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The Lower Devonian of the Holy Cross Mountains is well-known in the field of vertebrate palaeontology but remains unrecog-
nized as regards palaeoenvironmental reconstructions. We therefore analysed the spatial distribution and relative abun-
dance of fossil vertebrates in this area within one time interval. The fauna from an Early Devonian (Emsian) siliciclastic
bone-bearing breccia (the “Placoderm Sandstone”) exposed in four sections of the Lysogéry region and five sections of the
Kielce region was analysed with respect to the frequency of the remains and their taxonomic affinity. The relative abun-
dances of agnathans, acanthodians, placoderms, osteichthyans and chondrichthyans suggest more open marine conditions
in the Lysogory region and more terrestrial-influenced in the Kielce region during the Emsian. The results show that the aver-
age agnathan and acanthodian content of the Lysogory region is significantly larger than that in the Kielce region. On the
other hand, there are relatively fewer osteichthyans in the £ysogéry region and a significantly higher proportion of bony fishes
was recorded in the fauna of the Kielce region. Placoderms are characterized by their generally similar frequency in both re-
gions and from site to site in each of them, though a greater abundance was noted from the Kielce region. Likewise differ-
ences in the proportions of particular groups in the Kielce region suggest a large variety of marginal-marine environments

under the influence of factors that might have included marine currents and variable conditions around a river mouth.
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INTRODUCTION

The Lower Devonian of the Holy Cross Mountains has been
debated in many publications (Kontkiewicz, 1882; Gurich,
1896; Czarnocki, 1919, 1936; Tarlo, 1957, 1961a, b, 1964,
1965; Kulczycki, 1960; Szrek et al., 2014; Szrek and Dupret,
2017; Szrek, 2020; Szrek et al., 2021) as regards its stratigra-
phy, palaeontology and palaeoenvironments. For many years,
the only accessible locality with a reasonably informative sec-
tion containing Polish Lower Devonian fossils was that at
Podtazie Hill near Kielce in the western part of the Holy Cross
Mountains. There, a bone-bearing breccia known as the Placo-
derm Sandstone is exposed. The site is now the best studied
Lower Devonian locality of the region. The section, belonging to
the Emsian Winna Formation, was discovered in an old, com-
pletely overgrown and partially buried sandstone quarry which,
when it was active, was the only source of Placoderm Sand-
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stone for scientific study (Kulczycki, 1960) and for academic
collections (Kozak and Krol, 2021). Unfortunately, the section
and its sedimentological details are not known to have been
documented at that time. During the past two decades one of us
(PS) has made excavations at the site, primarily for obtaining
new fossils, and several hundred specimens have been col-
lected and are under study (Burrow and Szrek, 2018; Dec,
2019; Wilk et al., 2020; Szrek et al., 2021); it forms the largest
collection of Early Devonian vertebrates from the region assem-
bled so far.

The vertebrate fossils in the Placoderm Sandstone, with
their ornamentation, are preserved as cavities in a hard sand-
stone. Such negative forms (natural moulds) used to be studied
only after partial destruction of the rock and infilling the moulds
with latex rubber or silicone. The casts were then observed and
photographed, though much information was lost in this de-
structive process. Nowadays, the sandstone samples can be
analysed by CT-scanner (high resolution computer tomogra-
phy) and the images of specimens hidden in the rock examined
on computer screen, completely non-destructively. The prelimi-
nary trials of this technique applied to the Placoderm Sandstone
gave remarkable results. Even the tiny tubercles on the bones
are visible (Fig. 1).

Since the second half of the 19th century, the Devonian ver-
tebrate fauna of the Holy Cross Mountains, consisting mainly of
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Fig. 1A—C - CT scan of a Placoderm Sandstone block modelled with Mimics 19.0; A — 3D extracted bones (some mod-
elled individually, others as a single set (in pale blue), B — block shown semi-transparent, C — outer surface of the
block; scale bar: 5 cm, D — cross-section of the Placoderm Sandstone bed with empty spaces representing bone; E —
silicone cast of the surface of the specimen illustrated in D; F-H — surface of the Placoderm Sandstone block with ver-
tebrate remains of placoderm (F), acanthodian (G) and psammosteid (H) elements representing empty spaces after
skeletal tissues, scale bars: 1 cm
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placoderms, has been used as a stratigraphic tool (Kontkie-
wicz, 1882) until the times of Czarnocki (1919 and later — see
Szrek, 2020). By analysis of “placoderm fossils” in various Pa-
leozoic clastic formations of the Holy Cross Mountains,
Czarnocki (1919) was able to resolve an important question re-
garding the age of the sandstones that build the tysogoéry
Range in the Holy Cross Mountains, previously considered as
Cambrian and finally dated to the Early Devonian. The
so-called placoderm remains were also the basis for naming
the the sandstones containing such fossils (Gurich, 1896) as
the Placoderm Sandstones. However, not until the last decade
(Szrek et al., 2014, 2015; Szrek and Dupret, 2017), were
placoderms from the Lower Devonian of the Holy Cross Moun-
tains and (paradoxically) from the Placoderm Sandstone de-
scribed. The armoured vertebrates described and illustrated
were in most cases the more abundant agnathans, such as
heterostracans (e.g., Tarlo, 1964, 1965). Probable reasons for
this nomenclature (discussed by Szrek, 2020) include the gen-
eralizing approach of earlier researchers (Georg Gurich, Jan
Czarnocki) to bone remains in Lower Devonian sandstones,
lumping all armour-bearing fishes under the name of placo-
derms. The first certain (illustrated and verified) remains of
placoderms from the Placoderm Sandstone were described by
Szrek et al. (2014: fig. 5A), based on silicone casts (see also
Szrek and Dupret, 2017).

As well as the Podtazie Hill locality, the Placoderm Sand-
stone sensu Szrek (2020) with its typical fauna can be found
also at the following localities in the Kielce Region (southern
Holy Cross Mountains, Fig. 2): Debska Wola, Bieliny, Masto-
wiec and Kopiec, as well as from the Barcza Mountain, Bukowa
Gora, Grzegorzowice-Skaty Quarry, and Podole representing
the northern, Lysogory region. The vertebrate remains belong-
ing to placoderms, chondrichthyans, acanthodians, osteich-
thyans and agnathans from these sections have been identified
and counted in this study, and statistical data on the relative
abundances of various groups of vertebrates obtained. The re-
sults provide insights into the geographic differentiation of the
vertebrate fauna, particularly between the northern and south-
ern regions.

MATERIAL AND METHODS

Fossils of the Placoderm Sandstone from the nine localities
listed above and four museum collections (Geological Museum
of the Polish Geological Institute — National Research Institute:
Muz PGI-NRI 1733.1I; Holy Cross Mountains Branch of the
PGI-NRI: 0S-223; Polish Academy of Sciences, Museum of the
Earth: MZ-VII/Vp and the University of Warsaw, Faculty of Geol-
ogy: MWG UW ZI/43) have been studied. Our research devel-
ops the methodology of Szrek et al. (2014), extending it to eight
more localities after field collecting made possible by heavy ex-
cavators (Podole, Podtazie, Kopiec) and manual excavation (the
rest of the localities). Large pieces of Placoderm Sandstone (~1
m? in size) found in the exposures were broken up and subjected
to surface analysis, counting all visible specimens (Table 1 and
2). The number of specimens studied depended on the richness
of the sandstone in vertebrates, the thickness of the unit and
overall access to the rock. Each vertebrate fragment, intraclast
and quartzite pebble was treated as a separate object. Non-ver-
tebrate remains were treated separately where clearly outlined
and not in contact with any other object. Due to the very high de-
gree of fragmentation of almost all vertebrate elements (dermal
plates, scales, teeth, fin spines, etc.), each object was counted
as one regardless of its state of preservation. For example, a

small fragment of a dermal plate had the same value as a com-
plete scale during counting. The identification of vertebrate ele-
ments as belonging to a particular group (agnathans,
placoderms, chondrichthyans, acanthodians, and osteichthyans)
was made based on general, but clearly distinctive morphologi-
cal features, while specimens of unclear taxonomic affinity were
classified as “unidentified”. In total 2115 vertebrate remains and
other elements were analysed and evaluated. Details on their
systematic affiliation are shown in Table 1. Additionally, taking
into consideration differences between the numbers of speci-
mens of different groups at the localities, especially among the
tysogéry and Kielce regions, the Pearson correlation coefficient
was calculated for those areas. Two variables (Kielce and
Lysogory regions) were measured at the interval level (vertebrate
groups) thus each observation in the dataset has a pair of values
(e.g., values of placoderms in both regions). Data were calcu-
lated using the Pearson formula in the Microsoft Excel
programme (Table 3) which evaluates the effect of change in one
variable on the other.

GEOLOGY AND AGE
OF THE SECTIONS STUDIED

Differences in facies development of the Holy Cross Moun-
tains during the Devonian include predominantly marine condi-
tions in the Lysogory region and more continental conditions in
the Kielce region (Szulczewski, 1995). Moreover, the Lower
Devonian succession in the tysogory region is almost com-
plete, whereas in the Kielce region it is characterized by several
unconformities and gaps (see Szulczewski, 1995: fig. 1). The
differences in the palaeontological record of the Lower Devo-
nian deposits are also significant. The tysogory region has
yielded a rich assemblage of invertebrate fossils and
ichnofossils (Szulczewski, 1995; Szulczewski and Porebski,
2008), as well as vertebrate remains (Szrek et al., 2015). In the
Kielce region, there are no discernible invertebrate fossils
(Szrek et al., 2014, 2016), while the vertebrate remains are nu-
merous and diversified (Tarlo, 1957, 1961a, b, 1962, 1964,
1965; Kulczycki, 1960; Blieck, 1980; Szrek et al., 2014, 2015;
Szrek and Dupret, 2017).

From a formal lithostratigraphic view, the sandstones ex-
posed in the Kielce region belong to the Winna Formation and
those in the tysogory region to its equivalent, the uppermost
Barcza and Zagorze formations. They represent the middle to
upper Emsian (see Fijatkowska-Mader and Malec, 2011, 2018).
The analysis of vertebrate content in different sites containing the
Placoderm Sandstone is based on the contemporaneous depo-
sition of the bone-bearing horizons analysed. Such dating was
available to us thanks to the regional analyses of Tarnowska
(1971, 1976, 1981) and Fijatkowska-Mader and Malec (2011).

The localities studied, four in the tysogoéry region and five in
Kielce region, represent the western, central and eastern parts
of both regions and most of them gave at least hundred counts
of vertebrate remains, intraclasts and quartzite pebbles.

KIELCE REGION

The Debska Wola site is the westernmost locality, ~4 km
southwest of Morawica town and 20 km south of Kielce. At
Debska Wola, Czarnocki (1919, 1936) described the Placo-
derm Sandstone breccia as characterized by an exceptional
richness of vertebrate remains such as scales, fin spines, ar-
mour fragments, teeth, etc. Later, the examination of the sec-
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Fig. 2. Locality map of the Placoderm Sandstone outcrops in the Holy Cross Mountains with diagrams
showing relative abundances of each vertebrate group
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tions was difficult as they became increasingly vegetation-cov-
ered, and required large-scale excavation (Szrek and Dupret,
2017). According to Czarnocki (1919), the Placoderm Sand-
stone at Debska Wola corresponds to the lower Emsian in the
terrigenous “Barcza Series” of the tysogory region. The
Placoderm Sandstone from this locality is <0.5 m thick, but con-
tains abundant remains. It occurs in the same context as the
section at Podtazie noted below.

The Podtazie locality was described in detail by Szrek et al.
(2014). The light greyish-beige bone-bearing breccia is made of
empty spaces after the broken remains of a rich, diverse verte-
brate assemblage. It was deposited during high-energy events
in shallow water conditions (Johnson and Baldwin, 2012; Szrek
et al., 2014). Based on miospores and tephrocorrelation the
Placoderm Sandstone in Podiazie Hill is dated as Emsian
(407.6 £2.6-393.3 +1.2 Ma; Tarnowska, 1976, 1981; Szulcze-
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Table 1

Number of vertebrate remains and clasts observed on the surfaces of samples
of Placoderm Sandstone from the Holy Cross Mountains

tysogory region
Barcza | Bukowa Goéra | Grzegorzowice Podole TOTAL
Placoderms 13 13 8 17 51
Chondrichthyans 0 0 0 5 5
Acanthodians 35 18 30 38 121
Osteichthyans 5 3 7 15 30
Agnathans 20 45 43 54 162
Unidentified 2 5 15 21 43
Clasts 9 23 9 45 86
;I;gga*gg;gber of vertebrate 73 79 88 129 369
TOTAL 84 107 112 195 498
Kielce region
Dgbska | podtazie | Bieliny | Mastowiec | Kopiec | TOTAL
Placoderms 71 152 33 28 13 297
Chondrichthyans 0 19 3 1 0 23
Acanthodians 35 141 31 34 14 255
Osteichthyans 60 166 18 25 51 320
Agnathans 47 201 35 25 4 312
Unidentified 24 93 21 20 15 173
Clasts 16 148 23 16 34 237
potal ?r‘;g‘r%zrn?sf verte- 213 679 120 113 82 1207
TOTAL 253 920 164 149 131 1617

wski and Porebski, 2008; Fijatkowska-Mader and Malec, 2011).
Lithostratigraphic considerations suggest that the sandstones
exposed at Podtazie Hill belong to the lower part of the Winna
Formation (see Fijatkowska-Mader and Malec, 2011). The
bone-bearing breccia is at least 40 cm thick.

At the next locality, Bieliny, Czarnocki (1919) distinguished
the following sequence: (1) grey and olive clayey and marly
shales belonging to the Silurian on which lie (2) the Placoderm
Sandstone — compact sandstones, yellowish with lens-shaped
inclusions of green clay and placoderm moulds, forming the
main part of the section; above them lie (3) pale green clay
shales 0.5 m thick, as thin interbeds between sandstone layers.
Then (4) conglomerates of the Upper Emsian, up to 5 m thick.
The top of the sequence comprises (5) fragile rust-coloured
sandstones with an invertebrate fauna. Intercalations of con-
glomerate in the upper part of the sandstone and shale succes-
sion indicate marine transgression. In the uppermost sand-
stones a marine fauna with Spirifer reflects displacement of the
shoreline (Pajchlowa, 1957). The bone-bearing unit at this lo-
cality is also exposed in the section by the river Belnianka at the
foot of Chetm mountain. It is up to 0.5 m thick with an abun-
dance of vertebrate remains similar to those from Debska Wola
and Podtazie.

At Mastowiec near Lagéw upper Emsian strata are exposed
(Czarnocki, 1919; Walczowski, 1968). The Placoderm Sand-
stone sequence is formed of quartzitic sandstones, and sandy
mudstones interbedded with green and cherry-red clays and
greywackes. The sandstones are generally white, locally with a
yellowish or reddish tinge with cavities left by weathered-out
clays. On the top of the Placoderm Sandstone lie red, grey, and

brown shales (upper Emsian) with intercalations of greywacke,
claystone and weakly cohesive sandstone (\Walczowski, 1968).
In some places cross-bedding, wave ripples and rain imprints
were found, indicating shallow-water and emergent conditions.
Additionally, all remains found were broken, suggesting signifi-
cant transport before deposition (\Walczowski, 1968), is inferred
also by Czarnocki (1919) from the terrigenous nature of the
sediments. Vertebrate remains are loosely dispersed in a 0.3
metre interval. The exposure is located in a stream valley and
the bone-bearing unit occurs in a generally muddy part of the
section.

The Kopiec site consists in an inactive quarry located near
Iwaniska city, ~60 km south-east of Kielce. Geologically, the
site lies on the closure of the Ujazd syncline. The succession
exposed at Kopiec is similar to that in a well-known borehole at
Haliszka where the most complete profile of the Emsian is rep-
resented. Tarnowska (1967) identified five units based on or-
ganic remains and lithological changes: (1) lower sandstone,
(2) lower sandstone-mudstone, (3) lower sandstone with placo-
derm remains, (4) mudstone-sandstone and (5) upper sand-
stone. The whole succession is ~126 m thick. At Kopiec the last
upper two units of the succession are eroded (Tarnowska,
1976). The third unit, the upper Emsian Placoderm Sandstone,
is developed as coarse-grained sandstones >2 m thick, light
grey with thin interbeds of siltstone and clay, the total thickness
of the available section exceeding 30 m (Samsonowicz, 1929).
Vertebrate remains are abundant in a 5-10 cm thick interval
within a thicker (~1.5-2 m) sandstone bed which overlies a
muddy layer. Despite its thinness, the bone-bearing unit is as
fossil-rich as at Debska Wola or Podtazie.
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Table 2

Relative abundances of vertebrate remains (identified specimens only) on the surfaces
of Placoderm Sandstone samples from the Holy Cross Mountains

tysogory region
Barcza BuGI%or\éva Grzegorzowice Podole Av?);oeige
Placoderms 18 16 9 13 14
Chondrichthyans 0 0 0 4 1
Acanthodians 48 23 34 29 33.5
Osteichthyans 7 4 8 12 7.75
Agnathans 27 57 49 42 43.75
TOTAL % % % %
Kielce region
D t())sllga Podtazie Bieliny Mastowiec Kopiec AV&?ge
Placoderms 33 22 28 25 16 24.8
Chondrichthyans 0 3 2 1 0 1.2
Acanthodians 17 21 26 30 17 22.2
Osteichthyans 28 24 15 22 62 30.2
Agnathans 22 30 29 22 5 21.6
TOTAL 100% % % % %
Table 3

Pearson correlation between the Kielce and tysogory regions showing the strength of the linear
relationship between the two

Number of vertebrate remains observed
on the surfaces of samples of
Placoderm Sandstone

Relative abundances of vertebrate
remains on the surfaces of samples
of Placoderm Sandstone

Kielce tysogory Kielce region tysogory region

Region Region (average %) (average %)
Placoderms 297 51 24.8 14
Chondrichthyans 23 5 1.2 1
Acanthodians 255 121 22.2 33.5
Osteichthyans 320 30 30.2 7.75
Agnathans 312 162 21.6 43.75

Pearson Correlation

Coefficient 0.53

0.34

LYSOGORY REGION

At Barcza Mountain three quarries were distinguished:
Northern, Eastern and Southern (Urban, 1980; Wroblewski,
2000; Fijatkowska-Mader and Malec, 2018). Czarnocki (1919)
first described the sequence in the Barcza region and observed
three characteristic units: Old Red Sandstone, Placoderm
Sandstone and Spirifer Sandstone. Later, Czarnocki (1936)
constructed a lithological profile in which he distinguished suc-
cessively the Klonéw Beds, the Barcza Beds, the Spirifer sand-
stones, the Skolithic sandstones and the Ciosowe Sandstones
(Fijatkowska-Mader and Malec, 2018). In the Barcza Beds,
Kowalczewski (1971) recognized six lithological units and the
placoderm remains were found only in the fifth one. It is com-
posed of medium-, locally thick-bedded sandstones and

cherry-coloured quartz siltstones. There are sporadic fine- to
medium-grained, light-coloured platy sandstones with frequent
cavities left by washed-out clay pebbles.

At Barcza, >30 m of the Emsian terrigenous Barcza Beds
are visible. These are represented by sandstones and mud-
stones with interlayers of tuffite in the upper part (Krdl et al,,
2021). The upper part of the Barcza Beds is built of mudstones
and sandstones, usually up to several tens of centimetres, but
locally to a few metres thick, and in their lower part being light
and dark grey. The mudstone shows horizontal lamination. In
the middle part, Malec (2001) observed an 8.5 m bed of
cherry-brown mudstones. The topmost parts of the exposed
section are represented by grey-green, fine-grained and hori-
zontally laminated sandstones and mudstones (Czarnocki,
1936; Malec, 2001). The section represents a lagoonal environ-
ment similar to that at Bukowa Goéra though these localities
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were not connected (Kowalczewski, 1971). Vertebrate remains
are dispersed in a 1-1.5 m interval. Most of the specimens ana-
lysed were collected from the dump, but their source horizon is
precisely located and corroborated by Fijatkowska-Mader and
Malec (2018).

Bukowa Gora includes an active sandstone quarry located
~20 km north-east of Kielce. In the quarry there are three ex-
posed formations: the Zagérze Formation, the Bukowa Moun-
tain Shale Formation and the Kapkazy Formation, which to-
gether represent a transgressive trend with a stack of barred
shorelines. Our material was taken from the Zagoérze Formation
(a >200 m thick succession inclined at an angle of 40° to the
N-NNE) where mostly white, yellow, red, locally pebbly, lami-
nated sandstones (usually 2-5 m thick) and less consolidated,
bedded, dark grey, green, and reddish sandstone/mudstone
heterolithic deposits (between several centimetres and 5 m
thick) are dominant (Szulczewski and Porebski, 2008). The
strata were deposited in a high-energy environment in a marine
nearshore zone or river (Czarnocki, 1936; tobanowski, 1971;
Szulczewski, 1995; Fijatkowska-Mader and Malec, 2013, 2018;
Urban, 2020). Based on brachiopods, the Zagérze Formation
was assigned to the late Emsian, whereas microspores indicate
the middle Emsian (Malec, 1990, 2001; Fijatkowska-Mader et
al., 1997). Vertebrate remains occur in the so-called “Spirifer
Sandstone”, a brachiopod-bearing tempestite. This is the only
case in the Holy Cross Mountains where vertebrates co-occur
with invertebrates. The horizon analysed for statistical pur-
poses is ~1 m thick.

The Grzegorzowice-Skaty section is located ~8 km NE of
Nowa Stupia. The section exposes strata from upper Emsian to
lower Givetian age, and is represented by marine sandstones,
shales, marls, limestone and dolostone with conodonts, corals,
crinoids, brachiopods, ostracods, trilobites and acritarchs
(Pajchlowa, 1957; Masorz, 2014). These are assigned to the
Grzegorzowice Formation which occurs between the terrige-
nous deposits of the Zagérze Formation (terrigenous-marine
deposits with placoderm remains) of upper Emsian and the
Eifelian of the Wojciechowice Formation. It was deposited in a
very shallow water environment with dolomite deposition
(Malec, 2005). The bone-bearing breccia is exposed in the sec-
tion by the Dobruchna River. Vertebrate remains are scarce
within this ~1 m thin interval.

The easternmost site is Podole near Opatéw, ~60 km east
of Kielce. Emsian strata are represented here as quartzitic
sandstones and mudstones belonging to the “Barcza series”.
These rocks form an anticline with claystone and mudstone in
the hinge and quartzitic grey sandstones in the limbs
(Czarnocki, 1919; Samsonowicz, 1934; Romanek, 1994). The
sandstone sequence comprises mutually overlapping units of
thick- and medium-layered quartzitic sandstone, with 3-6 cm
thick intercalations of green tuffaceous claystone. The sand-
stone contains irregular spaces of various size filled with green
mudstone (Romanek, 1994). Additionally, Samsonowicz
(1934) indicated the presence of several 30 cm-thick conglom-
eratic sandstones and conglomerates built of well-rounded
quartz pebbles up to 2 cm in diameter cemented with quartzitic
sandstone in the Podole region. Vertebrate remains occur here
in a 20 cm thick interval and are dispersed in a coarse-grained
sandstone.

RESULTS AND DISCUSSION

Among 2115 elements observed and counted on the sur-
faces of Placoderm Sandstone blocks of different sizes accord-
ing to their accessibility at exposure (Table 1), 1576 were identi-
fied as vertebrate fragments. They could be assigned to one of
the following vertebrate groups: placoderms, chondrichthyans,
acanthodians, osteichthyans, and agnathans. In each locality
no less than 84 such fragments were observed, which gives a
good basis for statistical analysis and comparison of the faunal
assemblages. The largest number of specimens (679) was
identified at Podtazie, because of the longest and most intense
exploration of that site.

Environmental preferences assigned to groups of
early/lower vertebrates found in the bone-bearing breccia
(based on Janvier, 1996; Benton, 2014) point to a mixed char-
acter of their assemblages. This likely resulted from a high-en-
ergy environment during the redeposition and final deposition of
faunal remains coming from different ecological niches. Acan-
thodians that have been identified in the Placoderm Sandstone
were fishes that lived in the open sea (Burrow and Szrek, 2018),
but placoderms had a wide range of environmental tolerance
and in the Early Devonian they occupied mainly marginal-ma-
rine, or even brackish environments, such as lagoons or
flooded river valleys (see Denison, 1978; Janvier, 1996) to-
gether with heterostracan agnathans. Thus, the assemblages
recorded in the Placoderm Sandstone contain forms that were
transported from the open marine realm (acanthodians,
chondrichthyans) and mixed with those that lived in a mar-
ginal-marine environment (placoderms and sarcopterygians).

Although in all the sections studied all vertebrate groups are
present (except chondrichthyans, which are generally very
rarely found and are represented only by small, barely identifi-
able pieces of fin spine), a clear differentiation of the relative
abundances can be observed (Table 2; diagrams in Fig. 2). The
Lysogory sections are characterized by a smaller amount of
shallow water (Szrek and Dupret, 2017) placoderms (14% on
average) and osteichthyans (~8%), but a higher content of open
marine acanthodians (~33%) in comparison to the Kielce region
(25, 30 and 22%, respectively). This result is consistent with the
general agreement regarding the offshore character of the de-
posits in the northern part of the Holy Cross Mountains
(Szulczewski, 1995). However, the large relative abundance of
ostracoderms (mainly heterostracans 44%), in the Lysogory re-
gion, compared with only ~22% in the Kielce region, is surpris-
ing. There is also a significant difference in the results between
the easternmost Kopiec locality and the four other sites of the
Kielce region. In the latter, the content of osteichthyans oscil-
lates around 20%, while at Kopiec it exceeds 60%. This may be
a record of local environmental phenomena such as marine
currents or a river mouth which influenced the vertebrate com-
position and/or segregation. The result of a Pearson calculation
at 0.53 points to a strong correlation despite nominal differ-
ences. The same calculation with percentage data indicates
moderate correlation at 0.34 of Pearson correlation coefficient.
In both cases this correlation is positive, which means that as
the amount of vertebrate remains in the Kielce region in-
creases, those in the £ysogodry region will also see an increase.
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The taxonomic composition of vertebrate remains in the
Holy Cross Mountains, with all the major Early Devonian verte-
brate groups well-represented, and despite its local and re-
gional variations, reflects the situation described from upper
Emsian localities across Laurussia (Szrek and Dupret, 2017).
The possible dispersal routes of arthrodirans, porolepiforms
and actinopterygians were discussed by Schultze and Cumbaa
(2017) and show open marine connections between the north-
ern localities of Poland and those that were near the central and
southern parts of Baltica during its collision with Laurentia
(Mark-Kurik et al., 2013). Notably, the sarcopterygian genus
Heimenia directly connects the Anderson River Emsian fauna
(Northwest Territories, Canada) with the Baltic and Holy Cross
Mountains contemporaneous localities. Mondejar-Fernandez
and Clement (2012) noted that the migration must have ended
before the closure of open marine links. The presence of
Heimenia in the Holy Cross Mountains was first suggested by
@rvig (1969) based on the material described by Kulczycki
(1960) and corroborated by Wilk et al. (2020). The rest of the
fauna does not reflect such direct systematic affinities (see
Szrek and Dupret, 2017), and is characterised as transitional
between Baltica and western Europe.

CONCLUSIONS

Quantitative and qualitative analysis of vertebrate remains
exposed on the surfaces of siliciclastic bone-bearing breccia
from the Early Devonian (Emsian) of the Placoderm Sandstone
from the Holy Cross Mountains in Poland, produced significant
although not unexpected results. The high relative abundances
of acanthodians and relatively low content of placoderms and
sarcopterygian osteichthyans in the four sections of the north-
ern Lysogory region (in comparison to contrasting results for the
five sections from the southern Kielce region) generally sup-
ports the earlier assumptions of offshore conditions in the north
and marginal-marine in the south. The rather counterintuitive
high content of armoured agnathans in the tysogoéry region
needs further investigation.

Acknowledgements. Our research was funded by the Pol-
ish National Science Centre (project  number
2019/35/B/ST10/01505 granted to Michat Ginter). We would
like to thank the reviewers E. Luk$evics, V. Dupret and S. Olive
for valuable suggestions which significantly improved the qual-
ity of this paper.

REFERENCES

Benton, M.J., 2014. Vertebrate Palaeontology. John Wiley and
Sons.

Blieck, A., 1980. Le genre Rhinopteraspis Jaekel (Vertébrés,
Hétérostracés) du Dévonien inférieur: systématique, morpho-
logie, répartition. Bulletin du Muséum national d’Histoire
naturelle, 4: 25-47.

Burrow, C., Szrek, P., 2018. Acanthodians from the Lower Devo-
nian (Emsian) ‘Placoderm Sandstone’, Holy Cross Mountains,
Poland. Acta Geologica Polonica, 68: 307-320.

Czarnocki, J., 1919. Stratygrafia i tektonika Gor Swietokrzyskich
(in Polish). Prace Towarzystwa Naukowego Warszawskiego,
28:1-172.

Czarnocki, J., 1936. Uberblick der Stratigraphie und Paléo-
geographie des Unterdevons im Polnischen Mittelgebrige (in
Polish with Germany summary). Sprawozdania Panstwowego
Instytutu Geologicznego, 7: 129-200.

Dec, M., 2019. Revision of the Early Devonian psammosteids from
the “Placoderm Sandstone” implications for their body shape re-
construction. Palaeontologia Electronica, 22: 1-26.

Denison, R.H., 1978. Handbook of Paleoichthyology, 2. Placo-
dermi. Gustav Fischer Verlag, Stuttgart, New York.

Fijatkowska-Mader, A., Malec, J., 2011. Biostratigraphy of the
Emesian to Eifelian in the Holy Cross Mountains (Poland). Geo-
logical Quarterly, 55 (2): 109-138.

Fijatkowska-Mader, A., Malec, J., 2013. Valorization of geosites in
the projected Lysogéry Geopark in the Holy Cross Mountains (in
Polish with English summary). Przeglad Geologiczny, 61:
165-171.

Fijatkowska-Mader, A., Malec, J., 2018. Age of the Lower Devo-
nian tuffite horizon from Barcza (Holy Cross Mountains, S Po-
land) (in Polish with English summary). Przeglad Geologiczny,
66: 578-584.

Fijatkowska-Mader, A., Malec, J., Tarnowska, M., Turnau, E.,
1997. Stratygrafia dolnego dewonu w rejonie Bodzentyna - re-
gion tysogérski Gor Swietokrzyskich (in Polish). Posiedzenia
Naukowe Panstwowego Instytutu Geologicznego, 53: 122—125.

Giirich, G., 1896. Das Palaozoicum im Polnische Mittelgebirge.
Verhandlungen der Russichen-Kaiserlichen Mineralogischen
Gesellscheft zu St-Petersburg, 2: 1-539.

Janvier, P., 1996. Early vertebrates. Oxford Monographs on Geol-
ogy and Geophysics, 33.

Johnson, H.D., Baldwin, C.T., 2012. Shallow clastic sea. In: Sedi-
mentary Environments: Processes, Facies and Stratigraphy
(ed. H.G. Reading): 232-280. Blackwell Publishing, Oxford.

Kontkiewicz, S., 1882. Sprawozdanie z badan geologicznych
dokonanych w 1880 r. w potudniowej czesci guberni Kieleckiej
(in Polish). Pamietnik Fizjograficzny, 2: 175-202.

Kowalczewski, Z., 1971. Main geological problems of the Lower
Devonian in the Swigtokrzyskie Mts. (in Polish with English sum-
mary). Kwartalnik Geologiczny, 15 (2): 263-283.

Kozak, B., Krél, P. 2021. Historia Spétdzielni Pracy “Kwarcyt” w
Kielcach (1953—-1957) (in Polish). In: Studia Muzealno-Histo-
ryczne (eds. G. Maciggowski, K. Myslinski, M. Kolasa, P. Wolan-
czyk and B. Kasprzyk-Dulewicz): 61-107. Muzeum Historii
Kielc, Kielce.

Krol, P., Fijatkowska-Mader, A., Kozak, B., Gietzecka-Madry, D.,
2021. History of exploitation of the Lower Devonian sandstones
at the Barcza Hill (Holy Cross Mountains) (in Polish with English
summary). Przeglad Geologiczny, 69: 81-90.

Kulczycki, J., 1960. Porolepis (Crossopterygii) from the Lower De-
vonian of the Holy Cross Mountains. Acta Palaeontologica
Polonica, 5: 65-103.

tobanowski, H., 1971. The Lower Devonian in the western part of
the Klonéw Belt (Holy Cross Mts). Part | — Upper Emsian. Acta
Geologica Polonica, 21: 629-688.

Malec, J., 1990. Nowe dane o dewonie Bukowej Géry (in Polish).
Kwartalnik Geologiczny, 34 (3): 559-560.

Malec, J., 2001. Sedimentology of deposits from around the Late
Caledonian unconformity in the western Holy Cross Mts. Geo-
logical Quarterly, 45 (4): 397-415.

Malec, J., 2005. Lithostratigraphy of the Lower and Middle Devo-
nian boundary interval in the Lysogoéry Region of the Holy Cross
Mts (Poland) (in Polish with English summary). Biuletyn
Panstwowego Instytutu Geologicznego, 415: 5-58.



Olga Wilk et al. / Geological Quarterly, 2022, 66: 35 9

Mark-Kurik, E., 2013. A new Lower Devonian arthrodire
(Placodermi) from the NW Siberian Platform. Estonian Journal
of Earth Sciences, 62: 131-138.

Mark-Kurik, E., Blieck, A., Burrow, C., Turner, S., 2013. Early De-
vonian fishes from coastal De Long Strait, central Chukotka,
Arctic Russia. Geodiversitas, 3: 545-578.

Masorz J., 2014. Devonian brachiopod shales of the Grzego-
rzowice-Skaty section (Holy Cross Mountains, Central Poland):
the attempt of paleoenvironment reconstruction. Acta Mineralo-
gica-Petrographica, 8: 82.

Mondéjar-Fernandez, J., Clément, G., 2012. Squamation and
scale microstructure evolution in the Porolepiformes (Sarco-
pterygii, Dipnomorpha) based on Heimenia ensis from the De-
vonian of Spitsbergen. Journal of Vertebrate Paleontology, 32:
267-284.

@rvig, T., 1969. Vertebrates from the Wood Bay Group and the posi-
tion of the Emsian Eifelian boundary in the Devonian of
Vestspitsbergen. Lethaia, 2: 273-328.

Pajchlowa, M., 1957. The Devonian in the Grzegorzowice-Skaty
section (in Polish with English summary). Biuletyn Instytutu
Geologicznego, 122: 145-254.

Romanek, A., 1994. Objasnienia do Szczegoétowej mapy
geologicznej Polski 1:50 000, ark. Ostrowiec Swietokrzyski (in
Polish). Painstwowy Instytut Geologiczny, Warszawa.

Samsonowicz J., 1929. Cechsztyn, trias i lias na péthocnym
zboczu tysogér (in Polish). Sprawozdania Panstwowego
Instytutu Geologicznego, 5: 1-281

Samsonowicz, J., 1934. Ogdlna mapa geologiczna Polski w skali
1:100 000, ark. Opatéow (in Polish). Panstwowy Instytut
Geologiczny, Warszawa.

Schultze, H.P., Cumbaa, S.L., 2017. A new Early Devonian
(Emsian) arthrodire from the Northwest Territories, Canada, and
its significance for paleogeographic reconstruction. Canadian
Journal of Earth Sciences, 54: 461-476.

Szrek, P., 2020. Comments on distribution and taphonomy of Devo-
nian placoderms in the Holy Cross Mountains, Poland. Bulletin
of Geosciences, 95: 1-17.

Szrek, P., Dupret, V., 2017. Placoderms from the Early Devonian
“placoderm sandstone” of the Holy Cross Mountains, Poland
with biostratigraphical and palaeobiogeographical implications.
Acta Palaeontologica Polonica, 62: 789-800.

Szrek, P., Niedzwiedzki, G., Dec, M., 2014. Storm origin of
bone-bearing beds in the Lower Devonian placoderm sand-
stone from Podtazie Hill (Holy Cross Mountains, central Po-
land). Geological Quarterly, 58 (4): 795-806.

Szrek, P., Dec, M., Niedzwiedzki, G., 2015. The first placoderm fish
from the Lower Devonian of Poland. Journal of Vertebrate Pale-
ontology, 35, e930471.

Szrek, P., Salwa, S., Niedzwiedzki, G., Dec, M., Ahlberg, P.E.,
Uchman, A., 2016. A glimpse of a fish face — an exceptional fish
feeding trace fossil from the Lower Devonian of the Holy Cross
Mountains, Poland. Palaeogeography, Palaeoclimatology,
Palaeoecology, 454: 113-124.

Szrek, P., Dec, M., Wilk, O., 2021. The first Early Devonian Dipnoi
from the Holy Cross Mountains, Poland. Journal of Vertebrate
Paleontology, 41, €1923323.

Szulczewski, M., 1995. Depositional evolution of the Holy Cross
Mts. (Poland) in the Devonian and Carboniferous — a review.
Geological Quarterly, 39 (4): 471-488.

Szulczewski, M., Porebski, S., 2008. Stop 1 — Bukowa Gora,
Lower Devonian, In: Ichnological sites of Poland; The Holy
Cross Mts and the Carpathian flysch. The Second International
Congress on Ichnology, Cracow, Poland, August 29-September
8, 2008. The Pre-Congress and Post-Congress Field Trip
Guidebook (eds. G. Pienkowski and A. Uchman): 18-37. Polish
Geological Institute, Warsaw.

Tarlo, L.B., 1957. A preliminary note on new ostracoderms from the
Lower Devonian (Emsian) of central Poland. Acta
Palaeontologica Polonica, 2: 225-233.

Tarlo, L.B., 1961a. Rhinopteraspis cornubica (McCoy), with notes
on the classification and evolution of the pteraspids. Acta
Palaeontologica Polonica, 6: 367-402.

Tarlo, L.B., 1961b. Psammosteids from the Middle and Upper De-
vonian of Scotland. The Quarterly Journal of the Geological So-
ciety of London, 117: 367—402.

Tarlo, L.B., 1962. The classification and evolution of the
Heterostraci. Acta Palaeontologica Polonica, 7: 249-286.

Tarlo, L.B., 1964. Psammosteiformes (Agnatha) — a review with de-
scriptions of new material from the Lower Devonian of Poland. |
— general part. Palaeontologia Polonica, 13: 1-135.

Tarlo, L.B., 1965. Psammosteiformes (Agnatha) — a review with de-
scriptions of new material from the Lower Devonian of Poland. Il
— systematic part. Palaeontologia Polonica, 15: 1-168.

Tarnowska, M., 1967. Mineralizacja i przeobrazenia kontaktowe
towarzyszace lamprofirom z wiercen: Wszachéw 1 i 2 oraz
lwaniska 3 (in Polish). Kwartalnik Geologiczny, 11 (2): 462—463.

Tarnowska, M., 1971. Lower Devonian polymict and tufaceous
rocks in the Kielce Region of the Swietokrzyskie Mountains (in
Polish with English summary). Kwartalnik Geologiczny, 15 (3):
569-588.

Tarnowska, M., 1976. Lithological correlation of the Lower Devo-
nian in the eastern part of the Swietokrzyskie Mountains (in Pol-
ish with English summary). Biuletyn Instytutu Geologicznego,
296: 75-117.

Tarnowska, M., 1981. Dewon dolny w centralnej czesci Gor
Swietokrzyskich (in Polish). Przewodnik 53 Zjazdu Polskiego
Towarzystwa Geologicznego, Kielce: 57-67. Wyd. Geol.,
Warszawa.

Urban, J., 1980. Opracowanie projektowe rezerwatu przyrody
nieozywionej Barcza (in Polish). Archiwum Regionalnej Dyrekgc;ji
Ochrony Srodowiska, Kielce, 55.

Urban, J., 2020. Structural, lithological and tectonic constraints on
the development and evolution of sandstone tors in the
Swietokrzyskie (Holy Cross) Mountains (in Polish with English
summary). Przeglad Geologiczny, 68: 112—126.

Walczowski, A., 1968. Objasnienia do Szczegdétowej mapy
geologicznej Polski 1:50 000, ark. tagow (in Polish). Wyd.
Geol., Warszawa.

Wilk, O., Szrek, P., Dec, M., Glinka, B., Ahlberg, P.E., 2020. Com-
ments on the Squamation of Polish Lower Devonian Porole-
piforms. Journal of Vertebrate Paleontology, 39: e1738448.

Wroéblewski, T., 2000. Geodiversity conservation in the Gory
Swietokrzyskie region : with map of protected areas and objects
of inanimated nature 1:200 000 (in Polish with English sum-
mary). Panstwowy Instytut Geologiczny, Warszawa.



