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Geological setting in:

Traces of dipnoan fish document the earliest adaptations of vertebrates to move on land.
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Geological setting
Preliminary data on the Lower Devonian of the Holy Cross Mountains were published in numerous publications34-37. Stratigraphy and palaeoenvironment of some parts of the Lower Devonian in the Iwaniska area were also well studied38-39.
In the area studied, the Lower Devonian unconformably overlies the Cambrian clastic rocks, and is overlain by Middle and Upper Devonian carbonates, incompletely preserved Carboniferous, Permian-Triassic continental series and the Quaternary deposits. The succession is informally subdivided into the Haliszka and Winna formations, which are further divided into the Lower Sandstone Member, Mudstone Member and Upper Sandstone Member38-40. The Lower Devonian of the Kielce facies region is subdivided into four miospore zones (Verrucosisporites polygonalis–Dibolisporites wetteldorfensis, Emphanisporites annulatus–Brochotriletes bellatulus, Emphanisporites foveolatus–Verruciretusispora dubia and Acinosporites apiculatus–Grandispora protea41, which suggest the presence of the uppermost Pragian, Emsian and lowermost Eifelian in the Haliszka and Winna formations. The Winna Formation is famous for its fossil fish42-48 but relatively little work had been done previously on its trace fossils. More detailed descriptions of the geological setting, biostratigraphic correlation, taphonomy and macrofossil content of the Lower Devonian formations of the Holy Cross Mountains have been published by many authors37-39,41,49-53.
The Lower Devonian at Ujazd can be observed in a series of small exposures of white quartzite sandstones. These sandstones were last exploited by residents more than 40 years ago. Recently, the exposures have become almost completely overgrown by plants, partly in a forest. Those outcrops were re-investigated by the authors between 2011 and 2023.
The Ujazd section is about 4 m thick (Fig. 1B in main text). It is composed of 1–2 m-thick sandstone beds interbedded with tuffaceous claystone layers that are up to 20 cm thick (Fig. 1B in main text). The strata dip about 20° to the north and maintain a strike of about 30°E. This section represents a very shallow water, low-energy marine environment. Preliminary petrographic and sedimentological investigations of the lower part of the exposed section indicate the nearshore and marine marginal environments. The upper part was formed in relatively stable conditions, but two well visible, wide but shallow, sandstone-filled channels occur here, suggesting a local erosional event. In this locality, some rare and rather poorly preserved vertebrate fossil remains were collected, representing sarcopterygians and placoderms that probably correspond to the fish assemblage from the locality Podłazie4,47. This suggests also a similar stratigraphic position of the section studied, i.e. the Emsian (407.6 ± 2.6− 393.3 ± 1.2 Myr38,53, based on palynology and tephrocorrelation38. Lithostratigraphic considerations suggest that sandstones exposed in the Ujazd section belong to the lower part of the Winna Formation. This is also partly confirmed by radiometric dating. In the Ujazd section, the presence of individual zircons younger than the Precambrian was found, whose age was 404 ± 10 million years, but with a very high margin of error. Rare occurrences of the invertebrate trace fossils Lockeia, Monomorphichnus, and Rhizocorallium at the locality Podłazie suggest the Cruziana ichnofacies. The same ichnofacies is probably present in the locality studied. This may indicate a shallow marine, sandy but protected environment, such as, e.g., a flood-tidal delta in a lagoon, but limited exposure does not permit us to test this hypothesis.
The fish traces in the Ujazd section (Fig. 1C, D in main text) occur on two relatively well exposed surfaces that were also characterized in details4. The lower surface was recognized on the top of a 1 m-thick sandstone bed. The higher surface is at the top of a 0.5 m-thick sandstone bed which is covered with clay layer. Both beds are composed of fine-grained quartzitic white sandstone. They are almost structureless, although poorly preserved lamination and mudstone intraclasts are locally visible, mainly in the lower sandstone bed. The trace fossil discussed is preserved as concave epichnia that share the same morphology, size and state of preservation. Both surfaces are covered with tuffaceous claystone4.
The Kopiec section (Figs. 1A, 2A in main text) is an abandoned quartz sandstone quarry located about 1.5 km from the Ujazd section and is described herein for the first time. It also represents the same type and age of sediments. The profile is approx. 10 m thick and bipartite. The lower part, 6 m thick, consists of 1–3 m-thick sandstone beds (Fig. 2A in main text). According to the field observations made38, the section represents a very shallow, high energy marine environment. It is possible that the site represented a coastal zone with sandstone shoals influenced by fluvial processes (estuary?, delta?). This is indicated by the very thick, obliquely bedded sandstones with thin insets of bone breccia and locally present plant fragments and detritus, suggesting a periodic intensification of environmental energy, supply from the land (plant material) and from the sea (bones). Vascular plant root structures penetrating the sediment to a depth of about 25–30 cm and paleosol levels (Fig. 2B, C in main text) are also present. The higher part of the section is characterized by 10–70 cm thick sandstone beds with cross-bedding (Fig. 2D in main text), interbedded with 10–20 cm-thick layers of bentonites with tuffite characteristics54. This section may also represent a marginal marine environment, but with a greater marine influence. This is suggested by the lower (to c. 20–30 cm) thickness of the sandstone layers, the increased proportion of intraclasts, insets of bone and plant fragments (Fig. 2E in main text), and the absence of plant roots traces. Numerous palaeosol layers with preserved plant root traces (Fig. 2B, C in main text) and trace fossils of invertebrates (e.g. Lockeia; Fig. 2G in main text) can be found throughout the profile, mainly in its lower part. There are also up to 15 cm thick beds containing broken vertebrate bones, clay intraclasts, plant fragments and desiccation cracks (Fig. 2E in main text). Such layers are common throughout the Lower Devonian profile of the Holy Cross Mountains47. The vertebrate trace fossils, i.e. Osculichnus tarnowskae4, have long been found in loose material in the dump, but only in recent years, as a result of renewed, limited exploitation for local needs, has it been possible to confirm their occurrence in situ on two bedding surfaces in the upper part of the section (Fig. 2H, I in main text). Both surfaces bearing them are covered with tuffaceous claystone as in the Ujazd section.
Based on previous data and recent observations, the Ujazd and Kopiec section were characterized by a marginal marine environment with transitional features between land and sea37-39,49,55. The presence of coarse sandstones, sedimentary features indicating shallow water conditions, and the composition of the vertebrate fauna55 suggest that this area was influenced by both marine and terrestrial processes, with features such as shallow water deposition showing variable energy levels, periodic emersion, and mixed vertebrate fauna assemblages. Although evidence for purely terrestrial conditions is less abundant, the presence of raindrop imprints or casts and the root structures of vascular plants56 suggest that these areas may have periodically become land or very shallow-water environments of a terrestrial nature37-38.
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