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The Middle Ordovician Bukéwka Formation, composed offine-grained quartz sandstones with siltstone intercalations, be-
longs to the Kielce Region of the Holy Cross Mountains (peri-Baltic palaeogeographic position). It contains trace fossils of
low diversity and poor preservation. Particularly noteworthy are the large Cruziana and Rusophycus, that are typical of
peri-Gondwanan areas. They consist of casts of bilobate furrows showlng diverse preservation. Other trace fossils include
mostly horizontal pascichnia, cubichnia, and fodinichnia, but also vertical domichnia. The trace fossil assemblage is typical
of the archetypal Cruziana and partly of the Skolithos ichnofacies. Some beds contain abundant orthid brachiopods. The
trace fossils and sedimentary structures (horizontal, low-angle and wave ripple cross-laminations, hummocky cross-stratifi-
cation) suggest deposition on the middle and lower shoreface with storm influence. The poor preservation and low diversity
of the trace fossils are related to the homogeneous lithology, low accumulation rate, shallow burial of organic matter and
strong bioturbation. Therefore, animals burrowed strongly but mostly in shallow tiers. Thus, the preservation potential of their
traces was much lower than in many peri-Gondwanan sections but still higher than in Baltica sedlmentary rocks. This ex-
plains the provincial differences in ichnofauna during the Ordovician, which at least partly were influenced by the preserva-
tion potential.

Key words: Ordovician, trace fossils, bioturbation, Cruziana, taphonomy, Baltica.

INTRODUCTION Baltica ichnological record. M oreover, this ichnological analysis
provides insight into the depositional palaeoenvironment of the
Bukéwka Formation, which has lacked detailed ichnological
studies. Only Trela (2006) noticed a high degree of bioturbation.
Body fossils of the formation were described by authors includ-
ing Bednarczyk (1971), Bednarczyk and Biernat (1978), Dzik

and Pisera (1994), Bednarczyk and Stupnicka (2000).

Lower Paleozoic trace fossils show some provincial speci-
ficity (e.g., Seilacher, 1992, 2007; Servais et al., 2010). For in-
stance, those from the Ordovician System of Gondwana (e.g.,
d'Orbigny, 1842; Rouault, 1850; Lebesconte, 1883, 1886;
Delgado, 1886; Seilacher, 1970; Baldwin, 1977a; Durand,
1984, 1985a, b; Neto de Carvalho, 2006) are characterized by
an abundance of large trilobite burrows, which are much rarer in
Baltica. At least partly, this could be an effect of differences in

GEOLOGICAL SETTING

facies, because Gondwanan clastic, usually heterolithic sedi-
ments are more suitable for trace fossil preserva-ion than are
the more homogeneous clastic or carbonate lithologies prevail-
ing in Baltica (e.g., Rodriguez-Tovar et al., 2014) or an effect of
insufficient survey. In this paper, a trace fossil assemblage in-
cludIng large trilobite burrows is described from the Ordovician
of the Holy Cross Moun-ains in cen-ral Poland. The Bukéwka
Formation studied belongs to the Kielce Region, a part of the
Matopolska Block, which palaeogeographically is considered
as a peri-Bal-ic terrain (Cocks and Torsvik, 2002). This may
shed light on provincial differences between the Gondwana and
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The Ordovician of the Holy Cross Mountains is developed as
a succession of siliciclastic and carbonaceous deposits of varied
thickness that does not exceed 300 m (Skompski, 2015, for sum-
mary), but rather less than 100 m in the Kielce Region (cf. Trela,
2006). The facies development and thickness were influenced by
tectonic rejuvenation of the sedimentary basin at the beginning of
the Ordovician. Generally, Ordovician strata in the Kielce Region
(the southern block of the Holy Cross Mounlains) overlie the
Cambrian strata with an angular unconformity, unlike the
tysogoéry Region (northern block of the Holy Cross Mounlains),
which is characterized by a conformable sedimentary contact be-
tween Cambrian and Ordovician rocks (e.g., Czarnocki, 1939;
Bednarczyk, 1971). This region belongs to a larger struclure
called the Matopolska Block, which was situated on the Baltica
margin during the Ordovician (e.g., Cocks, 2002) or belween
Baltica and Gondwana (Dzik and Pisera, 1994).
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The Middle Ordovician Bukéwka Formation crops out in only
a few places of the Kielce Region, mainly in inactive quarries of
the Kielce area in the west and in the Migedzyg6rz Quarry in the
east. The Bukoéwka Formation is dated by the articulate brachio-
pods Antigonambonites planus (Pander), Lycophoria nucella
(Dalman),  Orthambonites calligramma (Dalman) and
Productorthis obtusa (Pander) to the late Arenig-earliest Llanvirn
(Bednarczyk, 1971; Dzik and Pisera, 1994; Trela, 2006; =late
Dapingian-early Darriwilian, see Ogg et al., 2016), and is mainly
represented by fine-grained quartz arenites with scarce interca-
lations of mudstones and siltstones. The quartz sandstones are
generally replaced by carbonates toward the top of the formation
(Trela, 2006). The Bukéwka Formation lies above carbonates of
the Szumsko Formation and it is separated from the overlylng
carbonates of the M6jcza Formation by an unconformity (Trela,
2006). The Bukéwka Formation ranges greatly in thickness from
3to 45 m and it is dated to the late Arenig and early Llanvirn
(=late Dapingian and early Darriwilian, see Ogg et al., 2016; 470
Ma to 465 Ma) within three conodont zones (Paroistodus
originalis, Baltoniodus norrlandiscus and Eoplacognathus
variabilis) and two graptolite zones (Didymograptus hirundo
Zone and Holmograptus lentus Subzone; Trela, 2006, based on
Webby et al., 2004). According to Cooper and Sadler (2012; cf.
Ogg et al, 2016), these biozones represent the late
Dapingian-early Darriwilian, which cover ~4.5 My from 468.5 to
464 Ma (see also Ogg et al., 2016). Bergstrom et al. (2008) pro-
posed the regional subdivisions Volkhow and Kunda for
Baltoscandia, which equal the late Dapingian and early
Darriwilian. Nevertheless, the Baltoscandian subdivisions have
been not yet been used for the Matopolska Block and precise
correlation is difficult.

LOCALITIES

The Bukowka Formation was studied in two inactive quar-
ries (Mojcza 1 and Méjcza 2) at Méjcza near Kielce, an inactive
quarry at Miedzygérz and a natural exposure among an un-
named stream tribulary of the Czarna Staszowska River at
Zalesie near Lagow (Kielce County; Fig. 1). Poor exposures in
the ravine at Zalesie (GPS coordinates: N50°5029.2",
E20°41'11.4") have provided sparse data and this locallty is
protected by Pollsh law as monument of nature. Two small, in-
active stone quarries at Mdjcza area were examined in delail,
bed-by-bed and all beds have been sampled and polished as
part of the observations. About 300 rock slabs were prepared
for detailed ichnological and sedimentological analyses. The
catalogued samples are housed in the Institute of Geologlcal
Sciences of the Jagiellonian University in Krakéw (institutional
abbreviation: INGUJ214P/B).

The Bukdéwka Formation sandstones were exploited as
building stones durlng the 20th cenlury, but recently, most of
the exploilalion sites have been covered by vegelation. How-
ever, slabs of the sandstone are accessible in walls of the Dio-
cese Museum on the Czerwonego Krzyza and Jana Pawta Il
streets, and in walls of the Polish Geological Institute, on Zgoda
street, as well as on Zagorska street, all in Kielce. Some of the
slabs contain determinable trace fossils.

Mdjcza region. The Bukéwka Formation is exposed in a
few small, inactive quarries, where two sections, 2 and 4 m
thick, were studied (Fig. 1). In addition, blocks of the unexposed
top of the formation on Zatazna Hill at Mdjcza were examIned
(GPS coordinates: N50°50'29.2", E20°41'11.4"). Similar rocks
are exposed in the stratotype of the Bukéwka Formation at the

Fig. 1. Location maps

A - sketch map of Poland; B - simplified geological map of the Paleozoic core of the Holy Cross
Mountains; the geology is based on Trela (1998) and references cited therein
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Fig. 2. Logs of the late Dapingian-early Darriwilian Bukowka Formation, Mojcza 1 (lower) and 2 (upper) sections

old quarry at Bukowka (Kielce district, GPS coordinates:
N50°50'16.1", E20°39'43.3”; Fig. 1). The formation in this area
is composed of quartz arenites with sparse siltstones and
mudstone intercalations. The rocks were mostly studied in two
abandoned quarries Mojcza 1 and Mojcza 2, near Kielce. The
Mojcza 1 section (GpS coordinates: N50°50'16.7" E
20°41'16.0”; Figs. 1and 2) represents the lower part of the suc-
cession studied. The bioturbated quartz sandstone beds dip
normally at ~60°/19°. Several beds of this section contain mass
accumulations of the brachiopods Orthis sp. and

Orthanambonites sp., which are preserved almost exclusively
as internal and external moulds (Figs. 2 and 3). However, cal-
cite brachiopod shells and one horizon with moulds of the
echinoderm Echinosphaerites are present at the top of the for-
mation (Fig. 3), which since recently is no longer exposed. The
shells form shell pavements in some beds. Similar rocks con-
taining the same trace fossils and skeletal fossils of brachior
pods and the gastropod ?Euomphalus (Fig. 3) probably come
from the old Bukowka Quarry. They were observed in the wall
slabs of several buildings in Kielce.
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Fig. 3. Primary sedimentary structures and body fossils in the sandstones of the Bukéwka Formation of the Mdjcza area

A, B - hummocky cross-stratification; C, D - coquina beds with orthid brachiopod fossils: C - only moulds and negatives, D -
well-preserved calcitic shells; E, F - Echinosphaerites sp.: E - individual specimen, F - horizon with abundant Echinosphaerites (E) and
orthid brachiopods (O); G - gastropod ?Euomphalus, wall in Zagérska Street, Kielce
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In the Mojcza 2 section (GPS coordinates: N50°50'18.7",
E20°41'19.8"; Fig. 1), beds dip normally at ~140°/15° and rep-
resent the upper part of the succession studted. The sandt
stones are mostly wackes, which are mostly totally or almost to-
tally bioturbated (ichnofabric index 4-5 sensu Droser and
Bottjer, 1986). Primary sedImentary structures are scarce, and
are represented by rare relicts of low-angle cross stratification,
ripple and horizontal lamination (Fig. 2). A high content of matrix
as well as fragments of reworked firmground intraclasts are
common in several beds.

The sandy limestones in the upper part of the formation ly-
ing below the discontinuity at Mojcza, which were formerly as-
cribed to the Mojcza Formation by Dzikand Pisera (1994), were
included in the Bukowka Formation by Trela (2006). The trace
fossils from sandstones of the Mojcza sections belong to hori-
zontal pascichnia and vertical domichnia. The pascichnia inr
clude Planolites montanus, P. beverleyensis, Palaeophycus
isp. and Cruziana isp. The domichnia are represented by
Skolithos isp. and ?Catenarichnus isp. The cubichnia include
Rusophycus isp. and Rusophycus ?pudicus and fodinichnia
Teichichnus isp.

Miqgdzygorz Quarry. The quarry (GPS coordinates:
N50°44'8.4", E21°33'47.1"; Fig. 1) exposes thick-bedded
glauconitic sandstones and conglomerates of the Mi*dzygorz
Formation, sandstones of the Bukowka Formation, and very
poorly exposed limestones of the Mojcza Formation (Dzik and
Pisera, 1994; Bednarczyk and Stupnicka, 2000; Trela, 2006).
Conglomerates of the Mi*dzygorz Formation consist of
2-60 mm clasts and glauconitic matrix, which are interbedded
with green, coarse-grained sandstones (Tomczyk, 1962;
Tomczyk and Turnau-Morawska, 1967). They do not contain
any trace fossils. The overlying Bukowka Formation is com-
posed of yellowish and grey sandstones. The Bukowka Forma-
tion is poorly exposed in Mi*dzygorz Quarry and does not show
important differences in ichnological and sedimentological fea-
tures between this quarry and rocks exposed in the Mojcza re-
gion, which were analysed in detail. According to Bednarczyk
and Stupnicka (2000), the lithostratigraphic units in this quarry
are cut by several faults. Therefore, it is impossible to measure
the entire section.

TRACE FOSSILS

Cruziana isp.
(Fig. 4)

Material. - Two catalogued specimens,
INGUJ214P/B3, B26; plus one specimen in a slab in the wall of
the Polish Geological Institute on Zgoda street in Kielce.

Description. - Afragmentofa large, high, indistinctly
bilobate hypichnial ridge, 80-120 mm wide, 20-50 mm high,
was observed for a length of 340 mm. The lobes are separated
by an indistinct, shallow furrow and covered by indistinct, vari-
able, thicker and thinner scratch traces or imbricated scales
(e.g., specimen INGUJ214P/B26). At the top of the lobes, blunt
scratch traces 1-3 mm wide are present. They run almost per-
pendicular to the median furrow. The specimen INGUJ214P/B3
shows scratch traces in the external sides of the lobes. They
are ~0.5 mm wide, sharp, arcuate and oblique to the median
furrow. The observed burrows are cross-cut by numerous
Skolithos. Cross-sections of the burrow display a massive fill,
which is lithologically the same as the host rock (Fig. 4C). The

specimen in the wall of the building is preserved as an epichnial,
bilobate furrow, which is ~50 mm wide and shows a similar pat-
tern of scratch traces.

Remarks. - The Cruziana collected and described is
separated by a thin siltstone layer from the underlylng sand-
stone bed. The thick scratch traces are poorly preserved. The
specimens described, especially specimen INGUJ214P/B26,
are quite similar to Cruziana imbricata Seilacher, 1970, but they
show both an imbricated pattern and scratch traces, in contrast
to C. imbricata, which displays no scratch traces (Seilacher,
1970). Nevertheless, their poor preservation prevents determi-
nation at the ichnospecies level. The sandstone bed bearing
Cruziana is no-iceably thicker around the trace. This suggests
that the trace-making trilobite burrowed in a small, local depres-
sion on the seafloor. The absence of dis-urbance in the sand-
stone bed above the trace points to the predepositional origin of
the trace by the filling of a furrow with sand brought in by cur-
rents (Baldwin 1977b), unlike the large, teichichnoid Cruziana
from the Ordovician of Portugal, England and Spain (Goldring,
1985; Neto de Carvalho, 2006; Stachacz et al., 2015).

Rusophycus isp.
(Fig. 5A-D)

Material. - Eight speclmens, INGUJ214P/B1, B4, BS5,
B17, B2729.

Description. - Fragments of bilobate hypichnial
mounds without distinct margins (Fig. 5A-C) or with an indis-
tinct slat at one side (Fig. 5D), 60-200 mm long, 60-110 mm
wide, and 10-30 mm high. The median furrow is expanded on
the frontal side, so the lobes show a cleft, V-shaped pattern.
The lobes are covered by thick, irregular scratch traces, which
are ~1-5 mm wide. The scratch traces meet at an angle of
100-180°, being nearly perpendicular (Fig. 5A)orobliqueto the
median furrow. In the latter case, they form V-shaped patterns
oriented in opposite directions in the frontal and rear parts
(Fig. 5B, C).

Remarks. - Some specimens are so poorly preserved
(Fig. 5A, B) that they resemble inorganic load casts. However,
their true nature is revealed by the scratch traces or even
moulds of limbs, seen in the indistinct marginal areas (Fig. 5B).
The sandstone bed around Rusophycus isp. is relatively thick.
This suggests that the trace-making trilobite burrowed in a
small, local depression on the sea floor and next the bed was
loaded during deposition on top of the trace, if the burrow was
predepositional.

Rusophycus ?pudicus Hall, 1852
(Fig. 5E)

Material. - Two specimens, INGUJ214P/B2, B30.

Description. - Elongate, bilobate hypichnial mound,
wedge-shaped in outline, at least 130 mm long, 60-70 mm
wide, 30 mm high, without distinct margins. The lobes are cov-
ered by more or less distinct, weakly developed scratch traces,
which are ~1 mm wide and 1-2 mm apart. They meet in the me-
dian furrow at different angles: at 90° in the front part, with a
transition to 120° in the rear part. The scratch traces are curved
in an arc and form a V-shaped pattern. They are oriented in op-
posite directions in the front and rear parts of the trace fossil.
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Fig. 4. Cruziana isp. from the Ordovician Bukowka Formation, Mojcza

A, B - general view of hypichnial convex semi-reliefs display scratch traces; associated trace fossils (S - Skolithos, P - Planolites)
occur: A - INGUJ214P/B3, B - INGUJ214P/B26; C - vertical section of the hypichnial convex semirelief with massive fill, INGUJ214P/B3

The scratch traces in the front part are slightly thicker than those
in the rear part.

Remarks. - The specimens described here are similar
to Rusophycus pudicus Hall, 1852 from the Dominion Forma-
tion (Arenig, Wabana Group, Newfoundland, E Canada), ilius-
trated by Fillion and Pickerill (1990: pl. 15.6) and personally ob-
served, but its state of preservation does not permit such an ex-
act determination. The trilobite Flexicalymene is considered as
the producer of Rusophycus pudicus as its size and shape re-
sembles the morphology of this trace fossil and imprints of its
cephalic doublure and thoracic pleurae were observed in some
specimens (Osgood, 1970). Moreover, Osgood (1970) found
Flexicalymene meeki Foerste together with Rusophycus
pudicus. Flexicalymene and other calymenids originated in
Gondwana and were disfributed around Gondwana, Laurentia
and Baltica at the end of the Ordovician (Barnes et al., 1996).

Skolithos isp.
(Fig. 6A, B)

Material. - Seven sandstone slabs, INGUJ214P/B6,
B9, B11, B13, B14, B16, B25, which contain more than thirty
specimens. A few hundred specimens were observed in the
field.

Description. - Vertical or sub-vertical pipe-like,
lined shafts filled with sand, visible in vertical sections or on
bedding surfaces. Most of the shafts are generally constant in
width, at ~5 mm, and the largest are up to 18 mm in diameter.
Their observed length, up to 100 mm, depends on the bed
thickness; it is longer in thicker beds. The pipes are densely
packed in some beds.
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Fig. 6. Rusophycus from the Bukéwka Formation at Mojcza

A, B - poorly preserved Rusophycus isp. with only partly visible scratch traces: A - hypichnial view, B - side view of
the same specimen with limbs traces at the side arrowed, INGUJ214P/B4; C, D - bilobate specimens of Rusophycus

isp. with dis-inct scratch traces, hypichnial convex semireliefs: C - INGUJ214P/B27, D - INGUJ214P/B1; E -
Rusophycus ?pudicus Hall, 1852, hypichnial convex semirelief, INGUJ214P/B2
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Fig. 6. Other trace fossils from the Bukéwka Formation at Méjcza

A, B - Skolithos isp.: A - bioturbated upper bedding surface, INGUJ214P/B6, B - endichnion in sandstone bed, field photo; C, D -
Teichichnus rectus Seilacher, 1955 (T): C - endichnion separated from the host bed, side view, INGUJ214P/B24, D - endichnion in a thin
sandstone bed, lower bedding surface, P - Planolites, INGUJ214P/B31; E - Planolites beverleyensis (Billings, 1862), hypichnial convex
semirelief, a slab in the wall by the Swietego Krzyza Street, Kielce; F - Planolites montanus Richter, 1937, hypichnial convex semi-re lief,
INGUJ214P/B7; G - Palaeophycus tubularis (Hall, 1847), endichnia in block of medium sandstone beds in the wall, Jana Pawia Il street,
Kielce; H - ?Catenarichnus isp., endichnion in a sandstone bed, NGUJ214P/B8; | - Phycodes cf. circinatus Richter, 1850; J
?Ptychoplasma isp; both specimens are hypichnia in the wall of the building of the Polish Geological Institute, Zgoda street, Kielce
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Remarks. - According to Hallam and Swett (1966),
truncated Monocraterion can be similar to Skolithos, however,
the latter is usually lined, and no evidence of a funnel, a typlcal
feature of Monocraterion (Schlirf and Uchman, 2005), was ob-
served in the Skolithos isp. described. Skolithos is commonly
interpreted as a domichnial burrow of suspension-feeding
annelids or phoronids (Alpert, 1974; Fillion and Pickerill, 1990;
Vinn and Wilson, 2013).

Teichichnus rectus Seilacher, 1955
(Fig. 6C, D)

Material. - Two sandstone slabs INGUJ214P/B24,
B31, five speclmens observed in the field.

Description. - Endichnial, wedge- or banana-shaped
structures preserved in full relief with more or less distinct
U-shaped, retrusive spreites. The structure is 8-10 mm wide,
10-20 mm high, at least up to 65 mm long.

Remarks. - The specimens analysed vary in shape and
size. Teichichnus rectus is the type ichnospecies of this
ichnogenus, commonly interpreted as an equilibrium feeding
structure (Corner and Fjalstad, 1993).

Planolites beverleyensis (Billings, 1862)
(Fig. 6E)

Material. - Three specimens, INGUJ214P/B18-20,
numerous specimens observed in the field.

Description. - Horizonial, straight or slightly curved
hypichnial ridge preserved in semirelief, semi-elliptical or
semi-circular in cross-seciion, with smooth surface, at least
85 mm long. Its width ranges from 4 to 9 mm but it is uniform
through the whole length. The ridges are filled by sandy mate-
rial identical to that of the host sandstone bed.

Remarks. - Some specimens preserved in sandstone
(e.g., INGUJ214P/B20) are simiiar to Palaeophycus tubularis
Hall, 1847. Neveriheiess, the latier taxon differs by the pres-
ence of awall (Pemberton and Frey, 1982; Fillion and Pickerill,
1990; Keighley and Pickerill, 1995). Planolites is present in
many facies and itis interpreted as an actively filled pascichnion
formed by worm-like deposit-feeders (e.g., Osgood, 1970;
Pemberton and Frey, 1982; Fillion and Pickerill, 1990; Keighley
and Pickerill, 1995).

Planolites montanus Richter, 1937
(Fig. 6F)

Material. - Two sandstone slabs (INGUJ214P/B7,
B21) that contain several specimens; numerous specimens ob-
served in the field.

Description. - An endichnial full-relief cylinder or a
hypichnial ridge, 3-5 mm wide, with smooth surfaces, pre-
served in full relief or semirelief. The burrow is curved,
semi-oval in cross-section, changing course over short dis-
tances. Commonly, it profrudes from or plunges into the bed.
Some speclmens observed are preserved in a silty layer within
a hummocky cross-stratified sandstone bed. The trace fossil is
abundant in some sandstone beds and densely covers their
soles (Fig. 6F).

Remarks. - According to Pemberton and Frey (1982),
Planolites montanus is relatively small, curved or contorted, up
to 5 mm in diameter. However, the size of speclmens is a less
important diagnostic feature; more important is the characteris-
tic orientation changing over short distances and relatively com-
monly plunging into the bed.

Palaeophycus tubularis Hall, 1547
(Fig. 6G)

Material. - Five speclmens observed in slabs in the
wall of the Diocese Museum (Czerwonego Krzyza and Jana
Pawia Il streets, Kielce); afew specimens observed in the field.

Description. - Endichnial, straight or slightly curved,
unbranched tubes, 4-15 mm wide, from tens to 200 mm long,
circular or oval in cross-section, with a more or less distinct wall.
The filling is the same as the host sandstone.

Remarks. - Some specimens are difficult to distinguish
from Planolites beverleyensis (Billings, 1862). However, the
presence of the wall indicates Palaeophycus tubularis (see
Pemberton and Frey, 1982; Fillion and Pickerill, 1990; Keighley
and Pickerill, 1995). Palaeophycus tubularis is mostly inler!
preted as a structure formed by deposit feeders and predators
moving mainly along the sediment interfaces (e.g., Pemberton
and Frey, 1982).

?Catenarichnus isp.
(Fig. 6H)

Material. - One sandstone fragment (specimen
INGUJ214P/B8) with two poorly preserved specimens. In addi-
tion, speclmens in slabs in the wall of the building of the Polish
Geological Institute, Zgoda street, Kielce.

Description. - A J-or U-shaped burrow whose limbs
diverge. The cylinder is ~12 mm wide and 20-20 mm deep. The
burrow is unlined. It has a rough surface and sandy filling,
matching the host rock.

Remarks. - Catenarichnus Bradshaw, 2002 and its
only ichnospecies C. antarcticus Bradshaw, 2002 from the De-
vonian of Antarctica is a vertical arc-like cylindrical burrow, with
divergent limbs which plunge into the bed at a low angle.
Catenichnus contentus McCarthy, 1979 is similar but it shows
indistinct spreite and then differs from Arenicolites Salter, 1857.
Arenicolites has parallel limbs and the aforementioned
ichnogenera are characterized by divergent limbs (see
Hofmann et al., 2011, Rodriguez-Tovar et al., 2014). A Cam-
brian trace fossil of this type with strongly divergent arms, deter-
mined as Arenicolites (Stachacz, 2016) may belong to
Catenarichnus.

Phycodes cf. circinatus Richter, 1S5G
(Fig. 6l)

Material. - One specimen observed in the wall of the
building of the Polish Geological Institute, Zgoda street, Kielce,
and a few poorly preserved specimens observed in the field.

Description. - Hypichnial, generally horizontal,
curved, loosely spaced branched ridges arranged in an indis-
tinct fan, preserved in semi-reiief in a bioturbated sandstone
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bed. At least six branches diverge probably from a common
stem, but the meeting point of the branches and the common
stem are not preserved. Parts of the ridges are almost parallel
to each other, while others are divergent. The ridges are circular
to oval in cross-section, 8-12 mm wide, ~13 mm long. Their
surface is rough, even or indistinctly undulose.

Remarks. - The specimen described is poorly pret
served; however, its morphological features are shared with
Phycodes circinatus Richter, 1850 (cf. Hantzschel, 1975; Fillion
and Pickerill, 1990; Seilacher, 2000; Stachacz, 2016).
Phycodes is a fodinichnion produced by unknown organisms; in
the Paleozoic it is known mostly from shallow-marine strata
(e.g., Osgood, 1970; Fillion and Pickerill, 1990; Seilacher, 2000;
Hanken et al., 2016).

?Ptychoplasma isp.
(Fig. 6J)

Material. - Several specimens observed in the wall of
the building of the Polish Geological Institute, Zgoda street,
Kielce.

Description. - Hypichnial ridges 12-20 mm wide,
composed of oval, arrow-shaped or irregular, smooth pads;
some of which are separated by more even segments. The
pads are 10-40 mm long, ~10 mm high and only slightly wider
than the even ridge. The overall course is straight or gently
winding; some segments intersect.

Remarks. - The fill shows some similarities to
Torrowangea rosei Webby, 1970, but the latter taxon is dist
tinctly sinuous to meandering and much smaller (cf. Webby,
1970; Gamez Vintaned et al., 2006). Ptychoplasma is a loco-
motion trace of molluscs; it is known since the Cambrian
(Uchman et al., 2011).

DISCUSSION
DEPOSITIONAL ENVIRONMENT

The recognizable trace fossils from the Bukowka Formation
are relatively of low diversity, and show infrequent and usually
bad preservation. The ichnoassemblage consists of eleven
ichnotaxa, including fodinichnia (Teichichnus, Phycodes,
Ptychoplasma), pascichnia (Cruziana, Planolites,
Palaeophycus), domichnia (Skolithos, Catenarichnus) and
cubichnia (Rusophycus). The presence of both horizontal and
vertical burrows is typical of the archetypal and proximal
Cruziana ichnofacies suggesting deposition in the upper to
lower shoreface with storm influences (cf. Pemberton et al.,
2001). Some parts of the formation may belong to the Skolithos
ichnofacies (sensu Seilacher, 1967) but any series of beds con-
taining exclusively vertical traces has not been observed in the
field. The interpretation of ichnofacies is in accordance with the
presence of hummocky cross-stratification, low-angle
cross-lamination, ripple laminations and horizontal lamination
(Fig. 2), a set of primary sedimentary structures typical of a
wave- and storm-dominated shoreface. The lower part of the
Bukowka Formation, which is represented by thick-bedded
sandstones bearing irregularly scattered brachiopod coquina
beds, lenticular brachiopod accumulations, and shell pave-
ments might be referred to a periodic intensification of storm
events (cf. Dzutynski and Kubicz, 1975; Kidwell, 1986). The
skeletal fossils are well-preserved, suggesting their rapid burial.

(cf. Brett and Baird, 1988). In this part of the formation, the de-
gree of bioturbation is high. However, the bioturbation struc-
tures are subtle and small. The lack of in-situ rotations of shells
in shell pavements suggests bioturbation only by small organ-
isms. The shell accumulations and the preservation of primary
sedimentary structures indicate higher-energy episodes with
rapid sedimentation when the colonization window was too
brief. However, the prevailing bioturbated sediments suggest a
mostly low accumulation rate and longer colonization window
after the storm events, enabling obliteration of primary struc-
tures by burrowing organisms. The sedimentological data indi-
cate that the sedimentation rate of the Bukéwka Formation var-
ied. Strongly bioturbated sandstones of the upper part of the
formation required a very low sedimentation rate, when
bioturbation reworking balanced the sediment accumulation. A
low sedimentation rate in the basin is also suggested by
firmgrounds, the presence of which is indirectly evidenced by
intraclasts.

The postulated overall low sedimentation rate interrupted
by short-term storm events is partly in opposition to the view of
Bednarczyk and Biernat (1978), who concluded that the forma-
tion, 30 m thick, was rapldly deposled in the eastern and the
western nearshore margins of the basin, as opposed to the
central area, including the Kielce (also the sections at Mdjcza in
this study) and the Bardo Syncline areas, where the sedimenta-
tion rate was much lower; all because of tectonic activity during
the Floian and Dapingian.

The absence of well-preserved trace fossils, especially
cruzianids, was probably caused by intense bioturbation of the
sandy deposits (ichnofabric index 4-6 sensu Droser and
Bottjer, 1986) and the absence of muddy inlercalations which
would have a large positive influence on the preservation po-
tential of such struclures, especially their scratch traces. The
highest preservation polential for such traces is in heterolithic
siltstone-sandstone deposits. Also the presence of brachiopod
shell grounds limited burrowing activity and decreased the
preservational potential of traces.

Taking into account the duration of deposition of the
Bukéwka Formation that lasted 4.5-5 My (from the late
Dapingian to the early Darriwilian) and its maximum thickness,
an average sedlmenlalon rate of 9 cm/1000 y is estimated.
This is a low value for shallow-marine sandy sedIiments, sup-
ported by the generally high bioturbation degree of the sand-
stones investigated. Up-section, the sedimentation rate in the
Kielce Region was generally even lower as can be inferred from
the overlylng condensed limestones of the Mdjcza Formation
(Dzik and Pisera, 1994; Trela, 2005b). The transition from
bioturbated quartz sandstones with storm accumulations of
brachiopod shells through sandstones (especially wackes) with
firmground intraclasts and rarely mudstones with intercalations
to calcareous sandstones and sandy limestones indicates a de-
creasing frequency of storm events, progressive reduction in
wave/current strength and gradual cessation of clastic deposi-
tion. Such changes in sedlmenlation characler are usually at-
tributed to sea level rise. This interpretation is also supported by
gradual replacement of clastic deposition by carbonates toward
the top of the formation and the presence of highly condensed
limestones overlying the Bukéwka Formation (Trela, 1998,
2006). According to Trela (2017), the Bukéwka Formation was
deposited during regression following the early Dapingian
(Baltoniodus navis Zone) transgression, which was recorded
also in the tysogory Region (Trela, 2008). The condensed
Méjcza Limestone overlying the Bukdéwka Formation was de-
posited during the next transgressive phase which started in the
late Darriwilian Pygodus serra Zone (Trela, 2005a, b, 2006).
The discontinuity marking the boundary between the Bukowka
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Formation and the Mojcza Formation (Trela, 2006) is associ-
ated with submarine erosion that took place during a sea level
fall and was in-erpreted as the Viruan discontinuity surface
known from Sweden (Dzik and Pisera, 1994). The Viruan dis-
continuity is connected with a global eustatic sea level fall that
took place in Baltoscandia (Holmer, 1983). A worldwide
long-term sea level fall took place from the Dapingian to early
Darriwilian, which was interrupted by higher frequency
short-term sea level rises and falls (Dronov and Holmer, 1999;
Haq and Schutter, 2008; Dronov et al., 2011; Dronov, 2017).

According to Trela (2004), the Ordovician ofthe Matopolska
Block records three highstands and lowstands associated with
second order sea level changes. However, tec-onic ac-ivity in
the Holy Cross Mountains during the Ordovician influenced the
sedimen-ary record of these cycles, and, as a result, the se-
quence boundaries here have a local mean-ng (Trela, 2008).
Moreover, the facies and sedimentation rate distinctly varied
(Bednarczyk and Biernat, 1978). Nevertheless, the fossil record
in the Holy Cross Moun-ains displays a generally long-term
transgressive trend during the Ordovician (cf. Haq and
Schutter, 2008: fig. 1), whilst strongly bioturbated, storm-doim-
nated sandstones of the Bukéwka Formation were deposited
during a briefinterval of relatively low sea level, or short-term re-
gression, as postulated Trela (2017). The transition from
siliciclastic to carbonate facies at the top of the Bukéwka For-
mation is interpreted in this study as a short-term transgression
record, which represents the second of the two lower-order
transgressive pulses that occurred dunng the late Dapingian
and early Darriwilian from ~470 Ma to 464 Ma (cf. Trela, 2005a,
fig. 7; Hag and Schutter, 2008: fig. 1).

THE BUKOWKA FORMATION IN THE CONTEXT
OF THE ICHNOLOGY OF BALTICAAND GONDWANA AREAS

The loca-ion of the Bukéwka Forma-ion be-ween the main
landmasses of Baltica and Gondwana makes it important in the
discussion of ichnological differences between the deposits of
these continents, even though the data are hampered by poor
exposure of the depos+s and poor preserva-ion of their trace
fossils. The limestones of the over-ying Mojcza Formation are
highly condensed and homogenized by bioturbation, in contrast
to Ordovician limestones of the Baltica margin, which are also
bioturbated, commonly condensed but locally contain well-pre-
served trace fossils (e.g., Dronov et al., 2002; Cherns et al.,
2006; Dronov and Mikula$, 2010; Knaust et al., 2012; Dronov,

2013; Knaust and Dronov, 2013; Vinn et al., 2014b, 2015; Vinn
and Toom, 2016; Toom et al., 2017).

Quartz sandstone-dominated facies of the same age as the
Bukéwka Formation are known in peri-Gondwanan areas,
mostly in the Armorican Quartzite Formation, the facies and
ichnology of which are well-known from the Iberian Peninsula
and France (references below). They are relatively poorly
bioturbated, but they contain diverse and usually well-pre-
served ichnoassemblages, which include at least 35
ichnospecies of 20 ichnogenera described by several authors
(Rouault, 1850; Romano, 1974, 1991; Crimes and Marcos,
1976, Baldwin, 1977a, b; Pickerill et al., 1984; Durand, 1984,
1985a, b; Acenolaza et al., 2008; Rodriguez-Tovar et al., 2014).
Another peri-Gondwanan (Avalonian) unit, i.e. the Bell Island
Group of Newfoundland, similar to the Armorican Quartzite and
partly of the same age, includes ~97 ichnotaxa (Fillion and
Pickerill, 1990). The Bell Island Group is also distinctly less
bioturbated than the Bukéwka Formation. The thickness of
these units is much larger than that of the Bukéwka Formation,
i.e. ~1390 m for the Bell Island Group (Fillion and Pickerill,
1990) and up to 600 m (usually 150-300 m but in some cases
<10 m) for the Armorican Quartzite (Gutierrez-Marco et al.,
2002). This suggests their much higher sedimentation rate and,
as a consequence, deeper burial of organic matter and its
higher content deeper in the sediment (cf. Ingall and Cappellen,
1990). Low sedimentation rate causes a low burial rate of or-
ganic matter (Muller and Suess, 1979; Jung et al., 1997;
Lowemark et al., 2006) which is concentrated shallowly in the
sediment, consumed and burnt down in oxic environments
(Wetzel and Uchman, 2017). Accordingly, a higher sedimenta-
tion rate causes deeper burial of organic matter, which attracted
burrow!ng organjsms. In the case of the peri-Gondwanan art
eas, the relatively high sedimentation rate promoted both
deeper burrowjng and better preservation of trace fossils. A
slow sedimentation rate in Baltica caused quick decomposition
of organic matter and its shallow burial. Shallow burrowing neg-
atively influenced the diversity of traces and their preservation.
The preservation potential of trace fossils in sandy depostts of
the Bukdéwka Formation was much lower than in many
Avalonian and peri-Gondwanan sections (e.g., dOrbigny, 1842;
Rouault, 1850; Lebesconte, 1883, 1886; Delgado, 1886;
Seilacher, 1970; Baldwin 1977a; Durand, 1984, 1985a, b;
Fillion and Pickerill, 1990; Neto de Carvalho, 2006), and com-
parable to the siliciclastic-cool water carbonaceous sediments
of Baltica that contain simtlar burrows plus borings (~20

Bukéwka Formation

Peri-Gondwana

Matopolska Block

Baltica

Fig. 7. Model of differences in the ichnological record between peri-Gondwana, the Matopolska Block and Baltica
during the Ordovician, the differences depend on accumulation rate, burial of organic matter and depth of burrowing
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ichnotaxa, based on: Cherns et al., 2006; Dronov and Mikulas,
2010; Vinn and Wilson, 2010; Knaust et al., 2012; Knaust and
Dronov, 2013; Vinn et al., 2014a; Vinn and Toom, 2016; Toom
et al., 2017). This fact explains the provincial differences in the
Ordovician ichnoassemblages ofGondwana and Baltica, which
were at least partly driven by the regional preserva-ion condi-
tions. Nevertheless, the low ichnodiversity and poor preserva-
tion of the trace fossils from the Bukéwka Formation results also
from specific depositional conditions in a shallow-water environ-
ment influenced by storms, in which most of the sedjment was
repeatedly re-deposited because of a lack of accommodation
space and relatively strong waves/currents.

The most common trace fossils of the Bukéwka Formation
have no great stratigraphic and palaeogeographical signifi-
cance. Nevertheless, the large Cruziana and Rusophycus cor-
respond to the Cruziana imbricata and C. pudica groups (sensu
Seilacher, 1970), which are characterized by large sizes of
traces and are typical of the peri-Gondwanan realm (e.g.,
Delgado, 1886; Seilacher, 1970; Durand, 1985a, b; Mangano
and Buatois, 2003; Neto de Carvalho, 2006; Neto de Carvalho
and Baucon, 2016). The large size of cruzianids is attributed to
cool-water conditions at high latitudes and ‘polar gigantism’
(Dronov, 2013; Neto de Carvalho and Baucon, 2016) and this
concerns also Ordovician of the Matopolska Block. They are
rarely noted in Baltica. Nevertheless, trilobite burrows pre-
served with their body fossils in the Middle Ordovician lime-
stones of Sweden were il-us-rated by Cherns et al. (2006).
Moreover, Kushlina and Dronov (2011) described a giant Ordo-
vician Rusophycus from Siberia. Vinn and Toom (2016) ana-
lysed other ar-hropod traces from the carbonate facies in the
Ordovician and Silurian of Estonia. Knaust (2004) reported a
few trilobite trace fossils from the Baltica margins of Norway, re-
sembling those from the Gondwanan realm. Moreover, the
presence of Rusophycus ?pudicus in the peri-Bal-ic Bukowka
Formation suggests its similarities to the peri-Gondwanan (in-
cluding Avalonia) realm. The prevaiting cool-wa-er carbonate
and condensed facies in Baltica are characterized by a scarcity
of cruzianids. Also, other trace fossils reported from the carbon-
ate rocks of Baltoscandia are usually poorly preserved and
moderately diverse (Vinn and Toom, 2016, Toom et al., 2017).
This could be an effect of generally shallow burrowing and
much lower preservation potential in the carbonate (even in de-
trital carbonate) than siliciclastic settings, especially in the case
ofvery low sedimentation rates in cool water carbonate environ-
ments (Fig. 7). However, in some settings, trace fossils in car-
bonate facies can be well-preserved, e.g. by conservation of the

sediment surface, including traces, by microbial mats and
biofilms (Knaust et al., 2012). The clastic deposits of the
Bukowka Formation with rare and relatively large cruzianids
may represent a similar deposition rate to that of the cool-water
limestones of Baltica (cf. Dronov, 2013).

Deep sediment burrowlng is a less effective way of feeding
in condensed facies, where food is concentrated on or very
near the sediment-water interface. Moreover, early cementa-
tion at shallow depths in the sediment and the common forma-
tion of firm- and hardgrounds do not favour burrowing. In such
situations, burrows or borings of sessile benthic organisms are
more frequent, as in the case of Baltica. Summarizing, it seems
that the ichnological differences among Gondwana, Baltica,
and terranes did not result purely from the palaeogeographic
ranges of trace makers, but instead were strongly influenced by
taphonomic processes related to sedimentation rate and burial
of organic matter.

CONCLUSIONS

The Middle Ordovician Bukéwka Formation shows poorly pre-
served trace fossils of low diversity, including large Cruziana and
Rusophycus probably belonging to the Cruziana imbricata group.
They indicate that this formation was deposited in a wave-doml-
nated shoreface with storm episodes during a general transgres-
sion. The trace-making organisms evidently burrowed shallowly
because organic matter was concentrated near the sediment-wa-
ter interface in a generally low sedimentation rate regime. Differ-
ences in sedImentation rate, the burial of organic matter and sedI-
ment type were the factors which strongly influenced ichnological
differences between the Ordovician of Baltica, Gondwana, and
terrains located between them, including the Matopolska Block on
which the Bukdéwka Formation occurs.
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