenfrei-Tornquist Zone,
TESZ - Trans-European Suture Zone, TTZ — Teisseyre-Tornquist Zone, WLH — Wolsztyn-Leszno High, VDF — Variscan Deformation
Front; B — geological sketch map of the Holy Cross Fold Belt (after Malec et al., 2016; changed); C — generalized stratigraphy of the
tysogory and Matopolska regions (after Walczak and Belka, 2017)

ing to Lamarche et al. (2003), the Holy Cross Fault initially
formed in the Devonian as an oblique-slip fault under tra-
nstensional conditions. It was reactivated as a reverse fault dur-
ing Variscan time in a transpressional stress field. Later reacti-
vation of the fault took place during the Alpine orogeny (Lama-
rche et al., 1999) when the fault returned to its oblique-slip na-
ture. In contrast, Gagata (2015) interpreted the Holy Cross
Fault as a thrust or reverse fault activated during both Late Cal-
edonian and Variscan deformational episodes. Both these re-
gions of the HCFB, separated by the fault, are part of two
larger-scale tectonic units. The tysogory region belongs to the
tysogory Block, while the Kielce region forms the northern part
of the Matopolska Block (Fig. 1A; e.g., Pozaryski et al., 1992;
Dadlez et al., 1994; Schatz et al., 2006). The provenance of the
lithospheric blocks forming the HCFB basement is still a matter
of debate; however, according to most authors, the Matopolska
Block represents a terrane proximal to the Baltica palaeo-
continent which was initially displaced along its SW edge
(Dadlez, 2001; Nawrocki et al., 2007). A similar view became
common in relation to the tysogéry Block, the basement geo-
physical feature of which are related to the East European Plat-
form (Nawrocki and Poprawa, 2006; Narkiewicz et al., 2015).
The lithostratigraphic successions of rocks exposed in the
HCFB area include rocks whose age ranges from the Cambrian
to Carboniferous (Czarnocki, 1919, 1957). The successions re-
veal significant differences (Czarnocki, 1936; Tomczyk, 1962;
Kowalczewski et al., 2006; Malec, 2006; Trela, 2006; Koztowski
etal., 2014) between the Kielce region and the £ysogory region
in terms of the tectonics, stratigraphy and facies. In the Kielce
region (Fig. 1C), two angular unconformities related to the Cal-
edonian orogeny have been recorded which have no counter-
parts in the Lysogory region. The first one is interpreted as Mid-

dle Cambrian (Szczepanik et al., 2004; Gagata, 2005) or relat-
ing to Cambrian-Ordovician transition folding (Samsonowicz,
1934), and the second one is referred to Late Caledonian fold-
ing (Fig. 1C) which occurred between the Late Silurian and the
Early Devonian (Kowalczewski and Lisik, 1974; Malec, 2001). It
was only the succeeding Variscan Orogeny that was marked in
both HCFB regions by folding, with an ensuing distinctive angu-
lar unconformity and stratigraphic gap between the Mississip-
pian (Visean) and the Upper Permian rocks (Kowalczewski and
Rup, 1989; Szulczewski, 1995; Lamarche et al., 2003). Palaeo-
magnetic data obtained from Devonian carbonate rocks sug-
gest that Variscan orogeny involved two stages: the first stage
took place during the Visean and the second one occurred in
the Early Permian (Grabowski et al., 2006, 2009; Szaniawski,
2008). The tectonic deformation episodes within the HCFB
were accompanied by magmatic and hydrothermal activity re-
lated to minor intrusions of diabase and lamprophyre (Czarno-
cki, 1919; Kardymowicz, 1957, 1962; Rubinowski, 1962;
Nawrocki, 2000; Krzeminska and Krzeminski, 2019). Although
the age of magmatism is controversial, several phases of their
activity increase have been identified. The first of these, the late
Caledonian stage, occurred close to the Silurian/Devonian
boundary (Nawrocki et al., 2013), and a following phase took
place in the Mississippian (Serpukhovian) (Nawrocki et al.,
2013; Krzeminska and Krzeminski, 2019). The final stage of
magmatic activity in the HCFB occurred during the Middle Tri-
assic (Nawrocki et al., 2013).

Along the southern part of the Kielce region, the Checiny-
Klimontéw Anticlinorium extends in a WNW-ESE direction
(Kowalczewski and Rubinowski, 1962; Ortowski and Mizerski,
1995; Konon, 2008). The axial part of this anticlinorium
(Walczowski, 1968; Filonowicz, 1976) contains the Bardo
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Syncline (Fig. 1B). Within the Ludlow deposits of the Bardo
Syncline, two beds of tuffite (hamed the Niewachlow tuffites)
were found, the object of the study described in this work. The
Bardo Syncline basement is composed of Lower and Middle
Cambrian siliciclastic rocks (Fig. 2; Mizerski et al., 1986;
Ortowski and Mizerski, 1995; Kowalczewski et al., 2006), which
are overlain by Ordovician strata with an angular unconformity
reaching >60° (Czarnocki, 1928). The Ordovician rocks show
considerable lithological diversity (Fig. 2; Tomczyk, 1962;
Bednarczyk et al., 1966; Trela, 2006). The Silurian strata begin
with graptolite shales, which in the upper part of the succession
(Upper Ludlow) are gradually succeeded (Fig. 2) by grey-
wackes included in the Niewachléw Beds (Czarnocki, 1919;
Stupnicka, 1995; Malec, 2001; Masiak, 2007, 2010). At the
boundary of the graptolite shales and the greywacke occurs a
sill-type magmatic intrusion which is traditionally referred to as
the Bardo Diabase (Czarnocki, 1919, 1939). The geochemical
composition of the intrusion corresponds to tholeiitic basalt

(Krzeminski, 2004). The diabase intruded into flat-lying Silurian
rocks and was then folded together with them into a syncline be-
tween the Late Silurian and the Early Devonian (Kowalczewski
and Lisik, 1974). Such a succession of events is indicated by
the pre-folding nature of the magnetic primary natural remnant
magnetization of the diabase noted by Nawrocki (1999). More-
over, geochemical signatures implying an extensional tectonic
setting during magma emplacement (Krzeminski, 2004), along
with Ar-Ar dates of 412 +2 Ma and 415 +2 Ma (Nawrocki et al.,
2013), are consistent with the Ludlow age of the diabase.
Above the Niewachlow greywackes, a stratigraphic gap ex-
tends from the Upper Silurian to the Lower Devonian (Czarno-
cki, 1936; Malec, 2001; Koztowski et al., 2014; Malec et al.,
2016). Emsian siliciclastic rocks and Eifelian dolomites lie un-
conformably on the older rocks (Fig. 2; Czarnocki, 1919; Racki,
2006) and were folded during the Variscan orogeny together
with the Lower Paleozoic basement (e.g., Szulczewski, 1995;
LLamarche et al., 2003 and references cited therein).
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. / / / / / / /

c| Middle 777 7 77 =] manstone
@ (393.3£1.2 Ma) —_——— e —
§ ..._|‘...|_|‘...ﬂ..._..._...ﬂ[.._ E limestone
[4)} Lower E dolomite
o Late Caledonian unconformity

(419.2+ a siliceous
1F9’I2'I_é?) IillI ) % claystone
(423.0£2.3 Ma) Pt A her St . claystone
c (4|;7L£3 L?AV)V L L L — < with carbonate
[—(427.4£0.5 Ma RS o e e E&ea em & e o2 e concretions
8| Wenlock p—r—Fr—=—=——

S 334208 Ma) | _— _— _— — —_— _— —_— —— mudstone
= — - — and claystone
» Llandovery Il—lllaltlulsl \i/?t%dritggsetone

intercalations
(443.8%1.5 Ma) — —
7 b — = qu greywackes
/ / § -2 | [— [

- Upper T I T I 1 I T I I l Iﬁi mconglomerate
S I I I I I I =
§ b (458.4£0.9 Ma) _T___I___l___I__T___I___I___I___I_
3| Middle ittt 1
B oonsn IO 1]

O
Lower
(485.4+1.9 Ma) s _‘ ‘ _‘ ‘
Furongian

c (497 Ma Sandomierz unconformity
.©
| Miaolingian
S aolingia
E S\ 50-9 Ma) 2

eries
© (~521 Ma)
@) .
Terreneuvian
?
(541.0+1.0 Ma)

. 2. Lithostratigraphy of the Lower Paleozoic rocks exposed in the Bardo Syncline
(after Tomczyk, 1962; Kowalczewski et al., 2006; Trela, 2006;
Malec, 2006; Racki, 2006; Zylinska, 2017)
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POSITION OF THE TUFFITE BEDS IN THE LUDLOVIAN
STRATIGRAPHIC PROFILE

In the area where rocks of the southern limb of the Bardo
Syncline are exposed, an exposure of Upper Silurian rocks (Up-
per Ludlow) is present (Fig. 3A, B). In an undercut slope bank,
greywackes of the Niewachléw Beds occur, components of
which include fine, medium and coarse sandstones, siltstones
and mudstones. The exposure is intersected by a fault zone
(Fig. 3A, B) accompanied by intense deformation. The western
part of the exposure chiefly comprises coarse-grained grey-
wackes (Fig. 4A), whereas the eastern part contains mostly
siltstone and claystone. In the eastern part of the exposure, two
previously unknown tuffite beds were discovered (Fig. 4B-D).
Several minor lenses containing pyroclastic material are also
visible in the succession (Fig. 4B). The tuffite beds are inter-
sected by shear zones accompanied by cataclasite (Figs. 4A
and 5A). The tuffite occurs within greywacke (siltstone, clay-
stone and siliceous shale; Fig. 4B). The average orientation of
the beds is 42/55 and flat parallel lamination can be observed
internally. The vertical distance between the lower tuffite and
the upper tuffite reaches 80 cm. The thickness of the tuffite
beds ranges between 30 and 40 cm. The tuffite is yellowish and
contains local light grey patches (Fig. 4C, D). It is composed of
fine and medium grained clastic material containing mainly
quartz, biotite, sparse feldspar grains and a matrix of clay min-
erals. Individual constituents do not reveal signs of advanced
weathering. Examination with the naked eye revealed lamina-
tion resulting from a flat parallel arrangement of the biotite and
quartz grains which generally follows the bedding. In the upper
tuffite, the lamination is slightly disturbed.

DALESZYCE FAULT ZONE (DFZ)

The Bardo Syncline is bounded by faults to the north and
the south (Fig. 3A, B). To the north is the Géra Ryj Fault
(Czarnocki, 1919; Kowalczewski and Lisik, 1974) while to the
south there is a fault that may be correlated with the Daleszyce
Fault Zone (Filonowicz, 1976; Konon, 2007). In the vicinity of
the exposure, the DFZ is a minimum 150 m-wide strike-slip fault
zone oriented at 33/60 (Fig. 4A) which extends parallel to the
Bardo Syncline (Fig. 3A, B). The orientation of this zone is simi-
lar or identical to the greywacke beds’ attitude (Fig. 5C) in the
southern limb of the Bardo Syncline. As a result of this “conver-
gence”, there are frequent tectonic displacements on the bed
surfaces of sandstone, siltstone and greywacke-claystone beds
(Fig. 5D), as well as on the tuffites (Fig. 5A). At the contacts of
competent and incompetent layers (e.g., sandstone and
claystone), tectonic breccias and cataclasites are present. On
the fault planes, horizontal striations and minor tectonic sheets
(Fig. 5B), developed along the strike, indicate dextral move-
ment which corresponds to the displacements observed along
the entire strike of the DFZ (Konon, 2007). The tectonic activity
of the DFZ is responsible for the formation of numerous defor-
mation structures in the tuffites studied.

METHODOLOGY

Tuffite samples were taken from both beds and were cut
parallel to the lineation and perpendicular to the foliation. Sub-
sequently, thin-sections were prepared to examine microstruc-

tures using a polarized light microscope. Point counts were
made on the thin-sections in order to determine the modal com-
positions of the tuffites. Scanning electron microscopy (SEM)
imaging using backscattered electrons and energy-dispersive
spectroscopy (EDS) chemical microanalysis (Sigma VP, Carl
Zeiss Microscope GmbH, Oberkochen, Germany) was carried
out on polished thin-sections. The analyses were performed in
the Cryo-SEM Laboratory, Faculty of Geology, University of
Warsaw in Poland.

A preliminary description of the composition of the clastic
material in a washed sample was made using a binocular mi-
croscope.

X-ray analysis (XRD) of clay minerals for both tuffite sam-
ples, one for each layer, was performed at the Clay Minerals
Laboratory (ClayLab) of the Institute of Geological Sciences
(Polish Academy of Sciences) in Krakéw. The whole-rock sam-
ples were gently crushed and disaggregated in deionised water
using an ultrasonic bath. The <2 um size fraction was separated
by sedimentation in distilled water and repeated centrifugation
and dialysis. The XRD patterns of clay minerals were deter-
mined on oriented air-dried and ethylene-glycolated specimens
on an XRD diffractometer Thermo ARL X'Tra equipped with a
semiconductor detector cooled by Peltier cells, using Cu-Kao ra-
diation a 5-65° 20 range, a 0.02° 20 step size and a 5s per step
count time. The quantitative analysis of smectite in illite-
smectite was determined by whole-pattern fitting between the
calculated and the experimental intensities using the Sybilla
program (Chevron proprietary software). Additionally, routine
XRD investigations of the powdered whole rocks (for both
tuffites) were also performed.

A binocular microscope and a microdissection needle were
used to isolate biotite flakes for the isotopic age analysis. In or-
der to remove clay minerals, each tuffite sample was rinsed 60
times in water. The magnetic fraction (including biotite) was
separated with a neodymium magnet. From the rest of the mag-
netic fraction, biotite crystals were separated by hand under a
binocular microscope. The biotite crystals used for the labora-
tory procedure ranged 200-500 um in diameter and up to
150 um in thickness. Only automorphic, unaltered biotite crys-
tals, without any visible signs of kaolinitization, were selected for
analysis. The biotite samples separated for K-Ar dating were
rinsed three times in acetone. One biotite sample with a weight
of 100 mg was separated from each tuffite layer.

K-Ar isotope dating was carried out at the Mass Spectrome-
try Laboratory, Institute of Physics, Lublin University. Concen-
trations of the radioactive potassium isotope 40K and the stable
argon isotope “°Ar were determined.

The concentration of isotope “°K can be calculated from the
total concentration of potassium in the sample [4°K concentra-
tion is 0.01167% — International Atomic Energy Agency (IAEA)
data]. The total concentration of potassium was determined us-
ing the isotope dilution method. In this method, potassium is
considered as a mixture of two isotopes **K and *'K. The ele-
mental analysis is hence reduced to the isotope ratio analysis of
a mixture containing an investigated sample and a spike
(strongly enriched in K isotope KCI solution). The mixture of
sample and spike was then completely dissolved in pure phos-
phoric acid (H3PO,) on a stove and dehydrated to achieve po-
tassium phosphate (K;PO,) with a slight excess of H;PO,. Such
prepared sample material was loaded onto the evaporator fila-
ment of the ion source of the Thermal lonization Mass Spec-
trometry (TIMS) mass spectrometer. The isotope ratio of potas-
sium R = *K /*'K is determined by measurement of the respec-
tive ion current intensities by ion detector. The total molar con-
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centration of potassium in the sample investigated (% Ksampie)
may be calculated by the following formula:

R, 1+R

spike ! “mix sample

.1+R

0/ K _ m spike R
ol sample :
m R.x - R

sample mix sample

- %K.

spike
spike

where: Mg is the mass of the spike, Msampre is the mass of the sam-
ple investigated, Rspie is the isotope ratio of the spike, Rmi is the iso-
tope ratio of the mixture, Rsampre is the isotope ratio of the sample
investigated, and %Ki is the molar concentration of potassium in
the spike.

Argon content was determined using a static-vacuum
MS-10 mass spectrometer and the isotopic dilution method of
the argon extracted with the rare isotope, *®Ar (spike). A full de-

scription of the method can be found in Hatas (1995). Aliquots
of samples were wrapped in aluminium foil and loaded into the
extraction-purification line. In this line the samples were melted
in a double-vacuum crucible and spiked with pure BAr (Institute
for Inorganic and Physical Chemistry, University of Bern).
Gases released from a sample were purified from non-noble
gases by use of a getter pump. Using a mass spectrometer the
ion beam intensities of “°Ar, *Ar and *Ar were measured. The
content of atmospheric “’Ar was determined by measurement
of the *®Ar peak in the mass spectrum. To calibrate the amount
of 3Ar spike, interlaboratory standards such as MMhb-1 (Sam-
son and Alexander, 1987) and GLO (Odin at al., 1982) were
used. The accuracy of the concentration of potassium “°K and
“OAr obtained by the isotope dilution method is better than 1%.
The overall standard uncertainty (given in 2c) was calculated
following Cox and Dalrymple (1967).
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RESULTS

PETROGRAPHY OF THE NIEWACHLOW TUFFITES

The main constituent of the mineral skeleton in the lower
tuffite comprises quartz grains (>30% of the rock volume; Fig.
6A). The grains have a strongly elongated habit, and a minority
contain corrosive embayments that indicate a volcanic origin,
while other groups of quartz grains contain fluid inclusions (Fig.
6D). Scarce crystals with an euhedral habit were probably sub-
jected to recrystallization. The second most important constitu-
entis biotite, the quantity of which reaches up to 25% by volume
(Fig. 6A). The crystals underwent a process of minor kaoliniti-
zation (Fig. 6C) and rarely contain acicular quartz inclusions
(Fig. 6H). Potassic feldspars are present in a smaller amount of
<10% (Fig. 6B). Accessory minerals include crystals of garnet
with biotite inclusions; zircon, which occurs mainly as inclusions

in biotite crystals (Fig. 6E); as well as apatite, barite, tridymite
and chalcedony. In thin-section, altered grains of magmatic
rocks are present (chiefly dacite; Fig. 6F) and lesser amounts of
altered volcanic glass are visible in quantities that do not ex-
ceed 10% (Fig. 6G). In addition, sparse grains of sedimentary
rocks (sandstone and siltstone) are present (Fig. 6H), which
make up nearly 5% of the composition. All of these components
are hosted in a matrix which constitutes ~20% of the rock (Fig.
6A) and is composed of clay minerals.

The upper tuffite in the profile differs from the lower tuffite
mostly with regard to the amount of argillaceous matrix, the
content of which may reach 60%. The content of biotite crystals
is similar to their concentration in the lower tuffite and amounts
to ~25%, their state of preservation is, however, slightly worse
and the grains bear traces of more advanced kaolinitization. All
of the remaining constituents of the mineral skeleton occur in a
proportionally smaller amount and their overall concentration
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Fig. 6. Thin-section microphotographs of the mineral assemblages, textures and fabrics in the tuffite
in cross-polarized light (except for microphotograph C)

A — general view showing the proportion of the main mineral components (biotite and quartz) in the lower tuffite;
domino boudins in a quartz grain — bottom left corner of the photo; B — cracked K-feldspars and quartz grains in
the lower tuffite; C — backscatter SEM image showing biotite crystals with kaolinite intergrowths; D — fluid inclu-
sions in quartz and signs of crack healing; E — cracked zircon crystal in a tectonically deformed biotite flake (up-
per tuffite); F — dacite grain and biotite flake with several zircon crystals (lower tuffite); G — altered volcanic glass
with crystals of plagioclase, amphibole and pyroxene; H — grain of sedimentary rock and acicular quartz in biotite
flake recrystallizing as a pseudomorph after kaolinite (upper tuffite); Bt — biotite, Dac — dacite; Fsp — feldspar, Kfs
— k-feldspar, Kin — kaolinite, Qtz — quartz, Sed — sedimentary grain, Zr — zircon
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amounts to ~15% of the rock volume. There is an almost com-
plete absence of feldspars.

In both of the tuffites, the presence of volcanic quartz with
corrosion embayments and of clasts of volcanic rock, mainly
dacite (Fig. 6F), points to a high-silica dacitic composition of
the magma from which the tuffites originated. The high silica
concentration of the magma is indicated not only by the quartz
grains, but also by the abundant zircon crystals (Fig. 6E, F)
present predominantly as inclusions in biotite grains. The oc-
currence of zircon grains in biotite and their high concentration
(several crystals in a biotite aggregate) cannot result from
metamorphic alteration but points to a volcanic origin. In addi-
tion, clasts of K-feldspar were observed in the tuffite (Fig. 6B),
the presence of which indicates a high potassium concentra-
tion in the parent magma of the tuffites. In summary, the tuffite
source-area volcanism probably had the nature of a high-
potassic dacite with a relatively large silica concentration.

DEFORMATION STRUCTURES
IN THE TUFFITES

Investigations of thin-sections confirmed the presence of
deformation structures previously observed at exposure, and
these occur both in individual grains and in packages.

The quartz, which makes up the largest part of the tuffites,
usually has an elongated habit (Fig. 6A) and almost half show
undulose extinction (Fig. 7B). Quartz grains are usually frac-
tured and they are partly deformed due to shearing with clearly
visible indicators of displacement (Fig. 7A, H). Secondary bio-
tite has rarely crystallized in the extensive quartz fractures (Fig.
7G, H). Deformed quartz grains contain healed microcracks
marked by fluid inclusions (Fig. 6D). Moreover, domino boudins
(Fig. 6A) and shearband boudins (Fig. 7E) can be observed for
the elongated quartz crystals. Bulging and serrated grain
boundaries are present on the quartz grain exteriors, often
formed at the contact zone with biotite crystals (Fig. 7C, D).

The biotite flakes range up to 1 mm in length and
150—-200 um in thickness. Most of them show signs of deforma-
tion. They are slightly folded, curved or broken and adapt to
“pent” quartz grains (Fig. 7B). Certain of the biotite crystals con-
tain intergrowths of needle quartz (Fig. 6H) or zircon inclusions
which are fractured and deformed together with whole biotite
flakes (Fig. 6E).

Potassic feldspar grains are often ruptured in a similar way
to the accompanying quartz grains. The cracks tend to be over-
grown with secondary minerals (Fig. 6B).

Additionally disturbed foliation could be observed in the
tuffites. Flat-parallel textures consist of biotite flakes, elon-
gated quartz grains and clay matrix (Fig. 6A, C). The foliation
is the result of tectonic compression, but has been disturbed
by numerous deformation processes, including crenulation
cleavage (Fig. 7F).

XRD ANALYSIS RESULTS

The XRD investigation of the powdered whole rocks con-
firmed the occurrence of non-clay minerals in the tuffites, as ob-
served during macroscopic analysis. The occurrence of quartz,
potassic feldspar, biotite and barite was recorded.

The analysis of oriented preparations made on clay miner-
als in the <2 um size fraction showed that the contents of

smectite in the illite-smectite are very similar (Table 1) and
amount to 22% in the lower tuffite and 23% in the upper tuffite.
The XRD patterns of the air-dried and glycolated clay fractions
indicate a very similar composition of illite-smectite (Fig. 8A, B).
In addition, kaolinite was detected in the <2 um size fraction
(Table 1), comprising 1% of the lower tuffite and 18% of the up-
per tuffite.

K-Ar BIOTITE DATING

The biotite dating made using the K-Ar method (Table 2)
gave an age of 292.8 +4.0 Ma (Early Permian — Cisuralian) for
the biotite crystals from the lower tuffite, and an age of 341.9 +4.3
Ma — (Mississippian—Visean) for the biotite in the upper tuffite.

DISCUSSION OF THE RESULTS OBTAINED

DISCREPANCY OF THE BIOTITE K-Ar DATES
WITH THE AGE OF DEPOSITION

The results of K-Ar dating contrast with the age of the
Niewachlow Beds (Fig. 2) in which both tuffite beds occur,
which has determined palaeontologically as Upper Silurian
(Ludlovian) (Tomczyk, 1962; Koztowski and Tomczykowa,
1999). It is therefore necessary to consider the processes that
may have affected the K-Ar age of the biotite. Previous
palaeotemperature studies (Narkiewicz et al., 2010) carried out
on Devonian rocks demonstrated that the heating of the base-
ment in the area of occurrence of these rocks did not exceed
100°C. In addition, the dates from the tuffite beds do not have
an age counterpart in the diabase from the Bardo Syncline in-
vestigated in previous studies (Migaszewski, 2002; Nawrocki et
al., 2007, 2013). Data on burial temperatures and subsequent
thermal episodes (Bator et al., 2018) indicate that they did not
reach a temperature sufficient to cause argon diffusion from bi-
otite, that begins at 300 £50°C (Mattinson, 1978; Harrison et al.,
1985, 2005; Hodges, 1991). Therefore, neither burial tempera-
ture nor contact metamorphism related to the Bardo diabase
could have had any impact on the rejuvenation of the radiomet-
ric age of the biotite.

The discrepancy of the biotite K-Ar dates with the Silurian
age of deposition could be due to kaolinitisation of the biotite,
which may result in argon release and a decrease in potassium
concentration (Stoch and Sikora, 1976; Mitchell and Taka,
1984). Signs of kaolinitization are visible in the Upper Silurian
tuffites. We tried to overcome this problem by performing a very
careful biotite separation and choosing only fresh crystals for
dating, without any signs of kaolinitization. The potassium con-
centration in the samples of biotite tested is ~6.5% (Table 2),
this is a common value for biotite subjected to metamorphic pro-
cesses and usually does not affect the reliability of K-Ar dating
(e.g., Stevens et al., 1982 and references cited therein). Fur-
thermore, according to Jeong et al. (2006), biotite kaolinitization
may cause the release of K and Ar from biotite in equal propor-
tions without distorting the dating results. Therefore, although
the impact of kaolinitization and other alteration on the K-Ar dat-
ing cannot be completely excluded, we conclude that the results
obtained are most likely related to the deformation structures
found in the biotite and reflect the age of geological events oc-
curring in the history of this rock.


https://gq.pgi.gov.pl/article/view/8216/pdf_309
https://gq.pgi.gov.pl/article/view/8216/pdf_309
https://gq.pgi.gov.pl/article/view/8100/pdf_1100
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Fig. 7. Indicators of deformation conditions in the tuffite beds, thin-sections, cross-polarized light

A — shear band type fragmented porphyroclast in quartz grains showing slip — brittle deformation (lower tuffite);
B — combined ductile deformations of quartz and biotite flakes (lower tuffite); quartz grain in the centre shows
undulose extinction; C — bulging recrystallization of quartz affected by pressure solution (upper tuffite); D —
bulging and hydrothermal weakening on the edge of a quartz grain (lower tuffite); E — shearband boudins of
quartz in a foliation zone — semi-ductile deformation (lower tuffite); F — shear bands (crenulation cleavage) and
a foliation (S) defined by biotite flakes (upper tuffite); G — hydrothermal biotite crystallizing in fractured quartz
(lower tuffite); H — synkinematic hydrothermal weakening of quartz grain and its ductile deformation (dextral
movement indicated by arrows); quartz strongly altered by pressure solution; hydrothermal biotite in fractured
quartz (lower tuffite)
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TEMPERATURE SETTING
OF THE DALESZYCE FAULT ZONE

The deformation temperature can be inferred from the co-
existence of brittle-ductile deformation structures present in in-
dividual mineral grains and their aggregates. This situation ap-
plies to potassic feldspars and quartz where, apart from cracks
associated with brittle deformation (Figs. 6B and 7A), ductile
deformation structures are also visible. These are represented
in the tuffites by undulose extinction (Fig. 7B), bulging
recrystallisation in quartz (Fig. 7C, D) and shearband boudins
(Fig. 7E). These structures indicate deformation in the “bulging
recrystallization zone”, which according to generally accepted
opinion (Voll, 1976; Dunlap et al., 1997; Dresen et al., 1997; van
Daalen et al., 1999; Stipp et al., 2002a, b; Kidder et al., 2013)
requires a temperature of at least 250°C. The relatively small
amount of bulging recrystallization is a consequence of the lack
of triple junctions between the quartz grains (Fig. 7B), promot-
ing, according to Stipp et al. (2002a), the formation of these
structures. Moreover, a temperature >250°C is indicated by the
presence of crenulation cleavage defined by biotite arrange-
ment (Fig. 7F) in the tuffites (Stesky, 1978). Biotite also occurs
in the form of intergrowths in quartz cracks formed during defor-
mation of the tuffites (Fig. 7G, H). This indicates that the biotite
in the cracks was formed during heating of the rock in a shear
zone and/or migration of hydrothermal fluids. According to
Reyes (1990), White and Hedenquist (1995), and Ayati et al.
(2008) the minimum temperature of biotite crystallization in hy-
drothermal conditions is 270—280°C; therefore, in the context of
the minimum temperature of quartz deformation (250°C) and
the crystallization of hydrothermal biotite in the tuffites, the mini-
mum temperature of heating of this rock can be inferred as
~270°C. The maximum deformation temperature can be in-
ferred from the occurrence of cracks in quartz (Figs. 6A and 7A)
and feldspars (Fig. 6B) indicating brittle deformation which, ac-
cording to Stipp et al. (2002a, b), does not occur above ~300°C.
Hence, the rocks underwent deformation at a temperature of
~270-300°C.

Both tuffite layers contain clay minerals, which in low grade
metamorphic conditions should be transformed into muscovite
at >270°C (Mc Dowell and Elders, 1980). To resolve this prob-
lem, X-ray diffraction (XRD) analysis of clay minerals from both
layers was performed. The analysis showed the presence of
illite-smectite and kaolinite (Fig. 8). The percentage of smectite
in the I-S is very similar, respectively: lower tuffite — 22% and
upper tuffite — 23% (Table 1). Using the plot of expandability of
I-S made by Sucha et al. (1993) for bentonites from the Eastern
Slovakia Basin, the maximum palaeotemperature for the
tuffites from the HCFB was determined at ~160°C. The results
obtained (~160°C) are lower by ~110°C than the minimum de-
formation temperature of the tuffites inferred from the deforma-
tion structures discussed above. In addition, studies by Bator et
al. (2018) determined the maximum burial temperature for the
Upper Silurian rocks in this area at 100-110°C, which is yet
~50°C lower than the values obtained based on smectite

Table 1

XRD results of clay minerals composition, fraction <2 um

Sample Illite—smectite R1 Kaolinite Sum
u

P % smectite wt.% wt. %

Upper tuffite 23 82 18 100

Lower tuffite 22 99 1 100

illitization of the tuffites. Therefore, it seems that the results of
palaeotemperature measurements obtained by three different
methods are contradictory, and the reaction of smectite to illite
can be used to determine temperature in burial diagenetic set-
tings but not to estimate the temperature of fault rock deforma-
tion. By reason of these discrepancies, the question should be
asked as to which conditions could preserve smectite at
>270°C, given that at temperatures >200°C smectite typically
changes to illite (Sucha et al., 1993; Abercrombie et al., 1994).
One explanation for this phenomenon may be the observations
by Junfeng et al. (1997), who found smectite in hydrothermal
settings at 285°C. This was supported by the experimental re-
search of Vidal et al. (2012), showing that smectite is stable in
hydrothermal conditions at ~300°C. Smectite was also identi-
fied by Hirono et al. (2008) and Kuo et al. (2011) in faults in Tai-
wan, the deformation temperatures of which were determined
to be significantly >300°C. Preservation of smectite in these
faults in Taiwan was explained by the very short heating time
caused by frictional heating or the formation of smectite as a re-
sult of a transformation from chlorite in an acidic environment.
According to Bustin (1983) and O’Hara (2004), heating caused
by fault displacement may take several hours. This is too short
a period of time to induce smectite illitization which, according to
Whitney (1990), requires several days. Considering the above,
it can be supposed that the tuffites analysed from the HCFB
were subjected to cataclasis due to reactivation of the
Daleszyce Fault Zone. Preservation of smectite in the tuffites
can be explained in a similar way as in the fault rocks in Taiwan,
i.e. by brief heating (Kuo et al., 2011).

Apart from the frictional heating resulting from displacement
along the tuffite layers, hydrothermal solutions may also have
been a factor affecting the temperature rise in the deformation
zone to values exceeding 270°C. Fluid migration during tec-
tonic activity was responsible for short-term heating of the me-
dium and fluidization of the fault rock. This is indicated by sec-
ondary biotite in the cracked quartz (Fig. 7G), fluid inclusions in
quartz crystals (Fig. 6D), synkinematic hydrothermal weaken-
ing structures in the quartz grains (Fig. 7H), and bulging and
serration of grain boundaries (Fig. 7C, D). Furthermore, needle
quartz intergrowths in biotite (Fig 6H) may be associated with
hydrothermal conditions (Delvigne, 1998). In addition to the
short deformation time, hydrothermal conditions may also have
caused increased survival of smectite at high temperatures. We
consider that the heating temperature of the tuffites in the
270-300°C range, determined on the basis of deformation of
quartz grains, feldspars and biotite, is the correct value, and in
the conditions described above could not lead to the transfor-
mation of clay minerals.The deformation temperature in the
range of ~270-300°C proved sufficient to begin Ar diffusion
from biotite, which started at a temperature of 300 +50°C
(Mattinson, 1978; Harrison et al., 1985, 2005; Hodges, 1991).
Moreover, the hydrothermal fluids mentioned above led to ret-
rograde reactions, recrystallization and dissolution during defor-
mation of the tuffites. Such fluid — rock reactions could cause
“OAr loss and isotopic reseting of the K-Ar age even below the
normally used blocking temperature for biotite (de Jong et al.,
2009; Villa, 2010; Bosse and Villa, 2019). Therefore, the tem-
perature conditions were sufficient for the rejuvenation of the ra-
diometric age of the Upper Silurian tuffites. The process of reju-
venation of the biotite age proceeded differently in the lower and
upper tuffite layers. It can be inferred that the temperature in-
crease in both layers did not occur simultaneously. In the Early
Permian, the temperature of the upper tuffite was lower than the
deformation temperature of the lower tuffite and did not reach
the minimum temperature necessary for the rejuvenation of the
biotite K-Ar system. Thin-section analysis shows that the upper
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Fig. 8. XRD patterns of the <2 mm size fractions of samples under natural
air-dried and ethylene glycol saturated conditions

A — lower tuffite, B — upper tuffite; llt — illite, Sme — smectite, KIn — kaolinite

tuffite (Fig. 7F) has been subjected to much stronger cataclasis
than the lower tuffite (Fig. 6A). This is evident in the upper tuffite
composition which contains 3 times more clay matrix, consist-
ing mainly of illite-smectite and kaolinite (Fig. 8), than the lower
tuffite. The presence of smectite reduced friction in the fault
zone, which meant that the deformation temperature (caused
by frictional heating) could not exceed 180°C (Haines and van
der Pluijm, 2012; Oohashi et al., 2015; Schleicher et al., 2015).
Therefore the lower deformation temperature of the upper
tuffite layer in the Early Permian was most likely related to the
higher content of clay matrix in the rock. Clay minerals reduced
the friction between quartz and feldspar grains, preventing

them from overheating and giving this layer the characteristics
of a “weak fault zone” (Wintsch et al., 1995; Rutter et al., 2001;
Rice, 2006; Carpenter et al., 2011; Holdsworth et al., 2011).
The same clay minerals most likely reduced the permeability of
the upper tuffite layer. According to Caine at al. (1996), Gray et
al. (2005), Walker et al. (2013), Boulton et al. (2017), Nenoen et
al. (2019) the presence of clay minerals within a fault core could
decrease hydrothermal fluid flow. Therefore it seems that re-
duced hydrothermal fluid flow can eliminate the effect of hydro-
thermal heating and decrease the tendency of the biotite to Ar
diffusion. Thus, the lack of, or lesser, hydrothermal heating in
the upper tuffite layer during the second stage of deformation

Table 2
Results of the tuffite dating with K-Ar methods
Sample OAr/PBAr | Ar*°Ar [x1000] | PArgie[pmol] | mmg]l | %*Arag | “Arag[nmolig] | %K Age [Ma]
Upper tuffite 2.4028 0.171 65.99 35.6 94.9 4.229 6.48 341.9 4.3
Lower tuffite 2.0797 0.205 ’ 35.49 93.9 3.633 6.59 292.8 +4.0
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Table 3

Comparison of radiometric age data for magmatic rocks from the Holy Cross Fold Bellt,
uropean Platform and the Sudetes

Krakoéw-Lubliniec Fault Zone, East

Site Lithology Material | Method | Age [Ma] Epoch Reference
Wszachoéw-4* | lamprophyre biotite K-Ar | 275.0 215 Cisuralian (P1) Migaszewski (2002)
Wszachéw-4* | lamprophyre biotite K-Ar | 288.8 15 Cisuralian (P1) Migaszewski (2002)
Janowice-2* |  diabase zircon | U-Pb | 300.0x10 | Late Femnsylvanian | BrEomiiska and.
® —
S Holy CBrglsts Fold Gora Salkowa | lamprophyre biotite K-Ar | 347.8 £15 iy M(lzs1|§5|pplan Migaszewski (2002)
N
° o
E Kolonia-2* lamprophyre biotite K-Ar | 351.2 15 Early M(IES1I§SIppIan Migaszewski (2002)
@ Middle Mississippian
S Milejowice-1* diabase whole rock | Ar/Ar |331.0 1.9 (C1) PP Nawrocki et al. (2013)
(]
& Dolsk Fault Zdroj-1* dacite lava | zrcon | U-Pb | 296 3 Cisuralian (P1) | Breitkreuz et al. (2007)
=}
"'(j Zalas rhyodacite zircon U-Pb [295.1 +2.6 Cisuralian (P1) Nawrocki et al. (2008)
@ 16-WB-424* rhyodacite | whole rock | Ar/Ar |294.4 +1.6 Cisuralian (P1) Nawrocki et al. (2010)
-
Krakow-Lubliniec | Dubie Quarry | andesite | amphibole | K-Ar |291.36.4 | Cisuralian (P1) '-ewa”‘(jz"(‘)"(’)%k)a il
Fault Zone
. . Middle Mississippian .
WB-137-436 diabase whole rock | Ar/Ar | 331.3 £3.6 (C1) Nawrocki et al. (2010)
Daszewo 12* rhyolite zircon U-Pb |293.0+2.3 Cisuralian (P1) Breitkreuz et al. (2007)
Parczew IG 9* alkaline whole rock | Ar/Ar |338.5 0.7 Early Mississippian RanczygandiNawrock
basalt (C1) (2015)
East European Early Mississinni
Platform Pisz* gabbro zircon | U-Pb | 34555 | =2 Ezs;is'pp'an Krzemifiska et al. (2006)
Etk 1G4* syenite zircon | U-Pb | 347.747 | B Mézsﬁs'pp'a" Krzeminska et al. (2006)
Wielistawka rhyolite zircon U-Pb |292.8 +2.1 Cisuralian (P1) Awdankiewicz et al. (2014)
tazany granodiorite zircon U-Pb |294.4 +2.7 Cisuralian (P1) Turniak et al. (2014)
Zulova Pluton mogggé%rite zircon U-Pb | 292+4 Cisuralian (P1) Laurent et al. (2014)
LaskiMakolno | diorite zicon | UPp | 3490, | EaryMESISSRIN | o pauskas et al. (2018)
Sudetes =— ( _) —
Przedborowa | monzodiorite zircon U-Pb [341.8 1.9 Early M(lzsgsmplan Pietranik et al. (2013)
5 . . Early Mississippi
J%rﬂgprt;w granite zircon U-Pb 337 +4 arty (lsCs1|§S|pp|an Kryza (2011)
2MLeszno | granogiorite | Zircon | U-Pb | 34441 | EOT Méscs;js'pp'a" Dérr et al. (2006)
* - borehole

The age of magmatism corresponding to the age of the lower tuffite metamorphism (292.8 +4.0 Ma) — this study

The age of magmatism corresponding to the age of the upper tuffite metamorphism (341.9 £4.3 Ma) — this study

was superimposed on lesser frictional heating and together
these factors contributed to the preservation of the older Missis-
sippian radiometric age of the biotite. Yamada and Mizoguchi
(2011) and Yang et al. (2016) have showed that even 15 cm
from the edge of a fault, the rock temperature may be several
hundred degrees lower than at its core. It follows that the dis-
tance between the two tuffites, amounting to 80 cm in the sec-
tion (Fig. 4B), was sufficient so that heating one layer did not af-
fect the temperature of the other.

To summarize, Early Carboniferous activation of the DFZ
associated with displacements along both tuffite layers led to
rejuvenation of the biotite age. Geomechanical differences be-
tween the tuffites (the lower one with more coarse-grained ma-

terial; the upper one with more clay matrix) meant that, during
the Early Permian reactivation of the DFZ, only the lower tuffite
was heated and rejuvenated again.

A feature of the K-Ar dating method is that it does not allow
complete exclusion of a partial reset of the radiometric age of
the minerals and rocks studied (see: Arehart et al., 1993; Kellet
at al., 2016; Barnes et al., 2020). However, our analysis of the
fault metamorphism conditions clearly indicates that these
could be sufficient for complete rejuvenation of the radiometric
age of the K-Ar biotite from the Niewachlow tuffites. In order to
make sure that the results obtained have geological signifi-
cance, below we compare them with the occurrence of
magmatism in the HCFB and in adjacent areas.



https://gq.pgi.gov.pl/article/view/7608/pdf_11
https://gq.pgi.gov.pl/article/view/8100/pdf_1100
https://gq.pgi.gov.pl/article/view/7589/6210
https://gq.pgi.gov.pl/article/view/7589/6210
https://gq.pgi.gov.pl/article/view/13880/pdf_1213
https://gq.pgi.gov.pl/article/view/8145/pdf_772
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TECTONIC ACTIVITY OF THE DFZ
IN THE CONTEXT OF REGIONAL MAGMATISM

The occurrence of two different dates for tuffite beds situ-
ated only 80 cm away from each other in vertical succession
points to their connection with two different deformational
stages in the DFZ. The first stage took place in the Mississip-
pian and the second one occurred during the Early Permian.

The ages for the DFZ displacements obtained have age
counterparts in the magmatic activity and metamorphism re-
ported from the HCFB and adjacent areas (Table 3). Itis possi-
ble to distinguish numerous magmatic intrusions formed at sim-
ilar times, such as the Lower Carboniferous lamprophyre from
the Kolonia 2 borehole in Géra Salkowa near Daleszyce within
the HCFB (Migaszewski, 2002), as well as the diabase from the
WB 137-436 borehole (Table 3) in the Krakéw-Lubliniec Fault
Zone (Nawrocki et al., 2010), being the boundary between the
Matopolska Block and Brunovistulicum. The same Mississip-
pian age was determined for an alkaline basalt (Table 3) from
the Parczew IG 9 borehole (Panczyk and Nawrocki, 2015) in
the Lublin Basin located within the TESZ area, as well as for a
gabbro from the Pisz intrusion and a syenite from the Etk intru-
sion (Krzeminska et al., 2006) situated in NE Poland on the
Eastern European Platform. An Early Carboniferous age of
magmatism has also been recorded in the Sudetes region (Ta-
ble 3) for diorites from the Klodzko-Ztoty Stok intrusion
(Jokubauskas et al., 2018), monzodiorites from the Niemcza
Zone (Pietranik et al., 2013), granitoid dykes from the Sleza
ophiolite (Kryza, 2011) and granodiorites and monzodiorites of
the Odra Fault Zone (Dorr et al., 2006).

Displacements along the DFZ dated to the Early Permian
(Cisuralian) are correlated in the HCFB area (Migaszewski,
2002) with (Table 3) a lamprophyre from the Wszachéw 4 and a
diabase from the Janowice 2 borehole (Krzeminski and Krze-
minska, 2019). In adjacent areas (Table 3), similar results were
obtained from a rhyodacite (Nawrocki et al., 2008, 2010) and an
andesite related to the Krakéw-Lubliniec Fault Zone (Lewando-
wska et al., 2007) and a dacite occurring slightly farther to the
west (Breitkreuz et al., 2007), related to the Dolsk Fault Zone. A
similar age (Table 3) was also recorded (Breitkreuz et al., 2007)
for a rhyolite from the Daszewo 12 borehole situated on the
East European Platform in northern Poland. In addition, numer-
ous magmatic intrusions in the Sudetes have been determined
as Early Permian (Table 3). There are, among others: rhyolites
of the North Sudetes Basin (Awdankiewicz et al., 2014); a
granodiorite on the Strzegom-Sobodtka Massif (Turniak et al.,
2014); and granitoids, granodiorites and monzodiorites of the
Zulové Pluton (Laurent et al., 2014).

Both the Mississippian and Early Permian dates quoted are
typical of the final phases of the Variscan orogeny in Central
Europe (Aleksandrowski et al., 1997; Mazur et al., 2006). The
first stage of deformation of the basement took place exception-
ally early, i.e., still during the deposition of clastic rocks within
the HCFB that lasted until the Late Visean (Szulczewski, 1995;
Racki, 2006). Studies of the palaeomagmatism of the HCFB
area have showed that tectonic events, which resulted in nu-
merous episodes of remagnetisation of the sedimentary rocks
of the Kielce region, occurred in the Mississippian and Early
Permian (Lewandowski, 1999; Grabowski and Nawrocki, 2001;
Zwing, 2003; Grabowski at al., 2006, 2009; Szaniawski et al.,
2011). According to Szaniawski (2008), these two intervals
should be assigned to two stages of the Variscan deformation

in the Holy Cross Mountains. Considering this geological con-
text, dating of movements along the DFZ reflects the ages of
the two phases related to the Variscan orogeny within the
HCFB, when this fault became reactivated. These two tectonic
events occurred during the Mississippian (341.9 +4.3 Ma) and
the Early Permian (292.8 +4.0 Ma).

The Mississippian age of the DFZ deformation correlates
well with the age of the intrusion of alkaline basalt noted above
(Table 3) encountered in boreholes within the Lublin Basin
(Panczyk and Nawrocki, 2015) near the TESZ. The area where
alkaline basalts occur is separated from the HCFB by the
Radom-Krasnik Block, which also belongs to the TESZ. In the
Radom-Krasnik Block, Krzywiec et al. (2017a, b, 2018) identi-
fied the presence of Variscan deformation structures. It is plau-
sible that the Mississippian deformation of the DFZ reflects rela-
tive tectonic displacements of the Matopolska Block, the
tysogory Block and the Radom-Krasnik Block. The reactivation
of the DFZ during the Early Permian also corresponds in time
with the formation of magmatic rocks within the TESZ and adja-
cent areas (Table 3). These two stages of magmatic and tec-
tonic activity are also indicated by the dating of the K-Ar
illitization of smectite made by Kowalska et al. (2019) in the Pol-
ish part of the East European Platform. This research indicates
that the maximum heating in the area took place in the Missis-
sippian and Early Permian, which correspond to the Sudetian
and the Asturian phases of the Variscan Orogen respectivelly.
According to Zelazniewicz et al. (2016), overthrusting of the
foreland of the Variscides onto the TESZ led to the activation of
the bounding fault and triggered magmatism. In this case, an
echo of the distant displacements at the TESZ boundary faults
was the activation of minor faults, such as the Daleszyce Fault
Zone.

CONCLUSIONS

Radiometric dating of biotite from the newly discovered
Niewachlow tuffites occurring within Silurian greywackes
(Niewachléw Beds of Ludlow age) revealed Early Permian and
Mississippian ages. The discrepancy between the biotite K-Ar
ages and the Late Silurian depositional age of the tuffites may
indicate the rejuvenation of the radiometric age of the biotite,
which occurred in 2 phases:

— 341.9 +4.3 [Ma] (upper tuffite) corresponding to the Missis-
sippian (Visean);
— 292.8 + 4.0 [Ma] (lower tuffite), corresponding to the Early

Permian (Cisuralian).

The rejuvenation of the radiometric age of the biotite may
have resulted from the reactivation of the DFZ which “utilized”
Niewachlow tuffites as a “weak zone”. Simultaneously with this
reactivation, migration of hydrothermal fluids responsible for
frictional/hydrothermal heating to temperatures of 270-300°C
took place. The presence of hydrothermal fluids may have facili-
tated lowering of the biotite closure temperature.

The two distinct tuffite beds, situated only 80 cm apart, may
record different events due to geomechanical differences re-
sulting from different rock texture and clay content.

The reactivation of, and deformation along, the Daleszyce
Fault Zone may be considered as a result of lithospheric block
movements inside the TESZ during the Late Variscan recon-
struction of the Baltica palaeocontinent margin.
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