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SUMMARY

The Holy Cross Mountains (HCM) in Poland, is an isolated natural outcrop of Palacozoic rocks
located within the Trans-European Suture Zone, a tectonic collage of continental terranes
adjacent to the Tornquist margin of the Baltica. This uniqueness made the HCM a target for
palaeogeographic research. Based on the facies differences, the HCM had been divided into two
major units, the southern (the Kielce Unit) and northern (the Lysogéry Unit) part (SHCM and
NHCM, respectively). Their position in relation to each other and the Baltica continent during
Silurian times is still a matter of discussion, whether both parts of the HCM were separated
terranes located along the Baltica margin or they shared in common palacogeographic history.
Here, we present the results of comprehensive rock magnetic measurements applied as a tool
to interpret palaecoenvironmental conditions during deposition and burial and therefore allow
discussion about the terranes’ relative position. To recognize the magnetic mineral composition
and texture of studied Silurian graptolitic shales several rock magnetic measurements were
conducted including low-temperature Saturated Isothermal Remanent Magnetization, thermal
demagnetization of three-component IRM and hysteresis measurements, as well as anisotropy
of magnetic susceptibility (AMS). The sampled rocks come from both units of the HCM.
In all analysed samples we found single domain (SD) stoichiometric magnetite of mostly
diagenetic (i.e. post-depositional) origin and goethite resulting likely from weathering. In turn,
detrital magnetite, even if observed in previously investigated Silurian rocks from the Baltica
margin, was not identified in this study, what we attribute to dissolution during diagenesis
in the deep-water environment. Solely in the NHCM, SD hematite and maghemite grains
were observed, which we interpret as detrital in origin. These grains have been preserved in
the suboxic environment of the NHCM sub-basin bottom waters due to their resistance to
dissolution in marine waters. Considering the deposition conditions (oxygenation of the near-
bottom zone) rather similar for both HCM parts, we associate the presence of aeolian hematite
grains solely in the NHCM rocks with a more proximal position of the NHCM than the
SHCM in relation to the Baltica continent during late Llandovery (Silurian). This conclusion
agrees with some existing palacogeographic models. In addition to petromagnetic studies
focused on the analysis of ferromagnets, AMS measurements were also carried out. The results
indicate that the magnetic susceptibility is mainly governed by paramagnetic minerals, mostly
phyllosilicates with small ferromagnetic contributions. Oblate AMS ellipsoid and distinct
bedding parallel foliation indicate prevailing sedimentary-compactional alignment. Observed
magnetic lineation of tectonic origin resulting from weak strain is related presumably to
Variscian deformations.

Key words: Europe; Magnetic mineralogy and petrology; Rock and mineral magnetism;
Sedimentary basin processes; Llandovery (Silurian) mudstones.
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1 INTRODUCTION

The HCM constitute deformed Cambrian to Carboniferous rocks,
covered by Permian to Mesozoic sediments, that were exhumed
during Late Cretaceous to Palacocene, further covered by Miocene
marine sediments, and again exhumed in Neogene (Fig. 1; e.g.
Lamarche et al. 1999, 2003a, b; Mazur et al. 2005; Scheck-
Wenderoth et al. 2008; Krzywiec et al. 2009). Generally, the HCM
can be divided into two parts, the NHCM, so-called the Lysogory
region, and the SHCM called the Kielce Region, which constitutes
the northern margin of the Matopolska Block (Fig. 1). The NHCM
and SHCM are separated by the Holy Cross Fault (HCF, Fig. 1, see
e.g. Czarnocki 1957, Guterch et al. 1984; Mastella & Konon 2002;
Konon 2004, 2007; Gagata 2015 for details).

The record of a Silurian period, characterized by biotic and
environmental perturbations (e.g. Crampton et al. 2016; Trela et
al. 2016, 2017; Bond & Grasby 2017), is partly preserved in
outcrops in both parts of the HCM. Still under consideration is
whether both SHCM and NHCM were separated terranes located
along the Baltica margin in the Early Paleozoic or they shared in
common paleogeographic history before Devonian (e.g. Pozaryski
1990; Lewandowski 1993, 1994; Tomczykowa & Tomczyk 2000;
Nawrocki & Poprawa 2006; Poprawa 2006; Nawrocki et al. 2007;
Koztowski 2008; Koztowski et al. 2014, Gagata 2015). Neverthe-
less, in Silurian times, both NHCM and SHCM were located rela-
tively close to the Baltica margin (Torsvik et al. 1993, 1996, 2017;
Nawrocki et al. 2007).

Detailed magnetic studies were investigated to better understand
the mechanism of tectonic and sedimentary processes taking place
in Silurian. Based on studies such as Karlin and Levi (1983), Kar-
lin (1990), Kars et al. (2015) and Niezabitowska et al. (2019b),
magnetic minerals composition, which provides a piece of infor-
mation about diagenesis and depositional conditions, was used to
verify current geological models of sedimentary basin evolution for
both parts of the HCM. Studies were conducted on Silurian grap-
tolitic shales collected from three sites, which are lithostratigraph-
ically uniform for the whole HCM (Fig. 2). To recognize the rock-
magnetic properties of analysed shales, comprehensive measure-
ments were performed. Combined results of magnetic anisotropy
of analyzed successions and their magnetic mineral composition
contributed to determining their origin in the context of the cur-
rent state of knowledge. The outcome allowed us to infer about the
palaeoenvironment, palacogeography, and burial for both parts of
the HCM.

2 GEOLOGICAL FRAMEWORK

The HCM is an outcrop of Paleozoic rocks located in central Poland
inside the Trans-European Suture Zone (TESZ). Despite numerous
studies aimed to decipher the tectonic evolution of the HCM, the
tectonic history of docking terranes is still a matter of debate. Gen-
erally, the terrane composition of the HCM is a result of subsequent
orogenic processes from Cadomian to Variscian, while the associ-
ation of the terranes reached the nearby present Baltica position
in Silurian (Pozaryski 1991; Belka ez al. 2000, 2002; Cocks 2002;
Torsvik & Rehnstrom 2003; Cocks & Torsvik 2005; Nawrocki &
Poprawa 2006, Nawrocki et al. 2007; Verniers et al. 2008). Decou-
pled tectonic evolution of the NHCM and SHCM during Caledonian
orogeny is reflected in lithostratigraphic contrast between nearly
continuous late Silurian - Early Devonian sedimentary succession

in the NHCM and well-preserved base-Emsian (Caledonian) un-
conformity in the SHCM (e.g. Czarnocki 1950; Mizerski 1979;
Narkiewicz et al. 2006; Koztowski 2008; Koztowski et al. 2014).
However, Koztowski et al. (2004) and Koztowski (2008) proposed
that the Silurian sediments of both parts of the HCM were deposited
in one continuous sedimentary basin on the southwestern passive
margin of Baltica, where sediments from western NHCM have a
more proximal position to the land.

During Ordovician and Silurian times, the sedimentation regime
in the HCM was determined by the approaching Caledonian oro-
gen, which extended along a collision zone of the southern margin
of Baltica with a subductive island arc, the Eastern Avalonia ter-
rane and other peri-Gondwana terranes (Jaworowski 2000; Poprawa
2006). The progressive docking of the terrane led to the formation
of an orogenic wedge with a foredeep basin, where the subsidence
was determined by the flexural bending of the Baltica margin (e.g.
Poprawa et al. 1999; Poprawa et al. 2010). The continuous infill
of a foreland basin is preserved in the NHCM (Czarnocki 1950;
Mizerski 1979). Therefore, the lower Paleozoic tectonic evolution
is reflected by the sedimentary strata of the NHCM. Corresponding,
but less complete succession, laying unconformable on the Cam-
brian, is preserved in the SHCM (see Fig. 2; e.g. Filonowicz 1971;
Narkiewicz 2002; Koztowski 2008).

2.1. Sedimentation deposition and depth of the Silurian
basin in the HCM

The Silurian section of HCM, from both NHCM and SHCM, repre-
sents unmethamorphosed, moderately folded layers of epicratonic
deposits (e.g. Mizerski 2004; Koztowski 2008). The Silurian sedi-
ments are formed by two main successions (Fig. 2). First one was
deposited on the continental deep shelf of Baltica and the grap-
tolitic shales sequence was developed from Llandovery to lower
Ludlovian, whereas the upper part of Silurian rocks consists of
early Ludfordian graywackes (e.g. Tomczykowa & Tomczyk 1981).
In the central part of NHCM, the Silurian section’s upper part
(Pridoli) also comprises carbonates, which pass continuously into
Lower Devonian siliciclastic (e.g. Czarnocki 1950; Tomczyk et al.
1977; Koztowski 2008).

Clastic deep shelf sedimentation of graptolitic shales, according
to Jaworowski (1971) and Koztowski (2008), was present continu-
ously in one large foreland sedimentary basin on the southwestern
margin of the Baltica continent, however, the sediments layer in
the NHCM is thicker (Fig. 2). The approaching Caledonian orogen
was a source of clastic material and resulted in intense greywacke
sedimentation causing infilling of the basin and appearing of the
clastic wedge during early Ludlow (Narkiewicz 2002; Koztowski et
al. 2004). Afterward, the sedimentation environment changed into
a clastic-carbonate shallow shelf in an intense subsidence regime
(e.g. Koztowski 2003). The later sedimentation in the NHCM is
followed by a thick layer of the mainly clastic succession of sedi-
ments representing continuous infilling of the foreland basin from
Ludlow (Silurian) to Lochkovian (Lower Devonian; e.g. Narkiewicz
2002; Koztowski 2008). Similarly, in the SHCM the sedimentation
of dark graptolitic shales deposited in progressive oxygen defi-
ciency related to the deepening of the sea during the uppermost
Ordovician—lowermost Silurian (Masiak et al. 2003) was rapidly
replaced by medium- to coarse-grained greywackes with conglom-
erates in early Ludlow (Tomczyk 1970). In contrast to the NHCM,
in the SHCM the lower Paleozoic units are unconformably covered
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Figure 1. Simplified geological map of the Holy Cross Mountains (after Czarnocki 1957, modified) with marked location of the sampled sites. Abbreviations:
DF, the Debniak Formation; PF, the Pragowiec Formation; BSF, the Bardo Stawy Formation; HCF, the Holy Cross Fault.

by Emsian (Devonian) sediments (Bednarczyk et al. 1970; Kowal-
czewski 1971; Glazek et al. 1981; Tarnowska 1981; Malec 1993;
Szulczewski 1995).

An important element that influenced the sedimentation system
in Ordovician and Silurian in the HCM was the eustatic factor (e.g.
Koztowski 2003, 2008; Masiak et al. 2003). After the Hirnantian
(Ordovician) glacial maximum caused by Gondwana glaciation, the
series of transgressions occurred in Llandovery (Silurian), including
late Rhuddanian and middle Aeronian high-stands (Fig. 2; after e.g.
Witzke 1992; Johnson, 1996, 2006, 2010; Davies et al. 2016), reach-
ing the maximum rise in late Telychian (Llandovery, Silurian; after
Johnson et al., 1998). Then, slowly decreased until early Gorstian
(Ludlow) with one exception in Sheinwoodian (Wenlock), where an
increase was observed (Fig. 2, after Johnson 1996; Johnson ef al.
1998).

In Silurian, when Baltica drifted to the tropical realm (Torsvik
et al. 1993, 1996, 2017), several global sedimentary events affect-
ing taxa took place (e.g. Johnson et al. 1998; Jeppsson & Calner
2002). In the analysed time interval, the most significant and well-
recognized were the Ireviken Event, which spans the Llandovery—
Wenlock boundary (e.g. Johnson et al. 1998) and Mulde Event
extending over late Wenlock to early Ludlow (e.g. Jeppsson & Cal-
ner 2002). Both events, affecting primarily hemipelagic and pelagic
organisms, were caused by expanding suboxic/anoxic conditions of
bottom waters and fluctuating salinity associated with deglaciation
(Smolarek et al. 2017).

2.2 Material—lithology, thickness and sedimentation
conditions

Only a few natural outcrops of Ordovician and Silurian rocks are or
were present recently in the HCM area. Especially in the NHCM,
there are no natural outcrops nowadays and it is worth noting that
previous studies were based on drill cores material (e.g. Smolarek
et al. 2014, Trela et al. 2016, 2017). Here, for study purposes, we
decided to perform an excavation. In turn, in the SHCM among iden-
tified outcrops, the Bardo Syncline Silurian deposits are preserved
the best (Fig. 2). The sampled Bardo Stawy outcrop is currently
the only place in the HCM area, where a continuous sedimentary

profile and the contact between lower Silurian shales and upper Or-
dovician mudstones can be observed (see e.g. Trela & Salwa 2007
for details).

Analyzed samples were collected from three sites located in the
NHCM and the SHCM (Figs 1 and 2). From the NHCM the ma-
terial was taken from an informal lithostratigraphic unit called the
Debniak Beds (Tomezyk 1962; Deczkowski & Tomczyk 1969) from
an excavation carried out. In turn, from the SHCM two natural out-
crops were exploited in the area of the Bardo Syncline, including (1)
the Pragowiec Beds from the Pragowiec Ravine from the northern
limb and (2) black shales of the Zbrza Member, which belongs to
the Bardo Stawy Formation from the southern limb (Fig. 2; Trela &
Salwa 2007).

Grey to greenish-grey claystone to clayey graptolitic mud-
stones of the Debniak Beds are assigned to the upper Llandovery
(Aeronian—Telychian) with a thickness of 3040 m (e.g. Modlinski
& Szymanski 2001). Sampled dark/black and grey shales of the
Debniak Beds, during early Aeronian and early Telychian, were de-
posited in anoxic to dysoxic conditions, and thus show elevated TOC
values. These horizons are a record of post-glacial transgressions
(Trela et al. 2016). The main Llandovery lithofacies (upper Aro-
nian and middle to upper Telychian parts), represented by greenish-
grey mudstones, were formed in more oxygen-enriched conditions
caused by deep-water ventilation and benthic oxygenation during re-
gressive periods, where some intervals display subtle bioturbation
mottling and rare evidence of bottom current activity was found
(Trela et al. 2016). However, these homogenous mudstones are in-
terrupted by the dark to black shale interbeds and laminae (Trela
et al. 2016). In contrast to the eastern margin of the NHCM, in
the sampled central part, continuous sedimentary deposition across
the Ordovician and Silurian boundary is observed (Tomczyk 1962;
Deczkowski & Tomezyk 1969; Trela ef al. 2015, 2016).

The 600-m-long Pragowiec Ravine is represented by a 150-m-
thick profile of lower Ludlovian- upper Wenlockian yellowish- to
greenish-grey and dark grey clayey shales, called Pragowiec Beds
(Tomczykowa 1958; Tomczykowa & Tomczyk 1981) and above
them, lower Ludlovian greywacke sediments of the Niewachlow
Beds (Malec et al. 2016). The analysed Pragowiec section con-
stitutes shales with graptolites and very rare benthic fauna abun-
dance (Tomczykowa 1958), deposited in the deep pelagic environ-
ment, which generated temporary anoxic conditions at the bottom
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Figure 2. Simplified lithostratigraphic profile of Silurian sediments of the Holy Cross Mountains (modified after Filonowicz 1971; Koztowski 2008). The
northern (NHCM) and southern (SHCM) parts are divided by the Holy Cross Fault (red line). The samples were collected from the graptolite shale formations
from both parts of the HCM, marked here as red rectangles. The sea level curve for Baltica from Johnson (1996), while the other data, including accumulation
rate, ocean temperature, and productivity-preservation states come from Hunslow et al. (2021).

(Koztowski et al. 2004; Radzevicius ef al. 2019). In turn, the upper
greywacke sandstones with mudstone interbeds were deposited by
turbidity currents from the southwest (Malec et al. 2016). These
rocks are composed mostly of volcanic and sedimentary lithoclasts
as well as metamorphic and rare plutonic lithoclasts, which were
transported from the Caledonian orogen and the continental vol-
canic arc (Malec et al. 2016).

The Bardo Stawy outcrop characterizes a continuous lithological
profile from Hirnantian (Ordovician) Zalesie Formation mudstones

through the lower Llandovery (Rhuddanian, Silurian) Bardo For-
mation. The Bardo Formation is represented by black radiolarian
cherts, called the Rembow Member, changing upwards into grap-
tolitic shales, named Zbrza Member (Trela & Salwa 2007). These
rocks are explained as transgressive to highstand deposits formed
in marine flooding environments starting in the Late Ordovician
(Trela & Salwa 2007). In more detail, the radiolarian cherts over-
laying on mudstones were formed in decreasing thermohaline cir-
culation and increasing transgression environment, which together
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with upwelling, impacted higher primal organic matter production
and developed dysoxic to anaerobic conditions in relatively shallow
shelf seas (Kremer 2005; Trela et al. 2006; Trela & Salwa 2007).
In turn, graptolitic shales of Zbrza Member were deposited in a
highstand and stable environment with temporally increasing oxy-
genation in the water column, deduced from bioturbations (Trela &
Salwa 2007).

In summary, the studied rocks from the NHCM and SHCM, char-
acterize deposition conditions influenced by the global palacoceano-
graphic conditions variations in the early Silurian times. These are
defined by benthic oxygen increase caused by an intensive thermo-
haline circulation while glacial maxima and regressions, which were
interrupted, however, by anoxic transgressive events (Page et al.
2007; Trela et al. 2016). Specifically, graptolitic shales/mudstones
were deposited in largely upper to lower dysoxic conditions, which
were influenced seasonally by oxygenation of bottom waters in the
NHCM part (see e.g. Trela et al. 2016; Smolarek et al. 2016 for more
details). Sampled rocks are characterized by elevated TOC values
(2 up to 8 per cent) on the O/S boundary for the Zbrza Member in
the Bardo Stawy site (SHCM, after Smolarek et al. 2017), whereas
the lower TOC values (0.39 and 1.71 per cent) for the Debniak Beds
(after Trela et al. 2016). No turbidity currents were observed in
sampled shales from both parts of the HCM.

2.3 Thermal evolution of the HCM

The role of burial influencing Paleozoic (post-Cambrian) sediments
is still a matter of debate and several contradicting models of ther-
mal evolution have been proposed based on color alteration indexes
of Palaeozoic microfossils, apatite and zircon thermochronology, or
vitrinite and graptolite reflectance data (e.g. Smolarek-Lach et al.
2014; Schito et al. 2017; Botor et al. 2018). Generally, most of the
studies suggest that the main thermal event was the Varisican (lower
Carboniferous to early Permian, e.g. Betka 1990; Marynowski 1999;
Marynowski et al. 2002; Narkiewicz et al. 2010; Smolarek et al.
2014; Naglik ef al. 2016; Narkiewicz 2017). However, it has been
proposed that also during the Mesozoic the temperature substan-
tially increased across most of the HCM, which was caused by
subsidence and resulting burial (e.g. Poprawa et al. 2005; Botor
et al. 2018). Final cooling was caused by tectonic inversion dur-
ing Upper Cretaceous (Krzywiec 2002; Lamarche et al. 2003a, b;
Scheck-Wenderoth et al. 2008).

Thermal maturation differs between the NHCM and SHCM (e.g.
Szczepanik 1997, 2007; Malec 2000; Narkiewicz 2002; Smolarek
et al. 2014). The NHCM shows highly altered organic matter and
thermal maturation from mid-mature to over-mature, whereas im-
mature to late mature for the SHCM (e.g. Smolarek et al. 2014;
Schito et al. 2017). Generally, the maturation increases towards the
HCEF for both parts of the HCM (after Szczepanik 2007; Narkiewicz
2002). Malec (2000) proposed that the NW part of the SHCM has
similar burial evolution to the NHCM, which was later confirmed
by studies by Narkiewicz (2002). Nevertheless, the whole HCM
area experienced maximal burial temperatures above 100 °C (Betka
1990; Barker & Pawlewicz 1994; Marynowski 1999; Marynowski et
al. 2001; Narkiewicz et al. 2010; Srodon & Trela 2012; Smolarek ez
al.2014; Schito et al. 2017). According to Marynowski ez al. (2001)
and Schito ef al. (2017), the Debniak greywackes and mudstones
(Ludlow) show maximal temperatures around 170-200 °C. In turn,
the SHCM bentonites from Pragowiec (Ludlow) and Bardo (Wen-
lock) experienced temperatures around 100—-110 °C (Marynowski
et al. 2001; Smolarek et al. 2014; Schito et al. 2017).

Silurian paleoposition and environment in HCM 1535
3 METHODS

3.1. Room and high-temperature rock magnetic methods

The experiments were performed at the Palacomagnetic Labora-
tory of the Institute of Geophysics, Polish Academy of Sciences,
Warsaw, Poland. The measurements were initiated on 14 cylindrical
specimens with the acquisition of isothermal remanent magnetiza-
tion (IRM using an MMPM1 pulse magnetizer and a 2 G SQUID
cryogenic magnetometer in a shielded room (noise level: ~10!°
Am?). Standard specimens 26 x 22 mm in size were prepared for
analysis purposes. The Maxbauer ez al. (2016) statistical method
was applied to decompose the magnetization curves by the MAX
UnMix web application. The hysteresis loops were analyzed using a
MicroMag AGM vibration magnetometer (noise level: ~10~7 Am?).
A total of 91 specimens, the chips of rock weighing approximately
20 mg, were demagnetized before the measurements. The default
(70 per cent) setting of the dia/paramagnetic adjustment was applied
for the slope correction. The ferromagnetic/paramagnetic content
was calculated from the initial slope before and after correction for
paramagnetic minerals.

To better establish magnetic mineral composition thermal de-
magnetization of three-component IRM (after Lowrie, 1990) was
carried out using a 2 G SQUID cryogenic magnetometer and a
Magnetic Measurements MMTD-80 thermal demagnetizer. Eight
specimens were magnetized in three orthogonal axes applying 0.15,
0.5 and 4 T field with MMPM1 pulse magnetizer and thermally
demagnetized in 24 steps to reach 700 °C. To estimate the para- and
ferromagnetic contribution of the magnetic minerals temperature
variation of magnetic susceptibility was monitored by Kappabridge
KLY-3S of Agico (sensitivity: 2 x 1078 [SI], accuracy: 0.3 per cent)
in an air atmosphere. The method of Hrouda (1994) and Hrouda et
al. (1997) was applied to fit the hyperbola using the least-squares
method to the initial part of the curve ranging from 50 to 250 °C.
Additionally, two samples from both NHCM and SHCM were mea-
sured in an argon atmosphere in a sequence divided into two steps
of warming and cooling (1) up to 400 °C and (2) up to 700 °C.

The low-field anisotropy of magnetic susceptibility (AMS) mea-
surements were performed on 71 cylindrical specimens with a Mul-
tifunction KappaBridge MFK1-FA (sensitivity 2 x 10~% [SI]) by
AGICO Instruments (Jelinek & Pokorny 1997). The AMS was
measured in a 200 Am™' field at room temperature. Basic AMS
parameters were calculated using the Anisoft software of AGICO.
Three orthogonal axes, K1, K2 and K3—maximum, intermediate
and minimum, forming the ellipsoid of magnetic susceptibility and
magnetic fabrics, were defined. These factors are identified by sev-
eral parameters like the degree of anisotropy (P), defined as K1/K3,
the magnetic lineation (L), expressed as K1/K2 and the magnetic
foliation (F), calculated as K2/K3 (Hrouda 1982).

3.2. Low-temperature remanence

The measurements in low temperatures were performed at the Insti-
tute for Rock Magnetism, University of Minnesota in Minneapolis,
USA, using Magnetic Properties Measurement System instruments
(MPMSs, Quantum Design INC., San Diego). All measurements
were conducted on thirteen powder specimens of about 400 mg
sealed in gel capsules.

The measurement procedure starts with applying a 2.5 T field to
reach Saturated Isothermal Remanent Magnetization (SIRM). The
next step is to cool down a specimen from temperature 300 to 10 K
(from 26.85 to —263.15 °C) in a very weak magnetic field (+5 uT)
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in 5 K steps. This measurement is called Room Temperature SIRM
(RT-SIRM). However, as a measurement of remanence, SIRM is
performed without a magnetic field, here the application of a 5
uT field allows to intensify of the effect of paramagnetic miner-
als occurrence, the so-called P-behavior investigated by Kars et al.
(2014, 2015). The procedure was initially proposed as an indicator
of nano-pyrrhotite (see Aubourg & Pozzi 2010). The next part of the
measurement sequence was to apply a 2.5 T field at 10 K (-263.15
°C) to reach LT-SIRM (Low-Temperature SIRM). After switching
off the field, a specimen was warmed up to 300 K (26.85 °C) in
Zero Field (ZF) in 10 K steps. To obtain further details on grain size
[stable single domain (SSD) versus multidomain (MD)], as well as
genesis (organic versus inorganic) along with the sequence some
specimens have additional steps performed. Moskowitz et al. (1993)
and then, for example Carter-Stiglitz et al. (2004) suggested that
measurement of LTRM on warming (typically 20-300 K) from two
initial states - zero-field cooled (ZFC, prior to the application ofa 2.5
T), and field cooled (FC, in 2.5 T field)—provides a diagnostic sig-
nature of the presence of chains of SSD magnetite (magnetosomes)
produced by magnetotactic bacteria. Thus, a more comprehensive
measurement sequence comprises two previous steps: Field Cool-
ing (FC), which is a measurement of magnetization in a continuous
2.5 T induced field during cooling, and Zero Field Cooling (ZFC),
which is a measurement of magnetization in zero magnetic fields.
Moreover, selected specimens were first heated to 400 K (126.85
°C) to remove the goethite contribution (if any occur) by heating
through the Néel temperature of goethite [393 K (120 °C) Ozdemir
& Dunlop 1996].

4 RESULTS

4.1. Results of high and room temperature rock magnetic
measurements

The thermal variation of magnetic susceptibility studies exhibits
similar results for both parts of the HCM. The initial part of the
curves displays a hyperbolic to flat shape that is characteristic of
the presence of paramagnetic and ferromagnetic minerals, respec-
tively (Figs 3a, b and c). In the Debniak Beds (Fig. 3c), the heating
curve displays an increase in susceptibility at around 300 °C, fol-
lowed by a noticeable hump. This increase might be due to the
production during the heating of maghemite from some less mag-
netic Fe-hydroxides (after Oches & Banerjee 1996). The increase of
susceptibility appears at temperatures over 400 °C in samples repre-
senting the SHCM part, both in air and argon atmosphere (Figs 3a, b
and d). The thermochemical changes are likely related to the forma-
tion of new magnetite, as the final product has a Curie temperature of
around 580 °C. The significantly enhanced susceptibility after ther-
mal treatment is attributed to the transformation of iron sulfides and
iron-containing silicates/clays to a new ferrimagnetic mineral phase
during heating (e.g. Hunt ef al. 1995). Note, there was no lambda
transition observed in the 225-245 °C temperature range indicative
of the presence of pyrrhotite (see Schwarz 1975). The separation
method for distinguishing the ferromagnetic from the paramagnetic
components indicates that the Ferro/para ratio usually is in the 3—15
per cent range.

The outcome from the ‘ferro-para’ separation method is in line
with the hysteresis analysis. The hysteresis parameters show the
dominant contribution of paramagnetic minerals in magnetization
values, with a small to modest impact on the ferromagnetic phase
(Figs 4a and b). It changes from 7 to 9 per cent at the NHCM

(the Pragowiec Beds) and in the southern part of the SHCM, but
in the northern part of the SHCM (the Zbrza Member), the value
reaches 38 per cent (Table 1). In general, hysteresis parameters
are consistent within the formation, however, an exception con-
stitutes the Pragowiec Beds, where Ms values vary from 546 to
5786 wAm?kg . The values of Ms and Mr and quite similar for
the Pragowiec and Debniak beds, while for the black shales of the
Zbrza Member, lower values of Ms and higher values of Mr were
observed (Table 1, Figs 4a and b).

Results of thermal demagnetization of the IRM components for
the Debniak samples show a significant contribution of both low
and high-coercivity minerals (Fig. 4c). The losses of magnetization
on a low coercivity curve observed around 570 °C suggest the oc-
currence of magnetite, while the final drop of magnetization above
600 °C can be interpreted as the presence of maghemite (Fig. 4c). In
turn, from a high coercivity curve, two different magnetic minerals
can be identified: (1) goethite, related to unblocking temperature
around 100 °C and (2) hematite, due to the final loss of magneti-
zation at 680 °C (Fig. 4c). The slight impact of medium coercivity
minerals is detectable, a visible drop in temperature at 625 °C, sug-
gests the presence of maghemite. Moreover, decreasing remanence
in the range of 300-330 °C, we attribute to the presence of iron sul-
fides (Fig. 4c). The disruptions are associated with thermochemical
alterations.

The results of the IRM acquisition for both parts of the HCM
show a fast increase of the remanence below 0.5 T repeatable in
each specimen, suggesting a significant amount of low and medium
coercivity minerals (Fig. 5a). Further, a continuous increase of the
remanence between 0.5 and 4 T indicates the presence of high
coercivity minerals like hematite and goethite. Decomposition of
the IRM data using MAX UnMix (after Maxbauer et al. 2016)
reveals two magnetic components in the SHCM (Figs 5c and d),
and three in the NHCM (Fig. 5b). The low coercivity component
(component 1) in the SHCM is characterized by a B, (the mean
coercivity of an individual grain population, after Maxbauer et al.
2016) of 1.32 (£0.02) log10 units (20.9 mT), and the dispersion
parameter (DP) of 0.67 (£0.06; see Fig. 5¢). Component 2 has a B,
of 3.55 (£0.05) log10 units (3.56 T) and a DP of 0.29 (£0.03; see
Fig. 5¢). In turn, for the NHCM part, the low coercivity component
is defined by a B, of 1.65 (£0.02) logl0 units (45.5 mT) and a
DP of 0.4 (£0.01; see Fig. 5b), while high coercivity component
(component 2) has a B, of 3.48 (£0.03) log10 units (3.01T) and
DP of 0.33 (£0.02). Here, in contrast to the SHCM, another high
coercivity mineral was observed (component 3), which has a B;, of
2.56 (£0.06) log10 units (366 mT) and DP of 0.27 (£0.06). This
component (3) is interpreted to represent fine-grained hematite (or
oxidized magnetite). For both parts of the HCM, the low coercivity
component (component 1) was identified as magnetite, while the
high coercivity component (2) was attributed to goethite.

4.2. Results of low-temperature remanence

The Debniak Beds samples display a well-developed Verwey tran-
sition on RT-SIRM curves (Fig. 6¢). However, in both ZFC and FC
curves the transition is hardly visible (Fig. 6a), which may suggest
titanium substitution or a grain size effect (for further discussion
see Section 5.1.). The transition occurs at ~110-115 K [-163.15 to
(~158.15) °C], which suggests a small degree of cation deficiency,
probably modified by maghemitization (after Ozdemir et al. 1993).
FC SIRM has a higher intensity than a ZFC low-T SIRM suggest-
ing single domain (SD) magnetite (Moskowitz et al. 1993). The
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Figure 3. Temperature dependence of magnetic susceptibility in air atmosphere of selected specimens of graptolitic shales from the Kielce Region (SHCM)
from two sites (a) the Pragowiec and (b) the Bardo Stawy site (Zbrza Member samples), and from the Debniak site from the Lysogory Region (c, the NHCM),
while heating (red) and cooling (blue curves); (d) temperature dependence of magnetic susceptibility in argon atmosphere for representative samples from the

NHCM part, from Pragowiec and Bardo Stawy sites.

RT-SIRM curves present a decrease of remanence during warming
to 400 K (126.85 °C) indicative of reaching the Néel temperature
(Ty) characteristic for goethite (Fig. 6b; see Ozdemir & Dunlop
1996). Higher values of FC than ZFC remanence curve and increas-
ing differences between them while cooling confirm the occurrence
of goethite grains (Fig. 6B; after Ozdemir and Dunlop, 1996; Liu
et al., 2006). Moreover, small humps of the curves around 200 K
(=73.15 °C) are indicative of the presence of hematite (Figs 6b and
c). The Besnus transition, characterized by an increase in Mrs, Bc
and Ber on cooling through the 34-28 K range, which implies the
presence of pyrrhotite (e.g. Fillion & Rochette 1988; Dekkers et al.
1989; Volk et al. 2016), was not observed in the analysed data.

Similar results were obtained for samples collected from the
SHCM. For both sites the results are consistent, on RT-SIRM curves
the Verwey transition is well developed at 115-120 K [—158.15 to
—153.15 °C], slightly below the transition temperature for pure
stoichiometric magnetite (Figs 6f and k). These values and the dif-
ferential shape of ZFC curves (Figs 6e and h) suggest a small degree
of cation deficiency. Similarly like in the Debniak Beds (NHCM),
the transition is not marked on FC or ZFC curves. Significantly
higher values of FC magnetization than ZFC and an increase of the
remanence during cooling from 300 to 50 K (—263.15 to 66.85 °C)
suggest the presence of goethite (Figs 6d and g). Contrary to the
NHCM, no sign of hematite is visible.

Generally, in all specimens, ZFC and FC remanences gradually
decrease with increasing temperature with no distinct drops (Figs 6a,
d and g), which may indicate the presence of magnetite, hematite,
pyrrhotite, siderite or rhodochrosite (e.g. Passier & Dekkers, 2002,
see Section 5.1. for further discussion). An exception constitutes the
ZFC curve for the Prag3_hcm specimen, where approximately 50—
60 per cent losses of magnetization upon warming to 35 K (—238.15
°C, Fig. 6h) are observed. The rapid decrease of remanence may
suggest (a) unblocking of very small superparamagnetic (SP) or
SD particles and/or (b) decreasing magnetocrystalline anisotropy
in phases like goethite (e.g. Banerjee ef al. 1993; Passier & Dekkers
2002).

4.3. Low-field anisotropy of magnetic susceptibility

Magnetic susceptibility of the Debniak mudstones varies between
137 and 180 x 10~° (SI), similar to the Zbrza Member (160-195 x
107%), while in the Pragowiec values are somewhat lower and do not
exceed 129 x 107 (Fig. 7d). The shape of the AMS ellipsoid for
the Debniak mudstones is strongly oblate, which is consistent with
the results for the Zbrza Member (Figs 7a, ¢ and d). In turn, in the
Pragowiec Beds shape of AMS ellipsoids are more differential and
varies from predominantly oblate to triaxial (Figs 7b and d). The

20z Alenuer gz Uo Josn SO UM - eJosauuli Jo Ausioaiun Aq £L0¥802/LES L/E/YEZ/o10IME/IB/WO0 dNo dILapED.//:SA)Y WO} POPEOJUMOQ



1538 D.K. Niezabitowska and R. Szaniawski

60 —

(@) g Debniak site (©)
é % — Lysogé6ry Region (NHCM)
= 10 1 -4
- DEBN24
30 —
20 —_
10 —
Debniak site (NHCM) Db21
F~r 1717 17" AT7T 77T T7TT1T7T | 0
-1 -08 -0,6 -04 -02 02 04 08 1 oy
00— Field [T] g
. =
20 — 4
-30 :
— 20 =— 40 —-
g’ -
E - 50 —
g i
E‘ 15 — 60 —
E - 0 7 T T T 1 1 T 1 T Ll T 1 T 1 9
0 100 200 300 Y400 500 soo\ 700
10 — Temperature [OC]
1 -
- DEBNS56
. —— Z40T
5 — —e Y 0.5 T
» —— X 0.15T
Bardo Stawy site ]
Zbrza Member (SHCM) PRAG311
| ' [ ! | ' ! | ' | |
+0,6 -0,4 -0,2 -4 02 0,4 0,6 =
: eld[M| | 5
5 — i s
22— Q_:
10 — I
3+ & & &
15 —f
7] 2 — 0 T T T T T T T T T T T T T
1 0 100 200 300 400 500 6%\ 700
(b) 0= ./PRAG311cor Temperature [0C]

Figure 4. Results of hysteresis loops for selected specimens from the Debniak Beds (a) and from the Bardo Stawy site from the Zbrza Member (b), before
and after correction for paramagnetic contribution. (c¢) Thermal demagnetization of three-component IRM (0.15, 0.5 and 4 T) for selected specimens from the

Debniak Beds.

degree of anisotropy (P) is consistent, for the Debniak and Zbrza
Member beds and reaches around 1.035 and 1.056, respectively. In
Pragowiec shales values of the P parameter are in the 1.020-1.043
range (Fig. 7d).

The degree of mean foliation () reaches even 1.054 for the Zbrza
Member and 1.045 for the Debniak Beds, while for the Pragowiec
it is the lowest with the average value of 1.021 (Fig. 7d). Magnetic
foliation is bedding parallel in all sites. Minimal axes are well
grouped in Pragowiec formation and Zbrza Member, either their
distribution shows some NNE-SSW elongation for the Debniak
mudstones (Figs 7a, b and c¢). The magnetic lineation (L) observed
in mudstones is relatively weak (here the average L parameter for
specimens is below 1.006), however, it is well notable for all sites
(Fig. 7d). In the Pragowiec and Zbrza sites, the maximal AMS
axes are distributed in the bedding plane showing some tendency
to WNW-ESE grouping. In turn, maximal AMS axes in the Zbrza
Member are very well clustered in the same WNW-ESE orientation.

5 DISCUSSION
5.1 Magnetic mineral composition

5.1.1 Magnetite and goethite

The results document the occurrence of magnetite and goethite in
all analyzed specimens. The Verwey transition below 120 K, sug-
gests the presence of nearly stoichiometric magnetite (e.g. Ozdemir
et al. 1993; Carter-Stiglitz et al. 2004). In each sample, the ob-
served transition is not sharp, but spread out over twenty degrees
(or more) temperature range. A variety of factors can explain the
suppression of the Verwey transition such as cation substitution
and/or non-stoichiometry of magnetite or grain size effect (e.g.
Syono 1965; Aragén et al. 1985; Kakol & Honig 1989; Kakol et
al. 1992; Moskowitz et al. 1993; Ozdemir et al. 1993; Halgedahl &
Jarrard 1995; Moskowitz et al. 1998). However, in analysed sam-
ples in the ZFC/FC curves demagnetization of the goethite phase
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Figure 5. (a) IRM acquisition for selected samples from the HCM area from three sites including the Debniak Beds (DB), the Pragowiec Beds (PRAG), and
the Zbrza Member (PRAG-Zbrza). Model fit examples for the specimens from the Debniak Beds (b) with 3 components model, from the Pragowiec Beds (c),
and from the Bardo Stawy site from the Zbrza Member (d) with 2 components models. Coercivity distribution is derived from IRM demagnetization (grey
circles - data, a spline fit partially visible as black line) measurements. Abbreviations: yellow - model, blue — component 1, purple — component 2, green —
component 3. The shaded area represents error envelopes of 95 per cent confidence intervals; in the cases where no shading is present, confidence intervals are

thinner than the line (after Maxbauer et al., 2016).

causes continuous loss of remanence over wide ranges of tempera-
ture, which may obscure the evidence of the transition (e.g. Liu et
al. 2006). Significant recovery of the RT-SIRM on rewarming and
higher intensity of FC than ZFC SIRM suggest the occurrence of
a single domain (SD) magnetite, and no MD magnetite identified
(e.g. Moskowitz et al. 1993; Carter-Stiglitz et al. 2006; Jackson et
al. 2011). Further, the results of IRM decomposition for the low
coercivity component have a wide range of DP and vary from 0.4
to 0.67. A higher DP value (>0.5) may be an indicator of mixed
mineralogy and mixed grain size within a single component (Hes-
lop et al. 2004; Maxbauer et al. 2016). Considering the thermal

evolution of both parts of the HCM, where maximal burial tem-
peratures are generally above 100 °C (e.g. Narkiewicz et al. 2010;
Marynowski 1999; Smolarek et al. 2014; Schito et al. 2017; Srodon
& Trela 2012), the diagenetic origin of small (SD) magnetite grains
is the most likely. Interestingly, the recent studies by Hounslow et
al. (2021) based on relationships in geochemistry, found the detrital
origin of magnetite (also hematite and Fe-bearing silicates) in Tely-
chian (Silurian) grey-mudstones from the Polish margin of the East
European Craton (EEC). It is worth noting, however, that the site
locations investigated in this research belong to the Podlasie and
Bug Depressions Silurian sub-basins and they are relatively closer
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Figure 6. Results of low temperature (300-10 K range; —263.15 to 26.85 °C) remanence measurements for selected specimens of (a, b and ¢) the Debniak
Beds (NHCM), (d, e, f) the Pragowiec Formation, and (g, h, k) black shales of the Zbrza Member from the Bardo Stawy site (SHCM). Abbreviations: Zero
Field Cooled (ZFC), Field Cooled (FC), Room Temperature Saturated Isothermal Remanent Magnetization (RT-SIRM), the ‘Other’ curves are the results of
the RT-SIRM performed while cooling in a small (+5 puT) applied magnetic field. Note, the three upper charts (a, d and g) present the whole sequence applied
on the selected specimen (see Section 3.2. for more details), while the bottom (c, f and k) show the same curves, but RT-SIRM only. Here, on the chart (c) note
a hump on RT- remanence on warming and ‘Other’ curve around 200 K, attributed to the presence of hematite grains. The three charts in the middle represent
(b) sequence aiming to confirm the presence of goethite with visible Néel temperature (Ty), whereas (e and h) show the difference between the ZFC remanence

curve (see the details in Section 4.2).

to the land area than both the HCM parts (see Teller, 1997). Also,
the depth of these sedimentary sub-basins was relatively lower than
for the HCM area, defined as a deep-water zone (op. cit.). We found
no traces of detrital magnetite grains in the studied Silurian shales
of HCM, and in our opinion, they are missing or very little, as
they were likely dissolved during diagenesis. Likewise, the burial
evolution of the HCM excludes the occurrence of magnetofossils
potentially abundant in ancient marine sediments as dissolved (after
Schwartz et al. 1997; Kopp & Kirschvink 2008).

The presence of such widespread minerals as goethite is gen-
erally attributed to the weathering of iron-bearing minerals after
exhumation, or to processes like oxidation of Fe**dissolved in the
sediment column, but it can occur also as a detrital phase in ma-
rine sediments (e.g. Heller 1978; Van der Zee et al. 2003; Till et
al. 2015). The studied Silurian rocks were exposed to weathering a
few times, the most recently during Neogene time, and earlier dur-
ing the Late Cretaceous, when the HCM area underwent inversion
(Kutek & Gtazek 1972; Dadlez & Marek 1997; Dadlez et al. 1998;
Hakenberg & Swidrowska 1998; Krzywiec 2007; Swidrowska &
Hakenberg 2008; Krzywiec et al. 2009). As the collected samples
were excavated from an outcrop, thus, goethite is supposed to form
during weathering, and in our opinion, the most likely is a strong
impact of the latest one (Neogene).

Considering the early diagenetic origin model for goethite pre-
sented by Kiipli ez al. (2000) for Baltica it is worth discussing it in

the context of the NHCM area, even though we suggest the weath-
ering origin is plausible. Their observations of Telychian marine red
beds of the East Baltic suggest that goethite (and hematite) in the
oxic marine environment with pH near 8 favor its formation from
ferrihydrite. However, the recent work of Van der Zee et al. (2003)
demonstrated that direct goethite precipitation, in the lake and ma-
rine sediments, occurs near the oxic-anoxic boundaries. Therefore,
in the generally suboxic marine environment of the NHCM sub-
basin with only temporary oxygen enrichment episodes (see Trela
et al. 2016), autogenic goethite might have been formed. However,
the argument against autogenous origin is the Ty, which ranges be-
tween 120 and 130 °C (Fig. 6b, see Section 4.2 for details), charac-
teristic of well-crystallized goethite (e.g. Dekkers 1989b; Ozdemir
& Dunlop 1996), whereas in Van der Zee et al. (2003)’s research,
nanocrystals contaminated during precipitation were suggested as
a product of goethite autogenic formation.

5.1.2 Hematite and maghemite

In contrast to the Pragowiec and Bardo Stawy beds (SHCM),
the results of thermal demagnetization of three-component IRM
(see Fig. 4c), IRM decomposition (Fig. 5b), and low-temperature
SIRM (Figs 6b and c) confirm the presence of hematite and/or
maghemite in the Debniak Beds. The Morin transition observed
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Figure 7. Results of anisotropy of magnetic susceptibility of specimens from the (a) Debniak Beds (the NHCM), (b) Pragowiec and (c) Zbrza Member beds
from the Bardo Stawy site (the SHCM), (d) parameters comparison for all sites together. Abbreviations: K1 — maximal AMS axis, K3 — minimal AMS axis,
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at approximately 190 K (—83.15 °C) may suggest hematite grain
size nanoparticles of about 40-90 nm in diameter (Ozdemir et al.
2008), which corresponds with SD-like behavior (Kletetschka &
Wasilewski 2002). The small size of nanoparticles, determining
recovered remanence, can explain only slightly visible Morin tran-
sition (Chevallier & Mathieu 1943; Bando et al. 1965), and lower
temperatures (approximately 190 K, Figs 6b and c) of the observed
transition (Ozdemir et al. 2008). Similar conclusions come from
the IRM decomposition, where B, of 2.56 (£0.06) log10 units (366
mT)and DP of0.27 (£0.06) suggest fine-grained hematite, oxidized
magnetite or maghemite.

5.1.2.1 Plausible detrital origin In the context of inconsistent
hematite distribution in examined sites, an important question is
what kind of factors determined the hematite formation. Gener-
ally, high coercivity minerals, like hematite, are more resistant to
dissolution in marine waters than for example magnetite (Abra-
jevitch et al. 2009), and their grains were found even in anoxic
environments at greater depths than magnetite (e.g. Yamazaki et
al. 2003; Emiroglu et al. 2004; Liu et al. 2004; Garming et al.
2005), even in organic-rich layers (Robinson ez a/. 2000). Recently
provided models explaining hematite presence in marine sediments
propose a direct detrital transport of this mineral, involving aeolian
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processes, hyperpycnal flood events, or turbidity currents (e.g.
Kruiver et al. 2000; Balsam et al. 2007; Channell et al. 2013).
Here, the relatively close distance between the NHCM sedimen-
tary sub-basin and the Baltica continent (see Nawrocki et al. 2007;
Torsvik et al. 2017) allows us to interpret that hematite was likely
continentally delivered through aeolian transport (no turbidity cur-
rents were observed in the studied rocks). The most recent research
published by Hounslow ef al. (2021) is in line with this scenario,
showing evidence of the Telychian oxygenation event on the Polish
margin of the EEC. The authors suggest the event is associated with
a reduction in primary palacoproductivity resulting from greater
aridity on the EEC, which can be linked to decreased nutrient input
to the Polish margin, with simultaneously enhanced aeolian inputs
from Fe-enriched soils (see Hounslow et al. 2021 for further details).
A similar outcome can be found, for instance, in studies by Clemens
& Prell (1991), who proposed ferrimagnetic grains being supplied
during Quarternary glacial stages in the Arabian Sea sediments due
to an increased supply of aeolian dust during glacial periods re-
sulting from increased aridity and/or wind speed. These arguments
show (1) hematite grains as resistant in the marine environment, (2)
the NHCM with a relatively close distance to the source of detritus
from the arid EEC iron-rich soils and (3) enhanced aeolian activ-
ity during glacial stages in Telychian times. Bearing them together,
in our opinion, the most likely scenario is continentally delivered
detrital hematite.

5.1.2.2 Early and late diagenetic origins consideration Even if in
our opinion the presented framework of hematite origin is the most
likely, it is worth discussing (1) the early diagenetic origin from
previously proposed scenarios (Kiipli e al. 2000; Trela et al. 2016),
and the late diagenetic origin, (2) burial and (3) weathering, as
generally elevated temperatures were observed in the HCM rocks
as well as episodes of meteoric fluids penetration.

(1) The model of the authigenic origin of hematite and goethite
put forward by Kiipli et al. (2000), suggests re-oxygenation of
shelf bottom waters in the East Baltica as a main controlling factor,
which can be considered by the fact of temporary benthic oxygen
increase demonstrated also in the Debniak Beds mudstones (Trela
et al. 2016). Thus, the formation of hematite through ferrihydrite
reaction under oxidative conditions should be debated here. The
results of Van der Zee et al. (2003), showed however, that the main
diagenetic reactive precipitate in aquatic sediments under oxidative
conditions leads to the formation of goethite, instead of hematite as
suggested earlier by, for example Schwertmann & Murad (1983).
Therefore, we consider the hypothesis of autogenic hematite in the
NHCM area as doubtful.

(2) Briefly considering hematite formation associated with burial
diagenetic alterations (see Channell et al. 1982; Till et al. 2015, as
well as Dekkers 1988, 1989b; Ozdemir & Dunlop 1996; Ruan et al.
2001; Przepiera & Przepiera 2003; Cudennec & Lecerf2005; for the
process details), we can reject dihydroxylation of goethite or other
oxy-hydroxides as the factor determining hematite formation in the
NHCM area solely. Even if the subsidence and thickness of sedi-
ments of the NHCM area were higher than in the SHCM, and thus
the temperature range which analyzed rocks experienced (<200
°C), the burial conditions were not sufficient enough for the trans-
formation of goethite into hematite. Also, the same argument allows
rejecting hematite as a product of maghemite alteration in elevated
(above 250 °C) temperatures (e.g. Bernal ef al. 1957; Ozdemir &
Banerjee 1984; Ozdemir & Dunlop 1988; Ozdemir 1990).
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(3) The late diagenetic origin of magnetic mineral (including
hematite), caused by the downward migration of oxidizing mete-
oric fluids during Permian—Triassic palacoweathering in the HCM,
discussed earlier by, for example Szulczewski (1995), Grabowski et
al. (2006), Szaniawski (2008) and Marynowski ez al. (2017) can be
efficiently rejected for NHCM mudstones. The examined Debniak
Formation (NHCM) during the Permian-Triassic was covered by
Silurian and Devonian rocks of a significant thickness (Fig. 2).
Therefore, the Debniak Beds could not be easily penetrated by oxi-
dizing fluids as Carboniferous shales (25 m thick, after Szulczewski
et al. 1996) or reddish Devonian carbonates, in which karstification
marks are visible (Marynowski et al. 2017). Therefore, we consider
the late diagenetic origin of hematite unlikely.

5.2 Magnetic mineral assemblage and its provenance
interpretation

Timing of the NHCM (the Lysogory terrane) docking, and gener-
ally its paleoposition during early Paleozoic times concerning the
SHCM (the Matopolska Block) and Baltica is still controversial and
various scenarios were proposed (e.g. Winchester 2002; Nawrocki
et al. 2007). Origin as an exotic terrane that was derived from
the Gondwana margin and brought closer to Baltica during the Late
Cambrian was proposed by Betka et al. (2002). Winchester & PACE
TMR Network Team (2002) questioned the origin of these terranes
as a part of Eastern Avalonia and postulated that both NHCM and
SHCM had moved to the vicinity of the Baltica earlier than this mi-
crocontinent. They also suggested that the timing of the docking of
the NHCM terrane with Baltica appears to be later than the SHCM.
On the other hand, the seismic analyzes of Malinowski et al. (2005)
and interdisciplinary studies of Nawrocki ez al. (2007) pointed to a
stationary model for the NHCM and its close link with the mobile
edge of the EEC, which supported the previous observations of, for
example Dadlez (1995). At the same time, the detritus examined
from the Upper Silurian grey-wackes for both parts of the HCM
studies indicate a continental island arc provenance of the material
(Koztowski et al. 2004).

Our findings, therefore, are in line with previously proposed
scenarios postulated by researchers like Dadlez (1995) or later by
Nawrocki et al. (2007), and observations based on the sedimentary
and seismic studies (see Malinowski et al. 2005 for more details).
In our opinion, the relatively close distance between the NHCM
and Baltica allowed for detrital transportation from the continent,
and then the deposition of magnetic mineral, hematite, in the early
Silurian marine environment. During this time the global eustatic
events were sufficient enough to mask most of the effects related
to the local tectonism in the HCM area, and thus Telychian grey
mudstones in the NHCM were deposited in a generally suboxic
environment with only seasonal ventilation episodes (Trela et al.
2016; Smolarek et al. 2017; Trela 2021). In our opinion, the local
tectonism of the HCM area or temporal oxygenation of the water
column had only a minor, if any, influence on the precipitation or
modification of hematite, as high-coercivity minerals (e.g. hematite)
are generally resistant to reductive dissolution (e.g. Robinson ef al.
2000; Yamazaki et al. 2003, Emiroglu ez al. 2004, Liu et al. 2004,
Garming et al. 2005; Abrajevitch et al. 2009). Therefore, the most
important aspect of hematite presence in examined marine sedi-
ments of the Debniak Beds is the relatively close distance to the
sediment supply area, which can be considered as a main determi-
nant of hematite grains preserved solely in the NHCM. The studies
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of Hounslow et al. (2021) are consistent with this scenario, provid-
ing evidence of an enhanced detrital hematite content in Silurian
(Telychian) marine sediments from northern Europe (similar to the
studied Debniak Beds), resulting from increased aridity and acolian
transportation of ferroan-rich detrital material from Baltica conti-
nent. This record can also be detected in the Polish margin of the
EEC (see Hounslow et al. 2021 for more details). Summarizing, we
suggest that the position of the NHCM in early Silurian times was
relatively closer to Baltica than the SHCM, as high coercivity and
resistant to dissolution hematite grains of detrital (aeolian) origin,
were preserved solely in the NHCM Silurian (Telychian) marine
sediments.

5.3 Magnetic anisotropy and its palaeotectonic
interpretation

The results of petromagnetic analyses (susceptibility versus temper-
ature curves and hysteresis loops) imply that magnetic susceptibility
is mainly controlled by paramagnetic minerals, presumably in the
main by phyllosilicates being the main rock-forming mineral in
studied shales (Masiak et al. 2003; Mustafa et al. 2015). Thereby
preferred orientation of these minerals determines magnetic fab-
rics expressed by the AMS results. Oblate AMS ellipsoid and dis-
tinct bedding parallel foliation document dominant sedimentary-
compactional alignment of phyllosilicate plates, which is typical
for weakly deformed dark shales (e.g. Chadima ef al. 2004; Wenk
et al. 2010; Niezabitowska et al. 2019a).

All sampled sites reveal feeble magnetic lineation characterized
by WNW-ESE grouping of maximal AMS axes regardless of gen-
erally oblate AMS ellipsoids (Fig. 7). Similar magnetic fabrics in
all sites suggest a consistent genesis of this lineation for both parts
of the HCM. WNW-ESE lineation is parallel to the strike line
measured in the field and to the general regional structural trend ex-
pressed by the orientation of the HCF and axes of regional kilometer-
scale fold structures (Czarnocki 1957; Bugajska-Pajak et al. 1961;
Lamarche 1999, 2002). Furthermore, two sites were sampled from
steep limbs of the Bardo Syncline (the Pragowiec and Zbrza sites).
These observations imply the tectonic origin of the lineation. How-
ever, only a small modification of dominantly planar, sedimentary
magnetic fabric indicates that the tectonic strain, which affected
studied rocks and led to the formation of the lineation, was rela-
tively weak. This corresponds to our field observations indicating
the lack of cleavage in all studied rocks.

An exhaustive explanation of the magnetic lineation genesis is
more puzzling, especially its relation to the particular deformation
episodes/phases. The first and most probable interpretation is its
Variscan origin as it is parallel to the axis of the main Variscan map-
scale folds and perpendicular to the Variscan strain determined
from structural studies (Czarnocki 1957; Lamarche et al. 1999,
2003b). However, this model is not the only one that can explain the
results. Where the Maastrichtian-Paleocene deformation episode
can be likely rejected as the main factor determining observed lin-
eation, the Caledonian origin of the lineation cannot be excluded.
The Maastrichtian-Palacocene deformations had a rather weak and
mostly brittle character within the internal parts of the Palaeozoic
basement (more intense deformations were reported mainly from
the contact zone of Palaeozoic substratum and its Mesozoic cover,
see e.g. Lamarche 1999, 2003b; Konon & Mastella 2001; Szani-
awski et al. 2011, for more details). In turn, among many different
interpretations explaining the scale and mechanism of the Caledo-
nian deformation in the HCM (e.g. Znosko, 1986, 2000; Dadlez et

al. 1994; Mizerski 1995), some models assume Caledonian thrust-
ing or reverse faulting along the HCF (Gagata 2015). The later
deformation mechanism is matching with the WNW-ESE lineation
documented in these studies. The local importance of Caledonian
deformations in the study area suggests also cartographic outcomes
from the Bardo Syncline implying unconformity between lower and
upper Palacozoic strata (e.g. Bugajska-Pajak et al. 1961; Znosko
1986). In conclusion, it is possible that the observed lineation is
partially Caledonian in origin and further reinforced or entirely
overprinted by Variscan shortening with similar stress field geome-
try.

Regardless of the lineation age, the horizontal orientation of AMS
maximal axes fits better with deformation models assuming thrust-
ing or reverse faulting activity of the HCF (e.g. Stupnicka 1988;
Gagata 2015) rather than its regional-scale strike-slip kinematics
(e.g. Nawrocki et al. 2007; Koztowski 2008; Lamarche et al. 2003a;
Konon 2007). This, however, requires confirmation by specialized
studies based on a larger magnetic fabric data set obtained from
rocks of different ages and tectonic positions, which differs from
the thematic scope of these studies.

6 CONCLUSIONS

(1) In all analysed samples of Silurian graptolite shales nearly
stoichiometric SD magnetite was identified. The origin of this min-
eral is likely diagenetic as the rocks from both parts of the HCM,
the NHCM and SHCM, were buried over 100 °C. No traces of
detrital magnetite were found, what we associate with diagenetic
dissolution. In turn, goethite has most likely a recent Neogene-time
weathering origin.

(i1) In contrast to the SHCM, in the northern part of the HCM,
in the sampled Debniak Beds presence of SD hematite and/or
maghemite was determined. We attribute their appearance to de-
trital transport, specifically to the aeolian processes. In our opinion,
the NHCM has had a more proximal location than the SHCM con-
cerning the Baltica continent during early Silurian times, hence the
presence of hematite transported from the nearby onshore EEC,
which was dry and nutrient-poor.

(iii) Even if it is accepted that during late Llandovery (Silurian),
generally, a more aerobic environment characterizes bottom water
conditions in the present NHCM than in the SHCM, we rather
reject reactions in oxygenic waters of hemipelagic environments as
a potential source of hematite and/or maghemite.

(iv) The presented AMS data allowed us to conclude that the
observed magnetic fabric has a dominantly sedimentary origin
with only a weak record of tectonic strain related most probably
to Variscian deformations.

Further studies should consider the environmental changes mon-
itoring through the profile starting from early Ordovician to early
Devonian times. Also, more sample sites from both parts of the
HCM will better understand the Silurian palaeogeography of this
part of Europe and allow a more comprehensive recognition of the
relationships between magnetic mineral composition and the marine
environment.
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