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Late Silurian—Early Devonian tuffites from the Matopolska and Lysogéry blocks
reflect arc-back-arc magmatic activity on the southern margin of Laurussia
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Zircon U-Pb dating of tuffites within the upper Silurian greywackes in the southern part of the Holy Cross Fold Belt gives a re-
sult of 419.91 +1.7 Ma, which indicates they are of Pfidoli age. Geochemical studies of Pfidoli tuffites from the Matopolska
Block, an Emsian tuffite from the Lysogory Block in the Holy Cross Fold Belt and a Pridoli tuffite from the Bardo Unit in the
Central Sudetes indicate that they were formed in a similar tectonic setting related to post-orogenic, continental arc-back-arc
magmatism, developed along the southern margin of Laurussia, correlated with the Rhenohercynian Zone. In terms of their
geochemical pattern, the tuffites are similar to the upper Silurian—Lower Devonian igneous rocks in Germany, Ukraine
(Podolia) and Moldova, which were probably formed along the same subduction zone, during an early stage of the continen-

=

tal arc-back-arc magmatic activity.
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INTRODUCTION

Manifestations of magmatic activity at the Silurian-Devonian
boundary in Central Europe are very rare. In the geological liter-
ature, only a few examples of such magmatism from Poland
have been described in detail: a diabase intrusion in the Bardo
Syncline of the Holy Cross Fold Belt (Czarnocki, 1919;
Kowalczewski and Lisik, 1974; Nawrocki et al., 2013; Fig. 1D
and Table 1), the Kielce tuff (Malec, 2001; Krzeminska and
Krzeminski, 2019; Fig. 1D and Table 1) and Niewachléw tuffites
(Wojcik et al., 2021; Fig. 1D) from the northern part of the
Matopolska Block; an upper Silurian granophyre diorite from the
Sosnowiec IG 1 borehole (Table 1) in the Brunovistulian Block
(Nawrocki et al., 2020) and a tuffite in the Zdanéw section
(Fig. 1B) in the Bardo Unit (BU) (Fig. 1A) in the Central Sudetes
(Porebska, 1982; Wyzga, 1987). The tectonic setting of the Si-
lurian-Devonian igneous event still raises questions: according
to Nawrocki et al. (2020), the magmatic activity took place dur-
ing extension of the back-arc basin in the Rhenohercynian Zone
located on the southern margin of Avalonia. Krzeminski (2004)
inferred that the diabase in the Bardo Syncline formed during
detachment of the Matopolska Block from Baltica and the shift
between them during Ludlow—Emsian time, while Krzeminska
and Krzeminski (2019) considered that the Kielce tuff was
formed during the prolonged collision of Baltica and Avalonia, in
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the last phase of deformation in the basement of the Caledo-
nian foreland.

This study analyses the tectonic setting of late Silurian—
Early Devonian magmatic activity along the southern margin of
Laurussia in the modern Central Europe, from the geochemical
compositions of the Niewachlow tuffites (upper Silurian) of the
Matopolska Block, the Barcza tuffite (Lower Devonian—Emsian)
of the tysogéry Block and the Zdanow tuffite (upper Silurian -
Pridoli) of the Bardo Unit in the Central Sudetes. The ages of
zircons from the Niewachlow tuffites (upper Silurian) were also
determined. The results obtained were compared with pub-
lished geochemical data for upper Silurian—Lower Devonian ig-
neous and pyroclastic rocks in Germany (Rhenohercynian
Zone, Mid-German Crystalline Zone), Ukraine (Podolia Region)
and Moldova. The geochemical and spatial characteristics of
these rocks enabled their location within Laurussia and demon-
strate their relationship with the initial, extensional magmatism
developed at the Silurian—Devonian transition, just before the
opening of Rhenohercynian Ocean.

GEOLOGICAL SETTING

The Precambrian crust of the East European Craton is sep-
arated from the Paleozoic Platform of central and western Eu-
rope by the Trans-European Suture Zone (TESZ) (Fig. 1A)
(e.g., Berthelsen, 1992; Grad et al., 1999; Pharaoh et al., 2006).
The TESZ is a significant tectonic zone measuring >2,000 km,
stretching from the Black Sea in the south to the North Sea in
the north. The structure of the TESZ, as well as the mechanism
and time in which it formed, have not been clearly established
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Table 1

Comparison of radiometric age data for Silurian and Lower Devonian magmatic rocks from the Brunovistulia and Matopolska blocks

;ﬁﬁfg{i‘é% Rock Material Method Age [Ma] Reference
Kielce tuff zircon U-Pb 4142 46.6 Krvoomet 31%)
Matopolska Niewachlow tuffites zircon U-Pb 419.91 +1.7 this paper
Bl Ar-Ar combined with
Bardo diabase whole rock geomagnetic polarity ca. 424-416 Nawrocki et al. (2013)
time scale
Velké Vrbno Dome amphibolite zircon U-Pb 407.5 £2.5 Jastrzebski et al. (2021)
Brunovistulian SR CIepl S i i Jircon U-Pb 420 £2 Nawrocki et al. (2020)
2ok Hlire g garnet Sm-Nd 430 +6.4 Hénig (2016)
Basaltic dike from Zelesice whole rock K-Ar 438 £16 PFichystal (1999)

and are variously interpreted. Some researchers consider that
the TESZ consists of many lithospheric blocks (like Pomerania,
tysogéry, Matopolska and Brunovistulian) belonging to the Pa-
leozoic Platform, docked to the SW margin of the Baltica
palaeocontinent during Cambrian to Carboniferous times (Pha-
raoh, 1999; Belka et al., 2002; Winchester et al., 2002a, 2006).
Nawrocki and Poprawa (2006) and Pharaoh et al. (2006) sug-
gested that the provenance of these blocks may be various, re-
lated to Baltica, Avalonia or other fragments of peri-Gondwana
(Nawrocki and Poprawa, 2006; Grad et al., 2008; Narkiewicz et
al., 2015; Narkiewicz and Petecki, 2017; Golonka et al., 2019;
Zelazniewicz et al., 2020). Others (Berthelsen, 1998; Smitet al.,
2016; Mazur et al., 2015a, 2020, 2021) proposed that these
blocks belonged to attenuated continental crust of the Baltica
margin.

Although the origin of these blocks is much discussed,
many researchers agree that before the Silurian, the
Matopolska Block and the tysogory Block were connected with
the margin of the Eastern European Craton (Nawrocki and
Poprawa, 2006; Nawrocki et al., 2007a; Zelazniewicz et al.,
2009; Walczak and Betka, 2017; Mazur et al., 2020). Paleozoic
rocks forming the Holy Cross Fold Belt (HCFB) are exposed at
the surface on both sides of the border between the Matopolska
and Lysogory blocks (Fig. 1A; Czarnocki, 1919, 1957; Dadlez et
al., 1994; Konon, 2008). The HCFB is traditionally divided into
two parts: the Kielce Region (southern) and the tysogéry Re-
gion (northern; Fig. 1D), differing in stratigraphy and structural
evolution (Fig. 1E). The Kielce Region is separated from the
tysogory Region by a WNW-ESE-oriented tectonic zone,
named the Holy Cross Fault (Fig. 1D). This fault is also the bor-
der between the Matopolska and tysogory blocks including the
Kielce and tysogory regions, respectively. The Holy Cross
Fault was formed either in Devonian times as an oblique-slip
fault under transtensional conditions (Lamarche et al., 2003) or
around the Silurian—Devonian boundary as a thrust or reverse
fault during late Caledonian deformation (Gagata, 2015).

An example of late Silurian magmatic activity in the Kielce
Region is the diabase intrusion in the Bardo Syncline (Fig. 1D).
The intrusion is located approximately at the boundary between
lower Ludlow graptolite shales and middle Ludlow greywackes
(Czarnocki, 1939; Kowalczewski and Lisik, 1974). Ar-Ar isoto-
pic dating of this diabase by Nawrocki et al. (2013) indicated an
age of ~416-424 Ma (Table 1) which is close to the Silurian—
Devonian boundary. This rock has a composition of tholeiitic
basalt, which formed in an extensional tectonics regime
(Krzeminski, 2004), being intruded into the Silurian strata be-

fore folding (Kowalczewski and Lisik, 1974). According to
Nawrocki et al. (2007b), the diabase magma utilised the
WNW-ESE-oriented Kielce-Tarnobrzeg Fault that extends
over the entire Kielce Region (Fig. 1D). The graptolite shales
belong to the Praggowiec Beds (late Wenlock—early Ludlow)
(Tomczykowa and Tomczyk, 1981; Malec, 2006) and contain 9
K-bentonite beds described by Langier-Kuzniarowa and Ryka
(1972). Above the diabase in the Bardo Syncline (Fig. 1D), the
upper Silurian greywackes of the Niewachlow Beds (middle
Ludlow—lower Ludfordian; Tomczyk, 1962; Tomczykowa and
Tomczyk, 1981; Stupnicka, 1995; Malec, 2001, 2006;
Koztowski et al., 2014) contain interbeds, the Niewachléw
tuffites (Fig. 2; Wojcik et al., 2021). The petrographic composi-
tion of the Niewachlow tuffites indicate (\Wojcik et al., 2021) that
they originated from high-potassic dacitic magma. These
tuffites were deformed in the early Carboniferous and early
Permian due to activation of the Daleszyce Fault Zone (Wojcik
et al.,, 2021). Another layer of tuff produced by late Silurian
magmatism occurs in the Kielce Beds in the city of Kielce
(Malec, 2001; Fig. 1D). The age of the Kielce tuff was deter-
mined by U-Pb dating of zircons at 414.2 £6.6 Ma (Krzeminska
and Krzeminski, 2019; Table1).

In the Kielce Region (part of the Matopolska Block) a strati-
graphic gap extends above the greywacke rocks of the upper
Ludlow, related to late Caledonian deformation of the HCFB
(Fig. 1E), which did not take place in the tysogoéry Region
(Czarnocki, 1936; Malec, 2001; Koztowski et al., 2014; Malec et
al., 2016). Lower Devonian (Emsian) siliciclastic rocks were de-
posited with an angular unconformity on the Niewachtow
graywacke (Fig. 1E) in the Kielce Region (Czarnocki, 1919;
Racki, 2006). The same Lower Devonian deposits are also
present in the Lysogéry Region (Fig. 1E), but without angular
unconformity. These rocks contain many layers of tuffite and
bentonite (Tarnowska, 1971, 1976). The thickest tuffite unit (up
to 1.5 m) occurs in Emsian sandstone on the Barcza Mountain
(Figs. 1D and 2) in the Lysogoéry Region (Kardymowicz, 1960a;
Fijatkowska-Mader and Malec, 2018).

The other area of Poland where products of late Silurian vol-
canism are observed is the Bardo Unit (Fig. 1A, B) in the Cen-
tral Sudetes, which includes Ordovician, Silurian, Devonian and
Carboniferous deposits (Fig. 1C; Wyzga, 1987; Franke et al.,
1993; Racki et al., 2022). The similarity of the terms Bardo Unit
(Central Sudetes; Fig. 1A, B) and Bardo Syncline (Holy Cross
Fold Belt; Fig. 1A, D) is only coincidental.

Ordovician to Lower Devonian rocks of the Bardo Unit
(Central Sudetes) occur in allochthonous position (Fig. 1C),
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preserved as olistoliths in the Carboniferous synorogenic suc-
cession (Wajsprych, 1978; Chorowska, 1990) belonging to a
Variscan accretionary prism (Franke et al., 1993; Mazur et al.,
2015b; Racki et al., 2022). The Bardo Unit lies partly on the
Central Sudetes Ophiolites, the Sowie Gory Massif and the
Ktodzko Metamorphic Unit (Mazur et al., 2006). Sedimentation
of the Ordovician, Silurian and Lower Devonian rocks of the
Bardo Unit may originally have taken place in the southern part
of the Rheic Ocean (Porebska and Sawtowicz, 1997). Accord-
ing to Chorowska (1990), upper Silurian and Lower Devonian
claystones and mudstones contain numerous tuffite layers and
volcanic breccia of rhyolitic type. One of the best examples of
volcanic activity preserved in the lower Paleozoic strata of the
Bardo Unit is the tectonically deformed tuffite layer ~50 cm thick
(Fig. 2), located in upper Silurian (PFidoli) graptolite shales, just
beneath the stratigraphic boundary with Lower Devonian rocks
(Fig. 2; Porebska, 1982; Wyzga, 1987).

SAMPLES AND METHODS

The following samples were selected for the geochemical
bulk-rock analysis: one sample of tuffite from the Zdanéw sec-
tion (Figs. 1B, 2 and 3F) (50°33'44.5"N 16°39'56.1"E Google
Maps) in the Central Sudetes; three samples of Niewachlow
tuffites from Czyzéw (TO, T1, T2; Figs. 1D, 2 and 3A)
(50°44'28.5"N 21°00’06.9"E Google Maps) and one sample of
tuffite from Barcza Mountain (Western Quarry; Figs. 1B, 2 and
3E; 50°57°25.1"N 20°43'30.5"E Google Maps) in the Holy
Cross Fold Belt. The samples were pulverized in an agate mill
before sending to the laboratory. Whole-rock analyses were
performed at the ACME Bureau Veritas Analytical Laboratory in
Vancouver, Canada. Major elements were analysed by Induc-
tively Coupled Plasma Emission Spectrometer (ICP-OES), and
trace elements, including REE, by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS). Detection limits are within 0.01%
for major elements, between 0.1-0.5 ppm for most trace ele-
ments, 1 ppm for Ba, Sn and Zn, and 8 ppm for V. Geochemical
diagrams were made using GCDKit software (Janousek et al.,
2006).

Zircon crystals were isolated from the T1 layer (Fig. 3A) of
the Niewachléw tuffites (Fig. 2) for the isotopic age analysis. In
order to remove clay minerals, each tuffite sample was rinsed
60 times in water. The magnetic fraction (including biotite;
Fig. 3C) was separated with a neodymium magnet. The same
magnetic fraction was gently pulverized in an agate mortar and
secondly subjected to the action of a neodymium magnet to
separate the non-magnetic minerals that occur as inclusions,
mainly in biotite grains (Fig. 3B). These non-magnetic minerals
include many zircon crystals which can be separated with a
microdissection needle and a binocular microscope without us-
ing heavy liquids (Fig. 3D). Then, the zircons were mounted in
epoxy resin and polished. Cathodoluminescence images of zir-
cons were carried out on carbon-coated samples using a
Cameca SX-100 Electron Microprobe (15 kV) at the Faculty of
Geology, University of Warsaw, Poland.

In situ U-Pb zircon dating by laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) was performed
at the Krakow Research Centre, Institute of Geological Sci-
ences, Polish Academy of Sciences. The analyses were con-
ducted using an excimer laser (ArF) RESOlution M-50 by
Resonetics (now Applied Spectra) coupled with an ICP-MS
Xseriesll by Thermo Fisher Scientific. Detailed description of
the LA-ICP-MS and the analytical conditions applied have been
described by Anczkiewicz and Anczkiewicz (2016). Concordia

U-Pb zircon ages, mean ages and diagrams were generated
using /Isoplot R software (Vermeesch, 2018).

RESULTS

IN SITU U-PB (LA-ICP-MS) ZIRCON DATING

U-Pb dating was applied to the zircon crystals from the T1
layer of the Niewachlow tuffites (Appendix 1). Almost all the zir-
cons separated are pale yellow, elongated, euhedral crystals
(Fig. 3D) indicating their volcanic origin. Only a few crystals are
partially rounded (Fig. 3D), but they are also pale yellow.
Cathodoluminescent images revealed zircon growth zones ori-
ented along the elongated direction of the crystals (Fig. 4B).
Most of the zircons contain an inherited core; only a few display
homogeneous structure. Only analysis of homogeneous zir-
cons and external crystal growth zones were selected to calcu-
late the concordia age (Appendix 1). The calculation was per-
formed on 14 analyses (the youngest analysis was excluded
from calculation due to the uncertainty and extreme measure-
ment). The concordia age calculated is 419.91 +1.7 Ma (MSWD
= 0.45; Fig. 4A), mean age 420.03 +1.75 Ma (MSWD = 0.77;
Fig. 4C), constraining the deposition time of the T1 layer of the
Niewachlow tuffites to the late Silurian (PFidoli). The frequency
distribution of all analyses (33 points; Fig. 4D) shows that apart
from the last volcanic episode corresponding to the formation of
tuffite in the PFidoli, there are also results indicating an age of
~433 Ma (Wenlock) related to inherited zircon cores.

GEOCHEMISTRY OF THE PYROCLASTIC ROCKS AND TECTONIC
IMPLICATIONS

The main components of the Niewachlow tuffites (Upper Si-

lurian — HCFB) are SiO, (56.30-61.71 wt%), AlLOs
(16.35-20.80 wt%), MgO (1.52-1.90 wt%), Na,O
(0.23-0.60 Wt%), Fe,O; (3.97-533 wt%), TiO,
(0.78-0.95 wt%), CaO (0.38-0.93 wt%), KO

(4.36-5.94 wt.%) MnO (0.03 wt.%), P20s ( 0.11-0.49 wt.%) and
Cr,03 (<0.01-0.016 wt.%; Table 2). The Barcza tuffite (Lower
Devonian — HCFB) differs in the lower content of CaO
(0.15 wt.%), Na,O (<0.01 wt.%), MnO (<0.01 wt.%), TiO,
(0.21 wt.%), P20Os ( 0.04 wt.%) and a higher concentration of
MgO (4.37 wt.%) and K;O (7.36 wt.%; Table 2). The tuffite from
Zdanoéw (upper Silurian - Central Sudetes), compared to the
Niewachlow tuffites, has a lower share of MgO (1.36 wt.%), sig-
nificantly lower KO (0.75 wt.%) but more Fe;O3 (7.21 wt.%),
Na,O (2.7 wt.%), MnO (0.76 wt.%) and Cr,03 (0.07 wt.%; Ta-
ble 2).

All samples investigated are pyroclastic rocks that under-
went tectonic deformation or hydrothermal alteration
(Kardymowicz, 1960b; Wyzga, 1987; Wojcik et al., 2021). Hy-
drothermal activity does not appear to have affected the REE
content (Fig. 5G) of these samples because they do not show a
positive Eu anomaly (Barret et al., 1990; Douville et al., 1999).
Nevertheless, these processes could have changed the chemi-
cal composition of the rocks, especially in relation to mobile ele-
ments. Therefore, the basic characteristics of the source
magma were determined using a Co vs. Th diagram (after
Hastie et al., 2007) which was constructed for altered rocks. In
the Co vs. Th diagram (Fig. 5A), all samples are located in the
field of igneous rocks of the high potassic calc-alkaline and
shoshonite series. The classification diagram of volcanic rocks
Nb/Y vs. Zr/TiO, (Fig. 5B) shows that three samples of
Niewachlow tuffite (Fig. 3A; upper Silurian — HCFB) correspond
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Fig. 3A - thin-section microphotograph showing the proportion of the main mineral components (bi-
otite, quartz and K-feldspar) in the T1 layer of the Niewachlow tuffites, crossed polars; B - SEM image
of zircon-monazite inclusions in biotite (T2 layer of the Niewachlow tuffites); C — binocular micro-
scope image of relatively thick euhedral biotite crystals from the Niewachléw tuffites (T1 layer); D —
binocular microscope image of pale yellow zircons separated from the Niewachlow tuffites (T1 layer)
at the bottom of the test tube; E — thin-section microphotograph showing the mineral composition of
the Barcza tuffite, the clay minerals probably formed as a result of volcanic glass and feldspar alter-
ation, crossed polars; F — backscatter SEM image showing the Zdanéw tuffite with altered
plagioclase; G, H— SEM EDS analysis of altered plagioclase from photo “F” (Zdanéw tuffite), Bt — bio-

tite, Kfs — k-feldspar, Qtz — quartz, Pl — plagioclase, Ap — apatite, Zr — zircon, Mnz — monazite, CMs —
clay minerals
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Fig. 4. Results of U-Pb (LA-ICP-MS) zircon dating analyses from the T1 layer of the Niewachlow tuffites

A — concordia U-Pb diagram; B — cathodoluminescence microphotographs with LA-ICP-MS ages of representative
zircons; C — zircon U-Pb weighted mean age; D — histogram showing results of zircon dating analysis



Table 2

Major and trace element geochemistry of upper Silurian and Lower Devonian samples from Poland

Sample Niewachiow tuffites Barcza tuffite Zdanow tuffite
TO T1 T2
i °57'25.1"N °33'44.5"N
Geographical 50°44'28.5'N  21°00'06.9'E 28"23’38.5"E ?2023,5 6.‘:’"E
Location Outcrop in Czyzéw (l?/%zgmM%uun;ﬁ% Zdanéw section
Maijor oxides (wt.%)
SiO, 61.71 56.3 61.1 60.64 60.36
Al,O3 16.35 22.8 20.8 16.42 16.17
Fe,0; 5.33 4.15 3.97 4.05 7.21
CaO 0.38 0.93 0.59 0.15 0.67
MgO 1.52 1.9 1.52 4.37 1.36
Na,O 0.6 0.3 0.23 <0.01 2.7
K20 4.36 5.94 5.02 7.36 0.75
MnO 0.03 0.03 0.03 <0.01 0.76
TiO, 0.84 0.95 0.78 0.21 0.79
P,05 0.11 0.49 0.28 0.04 0.2
Cr03 0.016 <0.01 <0.01 <0.01 0.07
SO; 0.145 0.012
Trace elements (ppm)
Ba 742 3068 771 12 274
Be 3 1 <1 6 <1
Co 4.9 10.5 10.9 11.7 17.3
Cs 14.1 4.9 5.3 9.1 1
Ga 15.9 22.9 19.1 23.5 15.9
Hf 11.8 15.4 11.5 10.5 4.2
Nb 14.9 39.3 31.8 26.5 6.5
Rb 122.6 105 99.6 108.3 28.8
Sn 2 5 4 5 <1
Sr 50.8 36.8 25.6 6.2 86.2
Ta 1.1 2.3 2.2 2.1 0.5
Th 12.4 29 22.3 23.3 11.9
U 3.9 6.3 5.1 5.9 2.5
V 102 50 60 8 176
W 1.5 2.7 2.1 1.7 1
Zr 449.8 558.6 421.9 294.6 150.2
Y 324 105.4 76 48 22.7
La 34.3 85.1 57.1 12.9 21.2
Ce 62.1 189.9 136.7 35.8 43.5
Pr 8.25 24.29 18.22 4.46 5.26
Nd 31.8 97.7 74.5 18.5 20.8
Sm 6.17 21.8 17.44 4.89 4.26
Eu 1.22 2.29 2.38 0.78 1.17
Gd 5.79 21.66 17.35 5.76 4.85
Tb 0.87 3.4 2.53 1.22 0.72
Dy 5.39 19.3 14.64 8.59 4.15
Ho 1.11 3.96 2.87 1.89 0.81
Er 3.29 11.67 8.2 5.9 2.28
Tm 0.49 1.63 1.13 0.86 0.3
Yb 3.2 10.37 7.13 5.78 1.93
Lu 0.51 1.53 1.04 0.87 0.29
Mo 2.9 1.4 1.3 <0.1 0.3
Cu 37.8 7.1 38 2.5 37.3
Pb 67.2 9.6 10.2 0.7 6
Zn 303 61 39 22 61
Ni 22.2 12.6 17.7 16.8 266
As 38.2 1.4 4.5 2.5 0.5
Cd 0.6 0.1 <0.1 <0.1 0.1
Sb 0.3 <0.1 0.1 <0.1 <0.1
Bi 0.2 0.3 0.3 0.2 0.1
Ag 0.3 <0.1 <0.1 1 0.6
Au 2.2 1.1 0.9 <0.5 0.5
Hg 0.03 <0.01 0.02 <0.01 0.03
T 1 0.4 0.5 0.01 <0.1
Se <0.5 <0.5 0.9 <0.5 3.1
Eu/Eu* 0.63 0.32 0.42 0.45 0.79
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Fig. 5A — Th vs. Co discrimination diagram for classifying altered volcanic rocks (after
Hastie et al., 2007); B — classification of the volcaniclastic rocks studied on a Zr/TiO, vs.
Nb/Y chemical discrimination diagram (after Winchester and Floyd, 1977); C, D, E, F —
primitive mantle-normalized trace element spider diagrams (after McDonough and Sun,
1995) for the upper Silurian-Lower Devonian tuffites and volcanic or metavolcanic
groups; G, H, | - REE patterns normalised to chondrite values (after Nakamura, 1974),
for the upper Silurian—-Lower Devonian volcanic or metavolcanic groups
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to rhyodacitic/dacitic composition, consistent with the petrogra-
phic classification of these rocks by Wojcik et al. (2021). The
tuffite from Barcza (Fig. 3E; Lower Devonian — HCFB) has a
rhyolitic composition (Fig. 5B), while the tuffite from Zdanéw
(Fig. 3F; upper Silurian — Central Sudetes) correspond to
andesitic composition (Fig. 5B). The chondrite-normalized rare
earth elements (REE) spider diagram (after Nakamura, 1974)
shows a very high content of these elements in the samples
studied from Poland (Fig. 5G), which however, differ from each
other even within one section. The Niewachlow tuffites and the
tuffite from Zdanéw are characterized by enrichment in light
rare earth elements (LREE: La-Pm) in relation to heavy rare
earth elements (HREE: Ho-Lu; Fig. 5G; REE division after
Grawunder et al., 2014; Migaszewski et al., 2016), while the
tuffite from Barcza Mountain lacks this trend. Samples T1 and
T2 (Fig. 2) from the Niewachldéw tuffites show a very strong Eu
anomaly (Fig. 5G), and sample TO, from 1m below in the exca-
vation (Fig. 2), has a distinctly lesser negative Eu anomaly
(Fig. 5G). A strong Eu anomaly is also present in the tuffite from
Barcza Mountain (HCFB), but the tuffite from Zdandéw in the
Central Sudetes barely has this anomaly (Fig. 5G). A strong
negative europium anomaly in some of these samples (Fig. 5G)
is accompanied by a lacking or negative Pb anomaly (Fig. 5C),
which indicates fractional crystallization of magma. Sample TO
from the Niewachléw tuffites and the Zdanéw tuffite sample
show (Fig. 5G) a shallow or disappearing Eu anomaly with a
positive Pb anomaly (Fig. 5C). The characteristics of these Eu
anomalies are probably the result of the presence of
plagioclase phenocrysts (Fig. 3F—H) in the melt. Whereas, the
positive Pb anomalies (Fig. 5C) can be related to partial melting
during arc magmatism or post-depositional Pb contamination of
the samples by hydrothermal fluid migration (Hofmann, 1997).

Primitive-mantle normalized trace element compositions
(Fig. 5C) of all the samples from Poland reveal negative anom-
alies of Nb, Ta, Ti, Sr, P; additionally, in the tuffites from Barcza
Mountain and Zdanéw there is a negative Ba anomaly
(Fig. 5C). Nb, Ta, Ti anomalies (Fig. 5C) are considered as
subduction zone indicators (Arculus and Powell, 1986; Ellioft,
2003), which corresponds to the Th—Zr/117-Nb/16 discrimina-
tion diagram (after Wood, 1980; Fig. 6B), where all points plot
as one group in the Continental Arc Basalt (CAB) field. These
anomalies are shallow (especially in relation to the Niewachlow
tuffites and the Barcza tuffite) (Fig. 5C), which, together with the
high-potassic character of the samples (Fig. 5A), may indicate
their post-collisional setting. The high content of Nb
(14.9-39.3 ppm) and Ta (1.1-2.3 ppm; Table 2) in the samples
from the Holy Cross Fold Belt according to Li et al. (2021) signif-
icantly exceeds the threshold value for arc magmatism [Nb
(12.20 ppm) and Ta (0.796 ppm)] and may be compared with
the back-arc magmatism of the Japan Sea or Patagonia. This
observation is supported by the Rb vs. Y+Nb tectonomagmatic
discrimination diagrams for granitoids (Fig. 7), according to
which the tuffite samples from Poland plot in a post-collisional
setting in the fields of Within Plate Granite (WPG) and Volcanic
Arc Granite (VAG). Similarly, the Nb vs. Y diagram (Fig. 7)
ranks all HCFB samples in the domain of Within Plate Granite
(WPG). The exception is the tuffite from Zdandw in the Central
Sudetes, corresponding to Volcanic Arc Granite and syn-Col-
lisional Granite (Fig. 7). The Zdanéw tuffite also contains less
Nb (6.5 ppm) and Ta (0.5 ppm; Table 2), which indicates its
greater relationship with a subduction zone; therefore, it was
probably the result of continental arc magmatism.

Summing up, the geochemical patterns of the rocks studied
indicate that they are related to the subduction zone (Fig. 5C)
that stretched along the continental margin (Fig. 6B) but only
the Zdanéw tuffite has a clear arc magmatic signature (Fig. 7).

The rest of the samples from Poland (Niewachlow tuffite and
Barcza tuffite) show a high-potassic character (Fig. 5A),
post-collisional signatures (Fig.7) and small negative Nb and Ta
(Fig. 5C) anomalies, indicating extensional tectonic conditions.
Therefore the high content of Nb (14.9-39.3 ppm) and Ta
(1.1-2.3 ppm) in the samples imply magmatic activity during
crustal thinning in a back-arc system (comp. Liu et al., 2018; Li
etal., 2021), which developed simultaneously with an active arc
(Zdanow tuffite) in front.

INTERPRETATION AND DISCUSSION

INTERPRETATION OF U-PB DATING RESULTS

The age of the Niewachléw Beds, in which the Niewachlow
tuffites occur, were previously determined palaeontologically as
middle Ludlow (Tomczyk, 1962; Tomczykowa and Tomczyk,
1981; Stupnicka, 1995; Malec, 2001, 2006; Koztowski et al.,
2014). In addition, Koztowski and Tomczykowa (1999) included
these rocks within the Bohemograptus bohemicus Zone on the
basis of the trilobite and graptolite assemblages. Nevertheless
the time range of the upper Silurian strata in the Kielce Region
is still unclear and has been repeatedly reinterpreted over last
few decades (Stupnicka et al., 1991, 1995; Malec, 1991, Malec,
1993, 2000, 2001, 2006, 2014; Modlinski and Szymanski, 2001
and references cited therein), due to the lack of continuous ex-
posure and of index fossils. Thus, it cannot be ruled out that
rocks younger than the middle Ludlow occur in the Bardo
Syncline. New zircon U-Pb dating of the Niewachlow tuffites
yielded an age of 419.91 +£1.7 Ma (P¥idoli; Fig. 4A) for the T1
layer (Fig. 2), which is significantly younger than the age of the
Niewachléw Beds determined palaeontologically. The expo-
sure with tuffites is cut by several faults (Fig. 2) belonging to the
Daleszyce Fault Zone responsible for the tectonic excision of
two-thirds of the Silurian succession in the southern limb of the
Bardo Syncline (Wojcik et al., 2021). These faults probably sep-
arate part of the upper Silurian section with tuffites from the
Niewachléw Beds included in the middle Ludlow by Tomczyk
(1962), Tomczykowa and Tomczyk (1981), Kozlowski and
Tomczykowa (1999) and Koztowski et al. (2014). The
Niewachlow tuffites occur within unfossiliferous greywackes
(siltstone, claystone and siliceous shale partly weathering to a
red clay; Fig. 2). In the eastern and central parts of the Kielce
Region, the Niewachléow Beds are overlain by the Lipniczek
Beds (siltstone, claystone with thinly layered fine-grained
greywacke sandstones) of variously interpreted age, as upper
Ludlow or Pridoli (Tomczyk, 1962; Modlinski and Szymanski,
2001, Malec, 2006). The lithological characteristics of the rocks
containing the Niewachlow tuffites are similar to those of the
Lipniczek Beds, which corresponds to the PFidoli from U-Pb
dating. This indicates that the rocks investigated probably be-
long to a younger section of the Niewachlow Beds than the mid-
dle Ludlow greywackes in the Bardo Syncline, being separated
by the Daleszyce Fault Zone. Therefore the U-Pb dating shows
that part of the Niewachléw Beds section with tuffites may also
include PFidoli strata (Fig. 2).

TUFFITES FROM POLAND WITH RESPECT TO THE MAGMATISM ALONG
THE SOUTHERN MARGIN OF LAURUSSIA

Magmatic activity along the NE margin of Avalonia during
the collision with Baltica and the closure of the Tornquist Ocean
at the Ordovician—Silurian transition (Torsvik and Rehnstrom,
2003) produced many Silurian bentonite layers in the Baltic Ba-
sin (Batchelor and Jeppsson, 1999; Obst et al., 2002;
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Anczkiewicz et al., 2017). Nevertheless, Ludlow bentonites
from the southern part of the Baltic Basin differ from the tuffites
investigated in this paper. According to Anczkiewicz et al.
(2017) those bentonites are poorly enriched in incompatible
light REEs with a very shallow or absent Eu anomaly, without
affinity to a subduction zone. Additionally, the termination of col-
lision caused an almost complete absence of pyroclastic de-
posits younger than the middle Ludlow across most of the Baltic
Basin area (Fortey et al., 1996; Kiipli et al., 2013, 2014). The
Niewachléw tuffites are dated as PFidoli in age (Fig. 4), similarly
to the tuffite from Zdanéw (Porebska, 1982; Fig. 2), while the
tuffite from Barcza Mountain is Emsian in age (Fig. 2)
(Fijatkowska-Mader and Malec, 2018). Therefore, they were
formed after the termination of the Caledonian magmatic activ-
ity in the Baltica/Avalonia collision zone and should have origi-
nated from a different source.

Another possible source area for the tuffites from Poland is
magmatism associated with the closure of the lapetus Ocean
(Fortey et al., 1996; Neilson et al., 2009; Miles et al., 2014;
Corfu et al., 2014; Hines et al., 2018). However, the nearest
section of the lapetus Suture (Fig. 8A) is located
~1200-1400 km from the HCFB and the Bardo Unit, which indi-
cates that only powerful volcanic eruptions could be the source
of the tuffites in Poland. Using an analogy with the thickest
pyroclastic deposits formed during the lapetus Ocean closure,
such as Kinnekulle K-Bentonite (Upper Ordovician; Bergstrom
et al., 1995) and Osmundsberg K-Bentonite (Silurian—upper
Llandovery; Bergstrom et al., 1998), such a significant distance
between the source and depositional areas would cause a
gradual increase in the number and thickness of the Polish
tuffites towards the west (towards the lapetus Suture). This
means that, equivalents of the Polish tuffites with thicknesses of
several or more metres should be deposited in the area of to-
day’s western and Central Europe. Explosive volcanic eruptions
of such magnitude should therefore be widely recorded at many
occurrences of upper Silurian and Lower Devonian succes-
sions in those countries. But, the observed lack of such tuffs in-
dicates that the magmatism associated with the closure of
lapetus Ocean was too distant to be the source for the tuffites
studied in Poland.

Another region known for the occurrence of late Ludlow and
Pridoli volcanic rocks is Podolia in Ukraine and Moldova
(Fig. 8A), with numerous K-bentonite layers (Huff et al., 2000;
Kiipli, 2021). These bentonites were formed during magmatic
activity developed over the subduction zone which stretched
along the south-eastern margin of the East European Platform
(Baltica; Huff et al., 2000; Kiipli, 2021; Fig. 8A). The subduction
zone continued westwards along the southern margin of
Avalonia (Fortey et al., 1996; Franke et al., 2017; Fig. 8A). Ac-
cording to Trela et al. (2018) the same subduction zone sup-
plied volcanic ash to the Silurian K-bentonites in the HCFB. Ac-
tivity of this zone in the German area was related to late Silurian
continental arc magmatism and subsequently Early Devonian
back-arc extension in the Rhenohercynian Zone (Fig. 8A) (Zeh
and Gerdes, 2010; Zeh and Will, 2010). According to Fortey et
al. (1996), Silurian magmatic activity, characterized by a nega-
tive europium anomaly, may have taken place along the south-
ern margin of Avalonia (Fig. 8A), which seems to reflect the
composition of most of the tuffites analysed from Poland
(Fig. 5G). This southern margin of Avalonia/Laurussia is also lo-
cated very close (up to 200km) to the outcrops of the tuffites
studied (Fig. 8A). The subduction zone along this margin had
been probably active since the early Silurian (Winchester et al.,
2002b; Will et al., 2018). This indicates that the pyroclastic ma-
terial deposited during the early and middle Silurian in the
HCFB area could have come simultaneously from two different

sources, i.e. from the northwest (closure of the Tornquist
Ocean) and the south (southern margin of Avalonia). However,
during the late Silurian, pyroclastic material was delivered only
from the south. Therefore, the geochemical data from the
Niewachlow tuffites, the tuffites from Barcza Mountain and
Zdanéw were compared with the published geochemical data
on upper Silurian and Lower Devonian magmatic rocks proba-
bly associated with the southern subduction zone beneath
Laurussia. These data fall into two groups. The first comes from
the area of the West European Paleozoic Platform (Fig. 8A),
which are: Taunus and Lenne (data after von Raumer et al.,
2017), Bollsteiner Odenwald (data after Reischmann et al.,
2001), the Spessart Crystaline Complex (data after
Dombrowski et al., 1995) and the Ruhla Crystalline Complex
(data after Bratz, 2000; Appendix 2). The second group is re-
lated to pyroclastic rocks occurring on the East European Plat-
form in the Ukraine (Podolia Region) and Moldova (Fig. 8A)
(data after Huff et al., 2000; Kiipli, 2021; Appendix 2). Harker di-
agrams of Al,O3 vs. SiO; (Fig. 9A); MgO vs. SiO, (Fig. 9B); TiO,
vs. SiO; (Fig. 9C); Rb vs. SiO; (Fig. 9D); Th/Y vs. SiO;, (Fig. 9E)
show that the magmatic rocks from each of these locations (in-
cluding the Polish tuffites) constitute a separate sub-group with
a characteristic composition, showing mutual geochemical and
geographical affinity. The Harker diagrams indicate that sam-
ples from Germany contain more SiO, than the samples from
Ukraine (Podolia) and Moldova (Fig. 9). Using SiO, abun-
dance-based diagrams, two collective groups can be distin-
guished. One group (Fig. 9) represents part of southern
Avalonia (Fig. 8A) and largely comprises intrusive rocks from
Germany (Dombrowski et al., 1995, Bratz, 2000, Reischmann
et al., 2001) that had to be formed in the place of their present
occurrence (Fig. 8A); therefore, the pyroclastic rocks (von
Raumer et al., 2017) belonging to the same group with similar
geochemical composition are probably also of local origin
(Fig. 8A). The second group, of Ukrainian (Podolian)-Moldovian
bentonites (Fig. 9), was related to the southern active margin of
Baltica (Fig. 8A; Huff et al., 2000; Kiipli, 2021). Thus, it can be
inferred that the source area for the pyroclastic rocks of this
group was also local. A unique sub-group are samples of
tuffites from Poland (Fig. 8A), which in different diagrams show
a variable affiliation to these two groups (Fig. 9A, B, C, E), and
in some cases occupy a separate position (Fig. 9D). The geo-
chemical pattern of tuffites from Poland, indicating their partial
dissimilarity to the German group and the Ukrainian
(Podolian)-Moldovian group (Fig. 9), together with the relatively
large thickness of these rocks (Niewachlow tuffites - up to
40 cm, tuffite from Barcza — 150 cm, tuffite from Zdanéw —
50 cm; Fig. 2) may mean that their source area was located
close to the sedimentary basin. Therefore, the probable source
area of the Polish tuffites was associated with the nearest sec-
tion of the subduction zone, along the southern and south-west-
ern margins of the Matopolska Block and the Brunovistulian
Block (Fig. 8A).

The Th-Zr/117-Nb/16 triangular diagram (Fig. 6B-F)
shows that samples from Poland and from all regions com-
pared (except for Bollsteiner Odenwald, with no data) form one
coherent group in the Continental Arc Basalt (CAB) field. The
tectonic setting indicates the presence of a subduction zone
during magma generation for these rocks. The same conclu-
sion holds for the comparison of the geochemical characteris-
tics of the Primitive Mantle-normalized trace elements in sam-
ples from these areas (except for Béllsteiner Odenwald, with no
data), where small negative anomalies of Nb, Ta (in some sam-
ples no data on Ta) and Ti (Fig. 5C—F), corroborating the pres-
ence of a subduction zone, are visible. Diagrams of Rb vs. Y +
Nb and Nbvs. Y (Fig. 7) yield the greatest comparative possibil-
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ities, due to the use of data from the largest number of locations
(including Bollsteiner Odenwald). On a Rb vs. Y + Nb diagram,
points from the all regions compared (Fig. 7) i.e. Taunus,
Lenne, Bollsteiner Odenwald, the Spessart Crystalline Com-
plex, the Ruhla Crystalline Complex, Podolia in Ukraine,
Moldova and pyroclastic deposits from Poland, plot close to the
border between Volcanic Arc Granites (VAG) and Within Plate
Granites (WPG), inside the post-collisional setting field. Simi-
larly, in the Nb vs. Y diagram (Fig. 7), all samples form one com-
pact area close to the border of Within Plate Granites (WPG)
and the field of Volcanic Arc Granites and syn-Collisional Gran-
ites (VAG + syn-COLG).

Compared to the geochemistry of magmatism from the ar-
eas considered, rocks from the Taunus and Lenne areas (Figs.
5F, I 'and 71, J) and some samples from the Ruhla Crystalline
Complex (Figs. 5E, H and 6C, F) are particularly similar to the
Polish tuffites. On the other hand, the bentonites from Ukraine
and Moldova, despite their close geochemical pattern (Fig.
5C,G) constitute a slightly separate group (Fig. 7K, L), although
were formed in a similar tectonic setting (Fig. 6B,F). The
pyroclastic rocks from the Taunus and Lenne areas (Fig. 8C)
according to von Raumer et al. (2017) were formed from
back-arc magmatic activity in the Rhenohercynian Zone. Such
classification of the rocks could explain the presence of small
negative geochemical anomalies (Nb, Ta; high content of the
elements; Fig. 5F) and also the coexistence of these anomalies
with the post-collisional regime (Fig. 71). However, all the sam-
ples from Germany, Poland, Ukraine and Moldova indicate their
connection with Continental Arc Basalt (CAB; Fig. 6F), consis-
tent with the late Silurian continental arc that stretched along
the southern Laurussia margin (Zeh and Gerdes, 2010; Zeh
and Will, 2010). Thus, there is an apparent contradiction be-
tween the two tectonic regimes; however, according to Gao et
al. (2018) and Vasey et al. (2021), the early stage of continental
back-arc magmatism usually has signatures similar to arc
magmatism. The rocks in question formed in the late Silurian—
Early Devonian interval, i.e. at a time when back-arc extension
along the southern margin of Laurussia had started (Zeh and
Gerdes, 2010; Zeh and Will, 2010; Franke et al., 2017), there-
fore there is no contradiction between the continental back-arc
setting (post-collisional regime) and the Continental Arc Basalt
(CAB) signatures. According to Tatsumi et al. (1995), continen-
tal back-arc magmatism can be distinguished from continental
arc magmatism by the lack of typical magma formed in a
subduction zone. This feature is clearly visible in the Nb vs. Zr
diagram (Fig. 6A), where almost all samples compared plot in
the Back-Arc “Intra-Plate Magmatism” field, which is consistent
with  the small Nb and Ta anomalies present in them
(Fig. 5C—F). On the other hand, some samples from all these
regions have greater affinity to an arc setting (Figs. 6A and 7K,
L), which probably is related to the stage of evolution of the
arc-back-arc system. Simultaneous arc and back-arc magma
generation is due to the migration of the magmatic arc front ac-
companied by lithospheric thinning and incipient rifting, but the
contribution of a particular type of volcanism may vary within the
same arc depending on the degree of extension (Zagorevski et
al., 2010 and cited therein).

Based on the geological context (Fig. 8A) and geochemical
composition (Fig. 6A) of the rocks from Poland, Germany,
Ukraine and Moldova, it can be concluded that they belong to
one large group of magmatic rocks formed at a similar time (late
Silurian/Early Devonian) and in a similar tectonic setting, which
is the early stage of continental arc-back-arc magmatism on the
southern margin of Laurussia (Fig. 8A). During the late Silurian
to Late Devonian or early Carboniferous, arc and back-arc
magmatic activity associated with the Rhenohercynian Zone

was prevalent in the area of present-day Germany (Zeh and
Gerdes, 2010; Zeh and Will, 2010; Eckelmann et al., 2014; von
Raumer et al., 2017). Therefore, the upper Silurian and Lower
Devonian tuffites from Poland are probably the effect of the ini-
tial stage of Rhenohercynian magmatism. Upper Silurian rock
samples from Poland and the rest of the regions compared
were formed before the Rhenohercynian oceanic crust dated as
Emsian (Awdankiewicz et al., 2021); therefore, they are proba-
bly the result of pre-rift magmatism during arc-back-arc litho-
spheric thinning.

POLISH TUFFITES AS PART OF ARC-BACK-ARC MAGMATIC ACTIVITY
RELATED TO THE RHENOHERCYNIAN ZONE

The results obtained (dating and tectonic setting interpreta-
tion) indicate that the volcanic activity associated with the
Niewachlow tuffites can be correlated with late Silurian diabase
intrusion into the Bardo Syncline in the HCFB (Fig. 1D and Ta-
ble 1) which formed at a similar time and probably in the same
Rhenohercynian back-arc setting (Nawrocki et al., 2020;
Fig. 8B). The age of ~433 Ma (Fig. 4D), which is related to in-
herited zircon cores from the Niewachléw tuffite, can be corre-
lated with the occurrence of numerous bentonites in Telychian
and Sheinwoodian strata in northwestern Baltica (Kiipli et al.,
2013, 2014). This probably corresponded to one of the final
stages of the Avalonia-Baltica collision between Llandovery and
Wenlock times (De Vos et al., 2010) and indicates that the
basement rock, where the Niewachlow tuffite magma was gen-
erated, had been previously affected by this collision.

The Niewachléw tuffites in terms of age and mineral associ-
ation, containing apatite, zircon and monazite (Fig. 3A, B, D),
are similar to the Kielce tuff layer (Fig. 1D) in the HCFB, dated
by Krzeminska and Krzeminski (2019) at 414.2 +6.6 Ma. De-
spite the large error range in dating the Kielce tuff, from the up-
per Silurian to Lower Devonian (Krzeminska and Krzeminski,
2019), comparison with biostratigraphic data from the Kielce
Beds (Malec, 2001) indicates that the Kielce tuff belongs to up-
per Silurian rocks (upper Ludlow or younger). This indicates
that the Kielce tuff was formed after the end of the volcanic ac-
tivity located north of the HCFB associated with Avalonia-
Baltica collision (Fortey et al., 1996; Kiipli et al., 2013, 2014) and
can be correlated with the volcanism that took place along the
southern margin of the Avalonia-Baltica realm. Therefore the
Niewachlow tuffites and Kielce tuff presumably originated from
the same magmatic source. Additionally, the volcanic activity in
the HCFB area has been documented in middle Ludlow rocks in
the Kleczanéw PIG1 borehole, where several layers of benton-
ite were found (Trela et al., 2018) and in the Matacentéw 5 bore-
hole where a 0.5 m thick layer of tuffite was described by
Dowgiatto (1970). Whereas, in the lower Ludlow graptolitic
shales (Praggowiec Beds) in the Bardo Syncline, Langier-
Kuzniarowa and Ryka (1972) described 9 layers of K-ben-
tonites containing numerous euhedral biotite crystals and light
yellow zircons. Very similar euhedral biotite flakes (Fig. 3C) and
pale yellow zircon crystals (Fig. 3D) occur in the Niewachléw
tuffites, which may indicate their affinity to the same magmatic
source. Furthermore, euhedral biotite crystals with a K-Ar cool-
ing age of 402.5 +15.2 Ma were also reported (Koztowski et al.,
2004; Nawrocki et al., 2007) from greywackes of the
Niewachléw Beds, which seems to be very close to the age of
the Niewachlow tuffites. This means that late Silurian magmatic
activity near and in the area of HCFB had not stopped during
the greywacke sedimentation. However, at the current stage of
research, it is difficult to determine whether the Niewachlow
tuffites and greywackes of the Niewachléw Beds come from the
same source area. The upper Silurian greywackes in the HCFB
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usually contain a few pyroclastic interbeds (Malec, 2001).
Fortey et al.(1996), using the example of a similar disappear-
ance of bentonites in an upper Silurian section in the Welsh
Borderlands, argued that the preservation of volcanic ash
interbeds during the deposition of arenaceous sediments is un-
likely. In the case of upper Silurian rocks in the HCFB, the
Niewachléw and Kiele Beds mostly consist of siltstones and
claystones (Malec, 1993), therefore the type of depositional en-
vironment only partially explains less frequency of pyroclastic
interbeds. Another explanation for the small number of tuffites
and bentonites in these rocks may be the location of the source
area. According to Fortey et al. (1996), Huff et al. (2000), Trela
et al. (2018) and Kiipli (2021), late Silurian volcanic ash beds in
the Avalonia-Baltica realm are related to the subduction zone
developed along the southern margin of this palaeocontinent.
Additionally, Trela et al. (2018) indicated that volcanic ash
reached the HCFB region following the direction of the prevail-
ing winds from the southeast. However the prevailing wind di-
rection indicates the dominant transport direction and does not
exclude other, if less active, transport directions of the volcanic
ash. The wind direction depends on the local system of pres-
sures and temperatures, so it can be variable. An example is
the way the radioactive clouds moved during the disaster at the
Chernobyl nuclear power plant. According to IAEA (2006),
“During the first five days after the accident commenced, the
wind pattern had changed through all directions of the com-
pass”. Thus, if the source of Niewachlow tuffites had been lo-
cated in a slightly different place (inconsistent with the dominant
wind direction), e.g. south-west of the HCFB, then their trans-
port to this area would have been correspondingly less effective
and the number of tuffites would have been lower. This is prob-
ably a more complete explanation of the phenomenon.

Despite the incomplete data, all of the late Silurian mag-
matic rocks noted in the HCFB were formed in a new province
of continental arc-back-arc magmatism, extended along the
southern margin of Laurussia (Fig. 8A, B). This magmatic activ-
ity continued and intensified in the Early Devonian, as indicated
by the tectonic setting of the Barcza tuffite (Fig. 6A) and the
presence of the entire tuffite succession in the HCFB, described
by Tarnowska (1971, 1976). The Silurian—Devonian magma-
tism in the vicinity of HCFB may be related to the prolongation of
the back-arc magmatism to the east from the Rhenohercynian
Zone in Germany, which corresponds to the latest interpretation
by Nawrocki et al. (2020) for the Bardo diabase in the HCFB.

The back-arc magmatism of the Rhenohercynian Zone con-
tinued south-eastwards to the Brunovistulian Block (Kalvoda et
al., 2008; Fig. 8A). Its activity already in the Silurian and Early
Devonian in the Brunovistulian Block is indicated by the results
of isotope dating, made in recent years (Table 1): Velké Vrbno
Dome amphibolite 407.5 2.5 Ma (Jastrzebski et al., 2021),
granophyre diorite from the Sosnowiec IG 1 borehole 420
+2 Ma (Nawrocki et al., 2020), Hlina granite 430 +6.4 Ma
(Honig, 2016), basaltic dike from Zelesice 438 +16 Ma
(Prichystal, 1999). Moreover, according to recent data (Kryza
and Pin, 2010; Wojtulek et al., 2017; Awdankiewicz et al.,
2021), the Early Devonian Central Sudetic Ophiolite was also
formed during seafloor spreading in the back-arc basin. Mazur
et al. (2015b) imply that the Central Sudetic Ophiolite was
formed on the margin of Avalonia/Bunovistulia. If the link be-
tween the Central Sudetic Ophiolite and the Brunovistulian
Block is true, then the Central Sudetic Ophiolite may belong to
the same continental arc-back-arc zone (Fig. 8B) from which
the Polish tuffites originate.

The Zdanéw tuffite, which occurs in the graptolitic shales
(Pridoli) of the Bardo Unit (Fig. 2), is probably also associated
with the margin of Laurussia. The Bardo Unit is an accretionary
prism (Franke et al., 1993; Fig. 8B), which, according to Racki et
al. (2022) formed along the southern margin of Laurussia.
Racki et al. (2022) studied numerous Famennian bentonites in

the Bardo Unit, whose source may be a continental magmatic
arc preserved as remnants in the Vrbno Group of the East
Sudetes. However, recently Jastrzebski et al. (2021) dated the
Velké Vrbno Dome amphibolite at 407.5 +2.5 Ma, which indi-
cates that magmatism in this region began much earlier and
could be also the origin of the Zdanéw tuffite (PFidoli). The ori-
gin of the volcanism associated with the Vrbno Group would
also explain the greater geochemical affinity of the Zdanéw
tuffite to a magmatic arc setting (Fig. 8B). However the mag-
matic arc may also have been destroyed for example during
subduction of the Sowie Goéry Massif, which according to
Tabaud et al. (2021) took place in the Early Devonian
(~397-402 Ma; Fig. 8B).

CONCLUSIONS

The presented studies of pyroclastic rocks in Poland and
their comparison with published data on late Silurian-Early De-
vonian magmatism in related areas in Europe show that:

1. The Niewachlow tuffites, and tuffites from Barcza Moun-
tain and Zdanéw formed in a continental arc-back-arc
setting during initial extensional magmatism related to
the Rhenohercynian Zone.

2. All the areas compared — Taunus, Lenne, Bdllsteiner
Odenwald, the Spessart Crystalline Complex, the Ruhla
Crystalline Complex, Podolia in Ukraine, Moldova and
the Polish tuffites — reflect the same setting of late Silu-
rian and Early Devonian continental arc-back-arc
magmatism, probably associated with the same mag-
matic province. The upper Silurian rocks may be corre-
lated with the pre-rift magmatism stage in the
Rhenohercynian zone.

3. U-Pb dating of the Niewachléw tuffites yielded an age of
419.91 + 1.7 Ma, corresponding to the late Silurian
(Pridoli). This indicates that part of the greywacke sec-
tion in the Bardo Syncline, previously classified as Lud-
low, may be younger and belong to the P¥idoli.

4. Inand around the HCFB area, magmatic activity did not
stop in the upper Silurian, but continued at least to the
Lower Devonian. It was associated with the new mag-
matic province, developing from the late Silurian at the
southern margin of Laurussia.

Further investigations are necessary to expand knowledge
concerning the nature of late Silurian—Early Devonian
magmatism in the HCFB, including geochemical and isotopic
analyses of zircons.
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APPENDIX 1

The in situ U-Pb (La ICP-MS) zircon dating analysis of T1 layer of Niewachléw tuffites

Grain spot | 207Pb /235U | +2SE | 206Pb/238U | +2SE U238 / 206Pb +2SE \ 207Pb/206Pb | +2SE | Age 207Pb /235U | + 2SE | Age 206Pb /238U | + 2SE | Age 207Pb/206Pb | +2SE
The analysis of homogeneous zircons and external crystal growth zones selected to calculate the concordia age
Ta-1 0.545|  0.046 0.0675/ 0.0013 14.81481| 0.2853224 0.0592 0.0051 428 30 420.6 8.1 350 170
Ta-2 0.537| 0.04 0.0679] 0.0012 14.72754|  0.2602805 0.0572| 0.0043] 429 26 423.2 7.3 390 150
Ta-3 0.493] 0.034 0.0672]  0.0011 14.88095 0.243587 0.0536/ 0.0038| 398 23 419.1 6.5 230 140
Ta-5 0.524/ 0.023 0.06757| 0.00079 14.79947|  0.1730291 0.0563| 0.0024 425 15 421.5 4.8 420 95
T1a-6 0.514/ 0.023 0.06655| 0.00082 15.0263| 0.1851474 0.0561| 0.0026| 418 15 415.3 4.9 398 100,
T1a-8 0.532]  0.048 0.068) 0.0015 14.70588| 0.3243945 0.0579| 0.0056| 418 33 423.7 9 270 180
T1a-9 0.528) 0.036 0.068) 0.0013 14.70588| 0.2811419 0.0563| 0.0038, 423 24 423.7 7.9 350 140
T1a-10 0.542 0.05 0.0674| 0.0018 14.8368) 0.3962349 0.0595/ 0.0057| 421 33 420 11 320 190
Ta- 11 0.513] 0.06 0.0683 0.0017 14.64129| 0.3644245 0.0558| 0.0063] 410 39 425 10 200 210
Tb-3 0.535 0.031 0.06721| 0.00098 14.87874| 0.2169493 0.0578| 0.0034 428 21 419.2 5.9 410 130
Tic-5 0.505| 0.039 0.067 0.001 14.92537| 0.2227668 0.0551] 0.0041 410 25 417.7 6.3 300 140
Tic - 13 0.526) 0.032 0.06802]  0.0011 14.70156| 0.2377494 0.0558| 0.0034 423 22 424.1 6.5 350 130
Tic - 14 0.518)  0.027 0.0676/ 0.0009 14.7929) 0.1969469 0.0567| 0.0031 422 19 421.9 5.4 390 110
Tic -1 0.537] 0.16 0.0675 0.0018 14.81481| 0.3950617 0.0586] 0.012 430 59 421 11 460 170
The youngest excluded analyse
Tla-12 \ 0.527\ 0.03 0.0658/  0.0011 15.19757|  0.2540627 0.0582| 0.0034 426 20 410.8 6.4 480 120
The analysis of inherited zircon cores
Tla-4 0.529 0.027 0.0676| 0.00099 14.7929) 0.2166416 0.0574|  0.003| 425 19 421.9 6 410 110
Ta-7 0.561 0.06 0.0696| 0.0018 14.36782| 0.3715815 0.0602] 0.0066 427 40 433 11 270 210
Tla-13 0.535 0.035 0.0685 0.0011 14.59854| 0.2344291 0.0569| 0.0036 429 23 427.3 6.4 390 130
T1b-1 0.529  0.035 0.0696| 0.0012 14.36782 0.247721 0.0552] 0.0037| 424 23 433.6 7.3 310 140
Tb-2 0.494/ 0.038 0.0696| 0.0013 14.36782| 0.2683644 0.0524|  0.004 405 26 433.7 7.6 210 150
Tb-4 0.523]  0.031 0.06781 0.001 14.74709| 0.2174766 0.056 0.0033 420 20 422.8 6.2 350 120
Tb-5 0.508/  0.055 0.0689] 0.0017 14.51379| 0.3581051 0.0538/ 0.0059 393 37 429.4 10 110 210
Tb-8 0.521 0.028 0.06952| 0.00099 14.38435| 0.2048404 0.0547|  0.003| 426 19 433.2 5.9 340 120
T1d - 1 0.516)  0.031 0.0683]  0.0011 14.64129| 0.2358041 0.0551| 0.0033] 413 21 426 6.4 310 130
T1d - 2 0.553)  0.032 0.0695/ 0.0011 14.38849| 0.2277315 0.0577| 0.0031 441 21 433.2 6.3 430 120
Tic -2 0.527)  0.031 0.06927| 0.00091 14.43626| 0.1896492 0.0556| 0.0031 426 19 431.7 5.5 350 110
Tic-3 0.519 0.03 0.0713]  0.0012 14.02525 0.236049 0.0533] 0.0031 420 20 444 7.2 260 120
Tic-4 0.571 0.037 0.07] 0.0012 14.28571 0.244898 0.0608| 0.0043] 453 23 435.9 7.2 530 130
Tic-9 0.518)  0.047 0.0706| 0.0017 14.16431| 0.3410669 0.0537|  0.005| 407 33 439.2 10 160 180
Tic - 11 0.597| 0.03 0.07215|  0.0011 13.86001 0.21131 0.0603] 0.0031 473 20 449 6.4 530 110
Tic - 12 0.504/ 0.035 0.0695{ 0.0012 14.38849| 0.2484343 0.0533| 0.0038| 407 24 432.8 7.2 210 140
Tic - 10 0.533] 0.33 0.0709] 0.0034 14.10437| 0.6763733 0.0567 0.02 430 92 441.6 20 400 210
Tic-8 0.845] 0.13 0.07] 0.0019 14.28571| 0.3877551 0.0895| 0.011 604 53 436 11 1170 170




APPENDIX 2
Major and trace element geochemistry of Upper Silurian and Lower Devonian samples from Germany, Ukraine (Podolia) and Moldova

Author Bratz 2000 Bratz 2000 Bratz 2000 Bratz 2000 Bratz 2000 Bratz 2000 Bratz2000 Raumer etal. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer etal. 2017 Raumer etal. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017
Sample 93002 93007 93010 93015 93025 96005 97005 45,358 45,357 46,282 46,281 46,280 46,278 46,277 46,276 46,275 46,274 46,273 46,271 46,270 46,269 46,268 46,266 46,265 46,264
Maijor oxides (wt %)

SiO, 73.72 70.80 71.23 76.44 68.60 71.55 77.70 70.63 70.64 73.84 78.37 79.91 75.86 80.17 78.68 81.55 76.37 79.29 74.78 75.54 65.64 81.76 74.69 77.95 75.36
Al,O4 13.74 14.64 13.79 12.77 15.59 14.31 12.97 13.88 14.18 12.52 11.93 10.69 12.59 11.31 10.96 9.73 12.15 11.76 10.19 13.17 16.13 7.58 13.03 11.63 13.12
Fe,O3 T 2.18* 2.92* 4.34* 1.46* 3.19* 2.74* 1.56 3.38 3.37 4.37 2.05 2.09 2.81 1.81 2.46 2.17 2.65 2.05 4.35 2.56 6.17 4.27 3.18 2.58 2.82
CaO 1.86 1.93 1.22 0.69 1.82 0.45 2.48 1.15 0.65 0.08 0.02 0.04 0.03 0.02 0.27 0.02 0.41 0.01 1.60 0.03 0.18 0.15 0.07 0.01 0.06
MgO 0.71 1.08 0.98 0.44 1.78 0.70 0.59 0.60 0.76 1.64 0.80 0.63 1.58 0.79 1.30 1.23 1.23 0.86 1.14 1.07 2.06 1.08 1.32 0.98 1.00
Na,O 4.16 3.63 2.80 3.58 4.65 3.31 3.76 3.21 3.56 0.75 0.25 0.78 0.57 0.34 0.69 0.08 1.00 0.36 1.56 1.32 1.60 1.89 1.67 1.68 1.20
K,O 1.60 412 4.84 4.19 2.95 4.10 1.08 4.41 3.85 2.58 3.03 2.45 3.16 2.55 2.19 2.27 2.64 2.56 1.71 2.84 3.09 0.52 2.74 2.29 3.02
MnO 0.03 0.05 0.06 0.02 0.06 0.06 0.02 0.06 0/05 0.05 0.06 0.12 0.03 0.06 0.05 0.03 0.07 0.04 0.11 0.05 0.07 0.07 0.06 0.11 0.04
TiO, 0.36 0.43 0.55 0.17 0.44 0.43 0.20 0.47 0.49 0.45 0.30 0.29 0.31 0.23 0.25 0.15 0.30 0.21 0.54 0.30 0.91 0.49 0.37 0.25 0.40
P,0Os 0.06 0.11 0.13 0.04 0.09 0.11 0.02 0.13 0.14 0.08 0.04 0.05 0.03 0.03 0.03 0.02 0.04 0.02 0.09 0.04 0.19 0.11 0.05 0.03 0.04
* value recalculated to

Fe,O,T

Trace elements (ppm)

Ba 436 1791 523 717 733 594 240 807 815 332 383 310 598 345 463 382 568 506 483 425 403 73 380 295 881
Be

Co 31.0 22.0 24.0 <10.0 39.0 41.0 <10.0 7.0 7.0 8.0 4.0 5.0 4.0 2.0 4.0 2.0 5.0 2.0 12.0 4.0 14.0 10.0 7.0 4.0 4.0
Cs 7.20 6.25 3.49 3.72 3.27 4.76 2.30 3.48 3.02 3.96 2.68 2.35 5.10 5.70 0.97 4.92 4.06
Ga 12.0 20.0 22.0 15.0 19.0 14.0 14.0 16.0 17.0 18.0 18.0 16.0 20.0 19.0 16.0 14.0 17.0 19.0 13.0 19.0 20.0 9.0 18.0 16.0 21.0
Hf 3.10 3.21 6.03 6.84 5.59 9.23 8.35 6.57 6.15 7.39 9.36 4.05 7.81 7.10 6.71 7.27 6.89 9.28
Nb 16.0 6.0 17.0 12.0 7.0 15.0 <5.0 17.0 17.0 21.0 22.0 21.0 28.0 25.0 20.0 18.0 22.0 27.0 12.0 23.0 20.0 12.0 23.0 22.0 33.0
Rb 64.0 110.0 246.0 110.0 73.0 151.0 39.0 175.0 156.0 115.0 134.0 108.0 142.0 94.0 92.0 97.0 114.0 113.0 74.0 131.0 140.0 24.0 136.0 106.0 133.0
Sn <15.0 <15.0 <15.0 <15.0 <15.0 17.0 <15.0

Sr 98.0 567.0 192.0 93.0 364.0 79.0 341.0 86.0 64.0 30.0 21.0 25.0 24.0 46.0 42.0 18.0 38.0 61.0 42.0 34.0 51.0 43.0 39.0 33.0 29.0
Ta 0.97 1.03 1.32 1.55 1.29 1.90 1.73 1.38 1.32 1.52 1.92 0.73 1.68 1.27 0.69 1.55 1.47 1.80
Th 15.0 <5.0 18.0 7.0 <5.0 13.0 <5.0 17.91 18.50 13.80 15.90 12.50 18.90 16.80 14.30 14.30 16.00 19.30 7.53 17.80 13.50 8.78 16.20 15.00 17.00
U <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 2.75 2.94 3.17 3.26 2.49 3.97 3.25 3.13 2.61 3.44 3.33 1.60 3.84 2.99 1.74 3.47 2.81 3.82
\% 31.0 48.0 46.0 27.0 69.0 56.0 32.0 39.0 43.0 50.0 28.0 24.0 23.0 15.0 23.0 11.0 28.0 13.0 64.0 31.0 113.0 51.0 40.0 23.0 26.0
Zr 198.0 166.0 361.0 107.0 149.0 174.0 130.0 220.0 231.0 229.0 214.0 247.0 293.0 291.0 201.0 160.0 234.0 269.0 179.0 218.0 289.0 391.0 217.0 214.0 464.0
Y 34.0 4.7 54.0 12.0 11.0 26.0 2.2 46.0 50.0 58.0 41.0 49.0 60.0 51.0 52.0 47.0 51.0 60.0 28.0 58.0 41.0 28.0 69.0 65.0 106.0
La 46.0 43.0 49.0 29.0 42.0 11.0 23.0 44.27 46.55 48.80 51.30 46.70 63.00 45.10 50.00 41.70 53.70 54.20 27.10 58.40 45.30 26.40 53.60 54.20 67.00
Ce 94.0 72.0 106.0 52.0 79.0 24.0 36.0 86.39 88.96 99.10 107.00 99.10 131.0 95.40 99.00 88.90 111.00 123.00 56.20 121.00 92.90 55.00 109.00 105.00 136.00
Pr 11.0 7.2 13.0 57 8.3 3.1 34 10.16 10.76 11.50 12.50 11.30 15.60 11.10 11.90 10.50 13.00 13.60 6.74 14.10 11.00 6.70 13.00 13.10 16.60
Nd 40.0 22.0 49.0 18.0 33.0 12.0 9.6 37.54 39.34 42.60 46.30 42.10 58.70 41.40 44.20 38.80 48.60 49.90 25.60 52.10 41.60 25.70 48.20 49.80 63.70
Sm 8.2 3.2 10.0 3.4 5.9 2.8 1.2 8.39 8.61 8.50 9.36 8.57 11.80 8.46 9.27 7.96 9.59 9.30 5.06 10.50 8.44 5.54 9.81 10.40 13.70
Eu 1.3 0.84 1.6 0.59 4.0 0.60 0.59 1.38 1.50 1.43 1.42 1.40 1.85 1.50 1.51 1.04 1.46 1.22 1.05 1.55 1.60 1.08 1.57 1.72 2.67
Gd 7.5 2.0 10.0 2.9 4.1 3.4 0.81 7.55 8.30 8.65 8.25 7.76 10.40 7.64 9.05 7.23 8.65 7.76 4.57 9.47 7.26 513 9.53 10.20 14.50
Tb 1.2 1.9 0.46 0.56 0.76 1.23 1.34 1.39 1.22 1.20 1.54 1.17 1.50 1.17 1.32 1.26 0.68 1.48 1.09 0.74 1.60 1.67 2.46
Dy 7.0 1.1 10.0 2.5 2.6 4.9 0.45 8.21 8.73 9.14 7.33 7.53 9.67 7.67 9.39 7.50 8.15 8.84 4.35 9.22 6.70 4.48 10.50 10.40 16.10
Ho 1.30 0.22 2.0 0.43 0.60 1.0 0.12 1.63 1.83 1.87 1.47 1.51 2.00 1.58 1.86 1.53 1.65 1.95 0.88 1.85 1.31 0.88 2.12 2.12 3.25
Er 3.8 0.46 6.0 1.3 1.3 3.2 0.27 4.5 4.93 5.31 4.27 4.34 5.95 4.77 5.23 4.46 4.73 6.07 2.52 5.33 3.72 2.47 6.05 5.96 9.23
Tm 0.53 0.07 0.85 0.17 0.45 0.63 0.68 0.75 0.62 0.61 0.87 0.71 0.74 0.65 0.67 0.93 0.35 0.74 0.53 0.35 0.87 0.86 1.30
Yb 3.3 0.52 5.6 1.1 1.1 3.1 0.30 4.33 4.60 4.88 4.24 4.17 6.07 4.92 5.08 4.44 4.61 6.51 242 5.06 3.54 2.34 5.70 5.61 8.36
Lu 0.48 0.09 0.82 0.16 0.19 0.47 0.06 0.60 0.64 0.68 0.60 0.57 0.87 0.71 0.70 0.60 0.64 0.92 0.33 0.69 0.50 0.34 0.80 0.79 1.17
Mo <5.0 <5.0 <5.0 <0.5 <0.5 <0.5 <0.5

Cu 18.0 17.0 3.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 7.0 1.0 10.0 1.0 1.0 1.0 1.0
Pb 32.0 20.0 8.0 17.0 13.0 5.0 49.0 18.0 14.0 15.0 4.0 17.0 25.0 28.0 16.0 13.0 19.0 14.0 16.0 22.0 16.0 9.0 22.0 21.0 16.0
Zn 58.0 48.0 32.0 16.0 49.0 22.0 21.0 46.0 51.0 83.0 25.0 25.0 75.0 70.0 68.0 53.0 68.0 64.0 54.0 71.0 83.0 53.0 67.0 80.0 89.0
Ni <5.0 <5.0 16.0 9.0 8.0 <5.0 14.0 7.0 7.0 34.0 17.0 15.0 16.0 9.0 25.0 7.0 21.0 13.0 49.0 24.0 66.0 37.0 30.0 24.0 18.0
As

Cd

Sb

Ag

T



Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Raumer et al. 2017 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995

46,263

71.62
14.09

3.93

0.09
1.71

1.05
3.15
0.06
0.53

0.09

358

8.0
414
20.0
7.37
23.0
144.0

32.0
1.54
16.10
3.28
60.0
273.0
43.0
53.90
110.00
12.90
48.00
9.44
1.55
8.11
1.22
7.46
1.50
4.32
0.62
4.24
0.60

3.0

18.0
71.0
37.0

46,262

73.84
13.45

3.38

0.09
1.24

0.86
3.46
0.07
0.41

0.05

390

6.0
5.51
21.0
10.30
30.0
153.0

28.0
1.93
19.30
3.33
34.0
364.0
77.0
71.50
138.00
17.20
64.30
13.10
2.41
12.10
2.01
13.10
2.69
7.74
1.10
7.46
1.05

1.0

20.0
74.0
39.0

46,260

73.32
13.84
3,71
0.05
0.97
0.87
3.28
0.06
0.50

0.07

469

10.0
4.73
20.0
8.66
28.0
144.0

39.0
1.68
17.00
3.61
51.0
325.0
74.0
61.70
126.00
15.20
57.10
12.00
2.10
11.20
1.83
11.80
2.41
6.92
1.00
6.63
0.95

7.0

30.0
91.0
41.0

46,259

75.16
12.92

3.15

0.04
1.18
2.33
2.29
0.04
0.39

0.05

390

5.0
5.61
20.0
8.85
27.0
108.0

44.0
1.75
17.50
3.33
35.0
309.0
53.0
59.60
122.00
14.60
55.20
11.30
2.03
10.10
1.56
9.71
1.95
5.67
0.82
5.61
0.79

0.0

19.0
77.0
28.0

46,257

71.64
12.61

3.93

1.47
1.30
1.71

2.46
0.10
0.57

0.08

432

9.0
3.70
18.0
8.55
23.0
117.0

86.0
1.47
15.50
3.26
57.0
364.0
53.0
55.50
112.00
13.50
50.80
10.10
1.87
9.23
1.41
8.87
1.87
5.13
0.72
4.95
0.70

3.0

21.0
86.0
38.0

46,397

76.77
12.57

2.39

0.03
0.29
3.99
1.64
0.02
0.26

0.07

195

2.0

5.06
16.0
243
19.0
89.0

93.0
0.76
10.90
2.37
21.0
171.0
54.0
24.70
48.60
5.69
19.90
3.99
0.40
3.57
0.68
4.37
0.92
2.66
0.39
2.63
0.36

3.0
7.0
9.0
5.0

46,396 Sp91-1 Sp91-2 Sp91-3 Sp91-4
7217 74.70 75.10 75.30 76.10
13.18 13.40 13.60 13.20 12.80
2.42 1.61* 1.59* 1.22% 1.17*
1.71 1.1 1.17 0.83 0.80
0.61 0.66 0.47 0.37 0.33
2.06 413 4.51 3.72 3.70
2.89 3.69 3.07 4.46 4.34
0.14 0.04 0.03 0.03 0.02
0.30 0.21 0.20 0.16 0.15
0.06 0.05 0.04 0.03 0.03
288 741 795 793 746
2.0

1.20

18.0 13.0 15.0 13.0 13.0
3.71

22.0 14.0 18.0 10.0 13.0
129.0 133.0 103.0 136.0 125.0
63.0 106.0 85.0 77.0 68.0
1.50

19.40 13.00 17.00 19.00 13.00
2.14

15.0 250 22.0 14.0 16.0
251.0 111.0 105.0 109.0 99.0
56.0 22.0 29.0 20.0 21.0
63.80 22.00 33.00 56.00 50.00
122.00

14.30

50.70

10.00

1.56

9.11

1.63

9.87

1.98

5.55

0.77

5.38

0.73

1.0

3.0 20.0 19.0 26.0 18.0
18.0 31.0 26.0 29.0 21.0
5.0 <10.0 <10.0 <10.0 <10.0

Dombrowski et al. 1995 Dombrowski et al. 1995

Sp91-5

73.40
14.00

2.49*
1.75
0.94
4.26
2.64
0.05
0.32

0.08

548

17.0

13.0
104.0

148.0
15.00

35.0
127.0
23.0
42.00

21.0
39.0
<10.0

Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995

Sp91-6

74.00
13.60

1.88*
1.34
0.63
3.89
3.43
0.04
0.25

0.06

632

16.0

15.0
128.0

130.0
17.00

34.0
114.0
22.0
53.00

18.0
23.0
<10.0

Sp91-7

74.00
13.80

2.14*
1.35
0.64
4.04
3.48
0.04
0.24

0.03

719

16.0

10.0
123.0

155.0
10.00

31.0
107.0
17.0
34.00

19.0
31.0
<10.0

Sp91-8

74.10
13.80

1.79*
1.30
0.63
3.88
3.65
0.04
0.24

0.06

671

16.0

11.0
133.0

137.0
15.00

26.0
108.0
19.0
33.00

19.0
240
<10.0

Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995

Sp91-9

72.90
14.00

2.30*
1.58
0.96
3.90
3.46
0.04
0.30

0.07

600

14.0

11.0
124.0

161.0
12.00

37.0
120.0
18.0
32.00

12.0
30.0
<10.0

Sp91-10

73.50
13.80

2.05*
1.34
0.91
3.85
3.67
0.06
0.27

0.07

647

13.0

13.0
144.0

162.0
15.00

33.0
118.0
22.0
19.00

19.0
72.0
<10.0

Sp91-11

76.70
12.70

1.06*
0.70
0.34
3.60
4.42
0.02
0.14

0.03

833

13.0

12.0
129.0

78.0
18.00

17.0
95.0
28.0
35.00

30.0
16.0
<10.0

Sp91-12

75.30
13.30

1.49*
0.98
0.51
3.86
3.95
0.03
0.21

0.05

701

15.0

13.0
137.0

97.0
19.00

19.0
106.0
27.0
51.00

17.0
240
<10.0

Dombrowski et al. 1995
Sp91-13

75.00
13.20

1.46*
0.97
0.55
3.82
4.00
0.04
0.20

0.05

697

12.0

13.0
143.0

96.0
11.00

30.0
99.0
27.0
45.00

12.0
36.0
<10.0



Dombrowski et al. 1995
Sp91-14

75.80
13.10

1.46%
1.02
0.56
4.00
3.49
0.03
0.20

0.05

674

14.0

14.0
129.0

95.0
14.00

220
98.0
26.0
35.00

22.0
19.0
<10.0

Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995 Dombrowski et al. 1995

Sp91-15

75.30
13.20

1.50%
1.04
0.59
3.66
4.15
0.04
0.20

0.05

692

13.0

13.0
157.0

103.0
16.00

28.0
105.0
240
49.00

16.0
19.0
<10.0

Sp91-16

75.20
13.30

1.72%
1.03
0.56
4.02
3.67
0.03
0.20

0.04

698

13.0

13.0
139.0

98.0
15.00

23.0
103.0
25.0
53.00

13.0
23.0
<10.0

Sp91-19

71.10
14.70

2.92*
1.71
1.13
4.19
3.43
0.07
0.43

0.11

685

20.0

17.0
116.0

151.0
12.00

40.0
174.0
32.0
<10.00

22.0
64.0
<10.0

Sp-1/1

73.70
13.40

2.14*
1.47
0.69
4.03
3.55
0.06
0.23

0.04

680

17.0
136.0

150.0
13.00
24.0
90.0
27.0

76.0

50.0
25.0
35.0
27.0

Sp-1/2

74.10
14.00

2.29*
1.56
0.87
4.28
2.56
0.06
0.29

0.08

590

17.0
114.0

185.0
16.00
30.0
108.0
31.0

75.0

6.0

23.0
36.0
19.0

Sp-1/3

64.00
17.30

2.59*
0.43
1.28
2.88
9.70
0.06
0.33

0.10

1540

21.0
310.0

145.0
15.00
33.0
139.0
33.0

75.0

21.0
33.0
36.0
22.0

Sp-2/1

76.40
13.20

1.58*
0.84
0.49
3.44
3.82
0.02
0.17

0.05

760

12.0
127.0

105.0
7.00
16.0
69.0
10.0

71.0

5.0

13.0
24.0
14.0

Sp-3/1

73.40
14.30

1.87*
1.06
0.68
4.00
4.06
0.04
0.24

0.08

620

17.0
159.0

96.0
13.00
250
106.0
32.0

75.0

5.0
8.0
26.0
7.0

Sp-3/2a

77.00
12.90

0.96*
0.52
0.07
3.16
5.67
0.02
0.08

0.04

300

23.0
210.0

60.0
13.00
7.0
<50.0
53.0

68.0

10.0
27.0
<20.0
9.0

Sp-3/2b

74.70
13.50

1.65%
1.27
0.40
4.09
3.29
0.03
0.21

0.06

660

17.0
151.0

92.0
16.00
21.0
109.0
29.0

67.0

6.0
13.0
250
6.0

Sp-5/1

73.50
14.90

1.71*
1.71
0.62
3.92
3.43
0.06
0.18

0.09

720

15.0
160.0

240.0
11.00
15.0
80.0
24.0

54.0

9.0

15.0
32.0
<1.0

Dombrowski et al. 1995
Sp-6/1

75.80
12.80

1.55%
1.17
0.50
3.64
3.51
0.03
0.18

0.04

1010

12.0
104.0

135.0
13.00
16.0
82.0
37.0

76.0

18.0
32.0
32.0
8.0

Dombrowski et al. 1995
Sp-6/2

76.90
12.30

1.36%
1.05
0.45
3.58
3.80
0.04
0.16

0.04

910

13.0
101.0

100.0
14.00
12.0
87.0
35.0

75.0

4.0
29.0
28.0
5.0

Dombrowski et al. 1995
Sp-7/1

73.70
13.50

2.31*
1.76
0.77
4.06
2.57
0.04
0.29

0.09

500

15.0
109.0

150.0
12.00
32.0
96.0
17.0

64.0

3.0

10.0
33.0
30.0

Dombrowski et al. 1995
Sp-8/1

74.50
13.30

2.05*
1.35
0.61
3.76
3.70
0.04
0.24

0.08

670

18.0
147.0

125.0
16.00
220
98.0
29.0

76.0

52.0
30.0
36.0
11.0

Reischmann et al. 2001
Bol-01

70.59
13.98

3.42

1.49
0.88
2.79
5.10
0.06
0.56

0.15

795

16.0

17.0
192.0

83.0

45.0
229.0
34.0

5.0

52.0
10.0

Reischmann et al. 2001
Bol-02

77.48
12.40

0.96

0.62
0.11
3.30
4.79
0.04
0.10

0.02

452

14.0

14.0
171.0

35.0

80.0
30.0

22.0

Reischmann et al. 2001
Bol-03

69.24
14.81

4.30

2.32
1.35
4.16
2.29
0.09
0.74

0.17

396

18.0

19.0
121.0

143.0

61.0
255.0
29.0

7.0

68.0
11.0



Reischmann et al. 2001
Bol-04

77.82
12.26

0.72

0.48
0.08
2.91
5.16
0.02
0.12

0.02

149

10.0

6.0
104.0

74.0

80.0
16.0

Reischmann et al. 2001
Bol-05

68.18
14.84

4.78

1.95
1.51
4.50
2.18
0.09
0.78

0.21

468

18.0

18.0
95.0

158.0

59.0
283.0
29.0

57.0
11.0

Reischmann et al. 2001
Bol-06

76.89
11.51

1.86

0.44
0.30
1.88
6.40
0.04
0.15

0.10

356

14.0

9.0
174.0

54.0

83.0
26.0

22.0

Reischmann et al. 2001
Bol-09

65.35
16.10

6.39

2.59
1.85
3.47
3.05
0.10
0.96

0.13

792

21.0

19.0
117.0

165.0

283.0
26.0

87.0
20.0

Huff et al. 2000 Huff et al. 2000 Huff et al. 2000 Huff et al. 2000 Huff et al. 2000 Kiipli 2021

C10

40.50
18.40

3.63
12.6
3.22
0.01

6.11

0.18
0.01

120
2.0

15.9
8.0
7.0
18.0
171.0

66.0
2.2
13.0
3.2
7.0
130.0
14.0
7.30
16.9
2.0
7.5
1.6
0.23
1.7
0.3
1.6
0.35
1.3
0.2
1.4
0.24

5.1
43.0
12.0
14.0
0.64
0.6
1.6
0.5
1.5

C6

55.30
20.20

0.97
0.64
4.92
0.01

8.89

0.35
0.10

130
3.0

12.8
11.0
9.2
25.0
215.0

35.0
1.8
31.0
5.1
8.0
260.0
26.0
12.60
31.7
4.0
15.5
3.2
0.31
3.7
0.7
3.6
0.77
24
0.4
2.7
0.41

8.9
8.0
8.3
3.0
1.6
0.3
0.5
0.7
0.6

M7

52.30
20.30

3.17

2.45
3.1
0.05

8.88

0.28
0.03

260
2.0

15.5
11.0
8.0
27.0
180.0

45.0
29
17.0
2.7
8.0
210.0
30.0
25.70
53.2
6.3
23.8
4.9
0.54
54
0.9
4.4
0.95
2.8
0.5
3.0
0.45

4.8
15.0
15.0
7.0
16.0
0.8
0.8
0.2
1.6

C3-1

53.70
21.20

1.44

1.05
4.58
0.06

7.41

0.21
0.04

190
2.0

16.3
12.0
7.8
31.0
212.0

52.0
2.2
26.0
3.6
7.0
210.0
28.0
22.50
44.9
5.2
18.8
3.6
0.40
4.0
0.7
3.5
0.77
2.5
0.4
3.0
0.45

3.1
4.0
16.0
9.0
3.6
0.4
0.4
0.4
0.7

C3-2

54.10
21.80

1.19
0.55
4.84
0.02

7.76

0.20
0.03

140
3.0

15.0
12.0
8.9
31.0
214.0

47.0
26
250
3.2
3.0
230.0
250
22.70
46.1
5.2
19.4
3.5
0.29
4.0
0.6
3.4
0.75
24
0.4
2.8
0.45

12.6
2.0
11.0
6.0
1.3
0.8
0.3
0.4
0.7

Kishinjov — 1, Depth 517.0m

56.50
21.20

1.13

0.77
5.23

8.55
0.003
0.22

0.07

68

26.0

29.0
180.0

50.0

16.0
5.0

162.0
10.0

14.00
<15.0

<10.0
15.0
23.0
7.0

Kiipli 2021
Pidhaytsi — 1, Depth 1090.0m

54.80
22.20

2.33

0.18
5.00

8.10
0.005
0.247

0.06

184

28.0

34.0
222.0

152.0

24.0
7.0

171.0
17.0
28.00
18.0

12.0
17.0
25.0
12.0

Kiipli 2021
Pidhaytsi — 1, Depth 1090.0m

55.10
22.60

1.75

0.17
5.01

8.38
0.005
0.233

0.06

198

27.0

31.0
225.0

141.0

18.0
3.0

157.0
16.0
<15.00
17.0

<10.0
14.0
11.0
3.0

Kiipli 2021
Vilhovets — 6, Depth 138.0m

56.20
20.80

1.46

0.51
5.97

8.18
0.006
0.256

0.11

153

29.0

28.0
230.0

47.0

26.0
11.0

162.0
17.0
33.00
14.0

12.0
15.0
8.0
6.0

Kiipli 2021
Horodok — 9, Depth 390.0m

63.70
19.80

1.44

0.18
4.47

6.61
0.003
0.172

0.07

70

23.0

17.0
216.0

172.0

15.0
7.0

125.0
40.0
22.00
49.0

<10.0
15.0
6.0
5.0

Kiipli 2021
Ustya — 7, Depth 131.0m

54.10
21.20

1.97

1.23
5.71

7.79
0.009
0.239

0.06

105

27.0

19.0
226.0

109.0

17.0
6.0

150.0
21.0
46.00
24.0

<10.0
17.0
8.0
6.0

Kiipli 2021
Trybchyn — 65, exposure

40.20
13.20

0.74

19.46
4.08

6.10
0.0012
0.103

0.06

82

14.0

13.0
131.0

104.0

15.0
5.0

94.0
81.0
36.00
48.0

<10.0
10.0
3.0
3.0

Kiipli 2021
Trybchyn — 65, exposure

56.00
22.40

1.06

0.35
5.83

7.78
0.003
0.171

0.04

140

26.0

22.0
239.0

21.0

22.0
6.0

145.0
18.0
22.00
38.0

<10.0
9.0
4.0
2.0

Kiipli 2021
Trybchyn — 64, exposure

57.90
18.40

1.33

1.64
6.37

7.80
0.003
0.142

0.03

124

22.0

17.0
251.0

26.0

220
5.0

115.0
16.0
15.00
30.0

<10.0
9.0
9.0
3.0

Kiipli 2021
Zavadivka — 6, Depth 1249.5m

54.90
23.40

2.29

0.37
3.84

7.33
0.005
0.304

0.07

320

27.0

20.0
241.0

170.0

18.0
9.0

144.0
45.0
43.00
51.0

10.0
19.0
26.0
3.0

Kiipli 2021
Kudryntsi — 166, exposure

54.90
22.70

2.29

0.55
5.10

8.18
0.006
0.409

0.10

149

19.0

23.0
206.0

341.0

15.0
2.0

251.0
21.0
18.00
66.0

<10.0
20.0
18.0
8.0



Kiipli 2021
Pidhaytsi — 1, Depth 1143.6m

54.00
21.90

1.53

1.79
5.48

8.00
0.008
0.320

0.09

178

22.0

23.0
224.0

144.0

23.0
4.0

250.0
20.0
44.00
17.0

17.0
19.0
14.0
5.0

Kiipli 2021
Okopy-Bilivtsi — 46, exposure

55.80
2210

1.50

0.58
4.90

8.73
0.002
0.301

0.08

71

18.0

20.0
204.0

14.0

26.0
5.0

275.0
8.0

17.00
<15.0

7.0
18.0
9.0
8.0

Kiipli 2021
Pidhaytsi — 1, Depth 1144.6m

54.60
21.20

1.44

0.70
5.84

8.09
0.004
0.215

0.03

109

23.0

28.0
222.0

156.0

27.0
5.0

239.0
13.0
33.00
28.0

19.0
12.0
10.0
7.0

Kiipli 2021
Zavadivka — 1, Depth 1364.0m

53.80
23.60

2.86

0.55
4.96

7.48
0.013
0.469

0.14

441

22.0

23.0
238.0

234.0

21.0
8.0

277.0
47.0
44.00
38.0

<10.0
27.0
17.0
20

Kiipli 2021
Pryhorodok — 117, exposure

58.30
21.90

0.87

0.45
5.15

8.95
0.002
0.350

0.08

69

21.0

20.0
202.0

28.0

32.0
4.0

222.0
16.0
31.00
38.0

12.0
12.0
4.0
4.0

Kiipli 2021
Pryhorodok — 107, exposure

58.00
21.80

0.86

0.48
4.95

9.25
0.002
0.356

0.09

113

23.0

21.0
194.0

31.0

31.0
4.0

225.0
20.0
41.00
24.0

11.0
13.0
13.0
5.0

Kiipli 2021
Pidhaytsi — 1, Depth 1148.3m

54.40
22.70

2.76

0.23
5.17

8.07
0.024
0.559

0.13

441

22.0

23.0
217.0

112.0

25.0
5.0

343.0
48.0
<15.00
40.0

13.0
34.0
20.0
5.0

Kiipli 2021
Zavadivka — 6, Depth 1281.5m

59.30
21.60

2.05

0.54
4.08

6.85
0.007
0.296

0.06

315

27.0

29.0
226.0

164.0

17.0
9.0

146.0
36.0
42.0
31.0

8.0
240
22.0
5.0

Kiipli 2021
Vilhovets — 6, Depth 183.0m

56.80
19.20

1.73

0.33
6.46

8.29
0.009
0.272

0.14

234

18.0

16.0
222.0

817.0

9.0
8.0

144.0
220
23.0
31.0

<10.0
18.0
7.0
20

Kiipli 2021
Kishinjov — 1, Depth 553.5m

57.10
20.30

0.90

0.24
6.20

8.85
0.003
0.194

0.03

54

21.0

25.0
191.0

232.0

20.0
2.0

187.0
13.0
19.0
<15.0

<10.0
12.0
13.0
5.0

Kiipli 2021
Zavadivka — 6, Depth 1289.3m

60.90
20.30

1.94

0.96
3.84

6.40
0.009
0.274

0.06

268

250

20.0
205.0

161.0

16.0
7.0

147.0
29.0
30.0
20.0

<10.0
32.0
21.0
4.0

Kiipli 2021
Kishinjov — 1, Depth 560.5m

57.30
21.80

1.92

0.32
5.39

8.94
0.014
0.344

0.08

256

17.0

19.0
192.0

101.0

220
5.0

238.0
27.0
26.0
27.0

<10.0
21.0
15.0
5.0

Kiipli 2021
Pidhaytsi — 1, Depth 1188.0m

51.10
21.70

1.96

3.13
5.05

7.51
0.010
0.301

0.06

190

20.0

25.0
212.0

166.0

23.0
9.0

148.0
14.0
13.0
15.0

24.0
15.0
20.0
8.0

Kiipli 2021
Bernove-Okopy — 5, Depth 48.6m

56.60
19.90

1.87

0.47
5.63

8.62
0.006
0.339

0.22

212

21.0

33.0
225.0

98.0

16.0
6.0

256.0
43.0
25.0
34.0

<10.0
15.0
13.0
2.0

Kiipli 2021
Ustya — 7, Depth 281.0m

60.00
16.50
1.76

0.67
6.47

9.17
0.005
0.202

0.35

185

19.0

25.0
238.0

47.0

14.0
8.0

155.0
43.0
40.0
22.0

<10.0
16.0
8.0
9.0

Kiipli 2021
Vilhovets — 6, Depth 248.0m

57.10
19.70

1.68

0.33
6.26

8.71
0.005
0.259

0.14

156

23.0

31.0
215.0

32.0

16.0
6.0

200.0
32.0
21.0
29.0

8.0
12.0
7.0
4.0



Kiipli 2021
Okopy — 5, Depth 42.0m

56.50
20.20

1.75

0.46
6.04

8.56
0.005
0.229

0.25

157

24.0

28.0
234.0

90.0

11.0
5.0

149.0
29.0
<15.00
49.0

<10.0
11.0
3.0
20

Kiipli 2021
Kishinjov — 1, Depth 607.0m

57.30
17.60

1.56

0.75
6.94

8.66
0.005
0.219

0.22

129

19.0

26.0
218.0

74.0

14.0
11.0

152.0
39.0
54.0
29.0

<10.0
19.0
7.0
7.0

Kiipli 2021
Pidhaytsi — 1, Depth 1252.0m

62.00
17.60

1.80

0.71
4.84

7.36
0.006
0.262

0.24

247

17.0

27.0
222.0

106.0

19.0
6.0

185.0
55.0
24.0
30.0

8.0
26.0
8.0
4.0

Kiipli 2021
Sokil — 10, exposure

56.00
21.30

1.42

0.33
5.82

8.29
0.002
0.413

0.09

60

21.0

25.0
213.0

22.0

44.0
9.0

288.0
19.0
39.0
57.0

9.0
13.0
3.0
5.0

Kiipli 2021
Pudlivtsi — 92, exposure

55.90
21.90

2.66

0.36
4.33

9.24
0.004
0.434

0.09

161

15.0

24.0
179.0

21.0

42.0
7.0

296.0
24.0
15.0
<15.0

<10.0
12.0
18.0
3.0



