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Abstract 
 
Palaeoenvironments of the Earliest (Middle Devonian) Tetrapod Trackways from the 
Holy Cross Mountains, Poland; Locomotion in a Terrestrial Setting? 
Martin Qvarnström 
 
The palaeoenvironment from which early tetrapods emerged is crucial to comprehend in order to 
understand the mechanisms that drove and allowed the terrestrialization of vertebrates; one of the most 
important evolutionary ‘events’ in the history of animals. Nevertheless, much of the terrestrialization is 
shrouded in obscurity, inter alia, due to scarcity of early tetrapods in the fossil record. Each new 
discovery of anything linked to vertebrate terrestrialization is therefore of great importance. Here, I 
present new detailed analyses of the palaeoenvironmental conditions at the time of formation of the 
earliest (early Middle Devonian) tetrapod trackways found in the Zachełmie Quarry in the Holy Cross 
Mountains of southern Poland. The trackways are found in three horizons in a clay-rich dolomitic 
succession represented by the Lower Complex of the Wojciechowice Formation. This Lower Complex 
is composed of short shallowing upward sequences that often terminate with desiccation cracks and/or 
paleosols. Vertically fluctuating δ18O values in the complex suggest multiple episodes of closed 
hydrological systems. A model of ephemeral to perennial lakes in a terrestrial setting is therefore 
proposed. Such environment is in concordance with evidence of scarce bioturbation and a flourish of 
microbial communities that, in contrast to a normal marine setting, most likely represent an 
ecologically stressed ecosystem. Furthermore: non-marine rare earth element (REE) signals, 
desiccation events, fossils of green algae (charophytes), paleosol development, low energy cyclic 
deposits and general lack of marine taxa in the body and trace fossil records in this complex firmly 
establishes the interpretation of palustrine carbonates formed in a lacustrine-like setting. However, in 
the lower part of the complex, some highly fractioned marine fossils occur. These are suggested to 
have been transported during wash-up events which temporally places the setting in marine proximity. 
Seasons of monsoonal rainfall resulted in erosion and influx of detrital grains which is evidenced by 
fine planar lamination (of seasonal cyclicity) in most of the sediments and occasional occurrence of 
blackened clasts (and rain-drop imprints). 

Thus, none of the pre-existing palaeoenvironmental hypotheses of tetrapod emergence are in full 
concordance with the data from the Zachełmie Quarry. Instead, a new palaeoenvironment is proposed 
for the earliest tetrapods: schizohaline ephermal to perennial lakes with periodic desiccation. This 
infers that already in the early Middle Devonian, tetrapods had conquered the terrestrial realm and 
were perhaps already capable of terrestrial locomotion over quite substantial distances. 
 
Keywords: Tetrapods, palaeoenvironment, trackways, paleosols, microfacies, trace fossils, fin-limb 
transition, Holy Cross Mountains 
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Populärvetenskaplig sammanfattning 
 
De tidigaste tetrapod-spåren från mellersta devon − liv i en död efemär sjö? 
Martin Qvarnström 
 
Däggdjur, reptiler, fåglar och amfibier utgör tillsammans en besläktad djurgrupp som kallas för 
tetrapoder (fyrfotingar). Deras gemensamma förfader härstammade från de lobfenade fiskarna men 
skiljde sig från dem genom att inneha utvecklade ben med tår istället för de ”köttiga” fenor som de 
lobfeniga fiskarna karaktäriseras av. Denna evolutionära nyhet tillät, tillsammans med en rad andra 
egenskaper (lungor, skydd för uttorkning av dermis etc.), att vertebrater helt och hållet kunde koloni-
sera land. I och med att vår egen existens är en direkt följd av denna evolutionära händelse är detta ett 
hett forskningsämne inom evolutionsbiologin. Ändå är mycket fortfarande höljt i dunkel beträffande 
hur koloniseringen av land gick till och vad det var som drev denna utveckling eftersom övergången 
skedde under en, i geologisk mått, snabb tidsrymd. Dock har de sista årtiondena resulterat i flertalet 
nya fossilfynd av primitiva tetrapoder. Ett fynd som är speciellt spektakulärt eftersom det är den hittills 
äldsta efterlämningen av tetrapoder, är fotspår som uppenbart är gjorda av ett djur som hade ben och 
tår istället för fenor. Detta förvånade hela det vetenskapliga samfundet eftersom det innebar att vi 
(tetrapoderna) utvecklades tidigare än vad som var dittills trott och att vertebrat-koloniseringen av land 
förmodligen skedde flertalet miljoner år tidigare. Vad som också skiljer ett spårfossil från andra fossil 
är att de är spår av djuren från när och där de levde till skillnad från bara deras skelettdelar som oftast 
transporterats från där de dog och bara preserveras i speciella miljöer. Detta har jag utnyttjat i detta 
arbete för att försöka avgöra i vilken miljö de är avsatta i. Jag har analyserat de sedimentära 
bergarterna i stenbrottet i södra Polen med skärningen som innehåller de lagren i vilka fotspåren finns. 
Analyser av sällsynta jordartsmetaller från de tre lager där fotspår är tydliga, antyder en speciell 
avsättningsmiljö som inte liknar en typisk havsmiljö. I den undre delen av lagerföljden där de 
spårbärande lagren påträffats finns återkristalliserade saltkristaller, torkningssprickor och fossila jordar 
som indikerar korta respektive långvariga perioder av uttorkning. Andra fossil som i en normal marin 
miljö borde bevaras i en dolomitisk kalksten lyser med sin frånvaro och istället påfinns massiv koloni-
sering av cyanobakterier. Detta brukar ske i speciella miljöer som avviker från vanlig marin komposi-
tion, så som äldre sötvattensmiljöer eller laguner med hög salthalt, som därmed är ”svårbebodd” för 
djur som annars livnär sig på de fotosyntiserande bakterierna. Implikationen av mitt arbete är att 
tetrapoderna redan i tidig mellan Devon (ca 390 miljoner år sedan) inte bara hade utvecklat ben utan 
också att de kunde använda dem över landsträckor för att ta sig till, och mellan, kontinentala vatten. 
Detta är ännu en viktig pusselbit i pusslet som ämnar rekonstruera tetrapodernas (och vår egen) 
uppkomst. 
 
Nyckelord: Tetrapoder, palaeomiljöer, spårfossil, microfacies, fin-limb transition, Holy Cross 
Mountains 
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1 Introduction 

1.1 Evolution of early tetrapods  

The Devonian emergence of tetrapods was a major event in the evolution of vertebrates and is 

without doubt a scientific area of great interest. Despite the fact that skeletal remains are scarce, due 

to extremely poor preservation potential of Paleozoic bone material in terrestrial conditions, the last 

decades have provided a major expansion in what we know of the early tetrapods. For the major part 

of the 20th century, Ichthyostega and Acanthostega were the only known Devonian tetrapods (Säve-

Söderbergh 1932; Jarvik 1952). They were described from just a single locality on Greenland, not to 

mention that the skeletal material from Acanthostega was largely incomplete. Much work on 

Acanthostega during the last decades (e.g. Clack 1988, 1994; Coates & Clack 1990; Ahlberg & Clack 

1998) has led to the full skeleton being brought together. Also, many new genera of Devonian 

tetrapods have been described (e.g. Tulperton, Ventastega, Sinerpeton, Hynerpeton, Densignathus) 

and remains have been found world-wide in; Asia (Zhu et al. 2002), Russia (Lebedev 2004), Europe 

(Ahlberg 1991; Ahlberg et al. 2008), North America (Daeschler et al. 1994) and Australia (Young 

2006).  

To understand vertebrate terrestralization it is not only important to reveal aspects of early 

tetrapod- morphology and ecology but to also examine the stem group of the tetrapods. This group 

consists of extinct osteolepiform sarcopterygians that are considered as transitional forms between 

fish and tetrapods. Their phylogeny covers, thus, the fin-limb transition and associated modifications 

to the pectorial and pelvic girdle as well as the origin of digits. Examples of such transitional-genera 

are; Tiktaalik, Elpistostege and Panderichthys. They share some features with tetrapods – such as 

head morphology and body shape- as well as with fish – e.g. paired fins (Boisvert 2005). Daeschler et 

al. (2006) suggested that these three genera could be grouped under elpistostegids. Tiktaalik is 

considered as the closest relative to tetrapods among the elpistostegids with tetrapod-like novelties in 

limbs and auditory organs (Ahlberg & Clack 2006; Daeschler et al. 2006). The gap between Tiktaalik 

and the crown group of tetrapods is still quite large and forms that could phylogenetically fill this gap 

is waiting to be found in order to supplement the fish-tetrapod transition and increase morphological 

and ecological origins of tetrapod traits.  

The transition that occurred as the osteolepiforms gradually progressed from an aquatic life to 

concur land, required many adaptations to the new environment. These adaptations included new 

ways of locomotion, structural support, respiration, maintaining internal water balance and a novel 

usage of the senses (in order to successfully predate etc.). In comparison to terrestrial organisms, 

aquatic forms require very little gravitational support since the pressure on a body in water is 

hydrostatic. Therefore, the major internal support for the sarcopterygians was only adapted to enable 

lateral propulsion.  On land, however, gravity requires an equipment of a horizontally solid internal 
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structure to prevent collapse. Regarding the timing of these events, not much could be said with 

certainty. What we do know, however, is that tetrapods existed already in the early-middle Eifelian 

(Middle Devonian) which implicates that tetrapods and elpistostegids co-existed over, at least, 10 

million years (cf. fig 5b, Niedźwiedzki et al. 2010).  

Some authors have pointed out (e.g. Ahlberg & Clack 2006) that there is no single “missing 

link” involved in such a complicated evolutionary “event” as the vertebrate terrestrialization. On the 

contrary, the gradual transition from water to land involved a great number of species that gradually 

evolved multiple direct adaptations to some kind of transitional environment between water and 

terrestrial land, such as shallow ephemeral waters. Thus, the first steps of evolution of terrestrial life 

have to be understood in terms of adaptations to a transitional environment that, later on, opened the 

doors for an evolution to a more terrestrial lifestyle in terms of e.g. locomotion. 

1.2 Palaeoenvironmental theories of tetrapod emergence 

The palaeoenvironment in which the earliest tetrapods − vertebrates with limbs and digits 

rather than fins − acquired their locomotional skills has long been under debate. The classical 

hypothesis that sarcopterygians (lobed-finned fish) progressively inhabited land as they were forced to 

drag themselves in between drying pools (e.g. Romer 1966) is nowadays largely rejected. Instead, 

based on new discoveries (e.g. Niedźwiedzki et al. 2010) and world-wide occurrences of tetrapods in 

the fossil record (Säve-Söderbergh 1932; Jarvik 1952; Ahlberg 1991; Daeschler et al. 1994; Zhu et al. 

2002; Lebedev 2004; Young 2006; Ahlberg et al. 2008), it is now believed that rather from freshwater 

ponds, the tetrapods emerged from a brackish to marine coastal environment (Niedźwiedzki et al. 

2010; George & Blieck 2011; Clack 2012; Schultze 2013). 

The hitherto earliest discovered, Eifelian (early Middle Devonian) tetrapod tracks from the 

Zalchelmie Quarry of south-central Poland by Niedźwiedzki et al. (2010) was not only important for 

an increased understanding of which environments the early tetrapods inhabited. It also dramatically 

pushed back the timing of when tetrapods emerged by at least 14 myr (Becker et al. 2012; Narkiewicz 

et al. 2015; Narkiewicz & Narkiewicz 2014). Such a radical modification and expansion of the 

tetrapod ghost lineages (i.e. when a taxon must have existed but does not appear in the fossil record) 

also implies that the rapid elpistostegid-tetrapod turnover is, in fact, an artifact; instead, the two taxa 

coexisted in the Middle Devonian for several million years (fig. 1).  
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Figure 1 A selection of Middle (Eifelian and Givetian) and Upper Devonian (Frasnian and Famennian) 
elpistostegids and tetrapods showing: A) apparent phylogenetic relationships based on the body fossil record 
where black rectangles represent actual findings, and; B) the effects of adding the trackways from Zachełmie 
Quarry and Valentia Island (Ireland). Note the extension of the vertical gray lines. These denote that a presence 
of a taxon is evidenced even though it is not affirmed in the body fossil record (i.e. ghost lineages). The figure 
derives from Niedźwiedzki et al. (2010) and is reproduced for illustrative purpose and academic use only. 

 

Inspired by the discovery from the Zachełmie Quarry, Friedman and Brazeau (2011) 

examined the fossil record of early digit-bearing tetrapods and their closest fish-like relatives from a 

statistical standpoint. They found that adding the tetrapod prints from Zachełmie forced a major 

reconsideration regarding the timing of appearance of tetrapod traits. In addition, they found that with 

a 95 per cent confident interval the origin of digit-bearing tetrapods extend into the Early Devonian 

and, perhaps, even earlier. 

Initial facies analyses of the track-bearing horizons in the Zachełmie Quarry were indicative 

of a marginal marine, peritidal or lagoonal environment (Narkiewicz & Narkiewicz 2010) which led 

to an interpretation of tetrapods inhabiting intertidal mudflats, predating and/or scavenging on 

stranded organisms (i.e. “smorgasbord” concept in Niedźwiedzki et al. 2010). With a slight 

modification, Narkiewicz et al. (2015) suggested a shallow lagoonal environment based on 

sedimentological analyses and the lack of tidal indicators in the same track-bearing interval.  

Another hypothesis worth mentioning regarding plausible palaeoenvironment of the fish-

tetrapod transition is that of the flooded woodland (Retallack 2011). Retallack (2011) bases his 

hypothesis on the observation that all tetrapod remains (bones and trackways) within the 

Appalachians are found in association with paleosols of unusual deep calcic horizon depth, indicating 

high precipitation. These intervals of high precipitation correlate to expansions of subhumid Devonian 

woodlands. According to Retallack (2011) such a habitat preference of the early tetrapods could 

explain the rarity of tetrapod remains in the first 15 Ma of the Carboniferous (i.e. Romer’s gap) as a 

preservation bias.  
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2. Aim 

The aim of this thesis is to determine, through the use of high-resolution microfacies- and 

geochemical analyses, the palaeoenvironment(s) of the earliest tetrapod trace fossils found in the 

Zachełmie Quarry in the Holy Cross Mountains of south-central Poland. Thereby, I hope to evaluate 

preexisting palaeonvironmental theories and add new knowledge to the enigmatic puzzle of vertebrate 

terrestrialization. In Zachełmie, the tetrapod footprints and trackways are found in three distinct 

horizons and the palaeoenvironment and climatic conditions are to be examined and also compared to 

understand any differences that can be found between these. To do so, I will use a toolbox consisting 

of geochemical, sedimentological and paleontological tools to test, inter alia; stable isotopes, rare 

earth elements (REEs) compositions and microfacies of the track-bearing horizons and their 

underlying/overlying beds. These kinds of analyses are important to implement in order to further 

unveil the conditions of the first terrestrialization of vertebrates, one of the major evolutionary events 

of vertebrates.  

3. Background 

3.1 Geological setting 

The Holy Cross Mountains (HCM) of south-central Poland is a Paleozoic massif with a 

sedimentary record of Cambrian to Permian rocks (Fig. 2). The HCM is located in a complex 

geological area with proximity to the Precambrian East European Craton, the younger Phanerozoic 

terrains of Western Europe and the complex Trans-European Suture Zone that separates them. As a 

consequence of being the unique area of outcropping Paleozoic rocks in this area, the massif is 

considered a key area for studies regarding, for example, Paleozoic geographical and tectonical 

reconstructions (e.g. Szulczewski 1995; Lamarche et al. 1999) as well as the evolution of the Trans-

European Suture Zone (Pharaoh et al. 1997; Kozłowski et al. 2014).  

The Paleozoic core of the HCM was probably uplifted and stripped from its Permian and 

Mesozoic cover in the latest Cretaceous-early Paleogene (Kutek & Głazek 1972). Nowadays, it is no 

longer believed that the HCM is partly nor totally an orogenic remnant, given the uniform 

epicontinental Paleozoic sedimentation that is recorded all across the area (Szulczewski 1977). 

However, there are still large uncertainties regarding the internal deformation of the massif and 

whether this deformation is of a predominantly Caledonian (e.g. Znosko 1974; Kowalczewski 1981), 

Variscan (e.g. Mizerski 1979; Stupnicka 1992) or composite tectonic origin.  

Though a bit simplified (e.g. Szulczewski 1995; Narkiewicz 2002), two tectonostratigraphical 

segments can be defined within the HCM (Czarnocki 1919 cited in Stupnicka 1992). These two 
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regions are separated from one and another by the Holy Cross Fault in the eastern part of the HCM 

but towards the west, their boundary probably diverges to the south of the fault zone (e.g. Narkiewicz 

2002). The region south of the fault which is commonly named the Kielce Region shares structural 

affinities with the Małopolska Massif (Pożaryski & Tomczyk 1968 cited in Nawrocki et al. 2007) and 

belongs to the larger Małopolska Terrane (or Małopolska Block). This terrane was probably relocated 

at the southwestern most part of Baltica in a dextral strike-slip motion with an onset predating the 

Caledonian orogeny (Nawrocki et al. 2007).  

The area north of the Holy Cross Fault, the Łysogóry Region, belongs to the Łysogóry 

Terrane which developed at the passive margin of Baltica (i.e. the East European Craton) with some 

minor displacement (e.g. Narkiewicz 2002). The two regions were united and shared the common 

polar wander path of Baltica since at least the Middle Ordovician, with minor or no displacement 

during the Caledonian Orogeny (Cocks 2002; Narkiewicz 2002; Kozłowski et al. 2014). However, the 

Holy Cross Fault displays both transpressional and transtensional overprinting, related to the Pangea-

forming Variscan Orogeny (e.g. Znosko 1996; Lamarche et al. 2003). The fault zone represents a 

deep geophysical boundary that even penetrates the upper mantle (Guterch et al. 1976 cited in 

Marynowski et al. 2001; Dadlez 2001). 

During the Devonian period, the present area of the Holy Cross Mountains was a part of a 

series of tropical to subtropical pericontinental basins along the southern margin of Laurussia 

(Narkiewicz 1988).  

At its largest, the Devonian system of the HCM comprises about a 2000 meter thick 

succession. Marine sedimentation continued from the Silurian into the lowermost Devonian Bostów 

Beds (Szulczewski 1995). This is manifested in the the Łysogóry Region by greywacke facies that are 

conformably recorded across the Silurian/Devonian boundary. However, in the Kielce Region there is 

an unconformity at the Silurian/Devonian boundary - Lower Devonian siliciclastics overlay Silurian 

greywackes (Niewachlów Beds).  

In the Middle Devonian, sedimentation shifted from a large input of terrigenous siliciclastics 

into an exclusively carbonate sedimentation as the HCM area became situated in a shallow-marine 

basin surrounded by areas of low elevation. Palaeogeography indicates low latitudes and oxygen 

isotope data suggest water temperatures close to 30°C (e.g. Narkiewicz et al. 2015). The Łysogóry 

Region was located on the margin of the marine Łysogóry-Radom Basin whereas the Kielce Region 

constituted a part of the shallow Małopolska carbonate platform (Narkiewicz et al. 2011 cited in 

Narkiewicz et al. 2015). In response to the lack of siliciclastic input, a vast carbonate shelf with 

exclusively dolomitic sedimentation developed in the Eifelian. With an onset marked by the 

Bibennatus conodont assemblage, the reef structure evolved through the Eifelian into a coral-

stromatoproid platform phase in the Givetian (Narkiewicz & Narkiewicz 2010). The transition was 

probably diachronous and related to different eustatic pulses and transgression events across the area 

(Narkiewicz 1988; Racki 1993). Furthermore, the coral-stromotoporoid platform was limited in form 
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of back-stepping as a response to eustatic cycles and block-faulting (Racki 1993; Szulczewski et al. 

1996; Racki & Narkiewicz 2000 cited in Narkiewicz & Narkiewicz 2010). Within the strata that 

represents the drowning of the carbonate platform, the global biotic crisis at the Frasnian/Famennian 

boundary is recorded (e.g. Racki et al. 2002) and subsequent anoxic conditions and possible wildfires 

(Marynowski & Filipiak 2007) are also recorded. 

 
Figure 2. Map of the Holy Cross Mountains (HCM) with faults, distribution of the Paleozoic and Mesozoic 
systems as well as the location of the locality with early tetrapod footprints (Zachełmie Quarry). Insert map 
shows the position of the HCM in Poland. The figure is derived from Dadlez et al. (2000) with simplifications 
by Narkiewicz et al. (2015) and is reproduced for illustrative purpose and academic use only. 
 

3.3 Zachełmie Quarry 

The abandoned Zachełmie Quarry is located in the Łysogóry Region of the HCM and is 

nowadays partly a geological reserve. Early Middle Devonian strata outcrop in the quarry in form of 

the Wojciechowice Formation and the lower part of the Kowala Formation (fig. 3). The two 
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formations are separated from one another by a sharp erosional boundary. In comparison to the 

underlying strata, the Kowala Formation displays more massive bedding with a higher fossil content 

mainly manifested by amphiporoids (fig. 4B) and some skeletal wackestones (Narkiewicz et al. 

2015). In addition to body fossils, sediment bioturbation is also more abundant up-section which is 

reflected by wavy nodular structures and other disturbances in the bedding.  

The Devonian strata were folded in Variscan times and this is manifested by a 30-40° north-

plunging dip of the layers. In addition to the Devonian strata, Upper Permian and Lower Triassic 

strata also outcrop in the quarry (Ptaszyński & Niedźwiedzki 2006). This post-Variscan system is 

mainly composed of terrestrial sandstones which are separated from the Devonian by a very 

prominent angular unconformity (fig. 4A). 

The sensational findings of the hitherto earliest tetrapod trackways within the lower part of 

Wojciechowice  Formation (Niedźwiedzki et al. 2010) has led to a major upswing concerning 

sedimentological and paleontological studies at the locality (e.g. Narkiewicz & Retallack 2014; 

Niedźwiedzki et al. 2014; Narkiewicz et al. 2015). The section that outcrops in the quarry is 

interpreted to have been formed within the large-scale shallow-marine shelf with exclusively 

dolomitic sedimentation (Narkiewicz and Narkiewicz 2010).  

The Wojciechowice Formation is largely composed of fine-grained dolomitic mud- and 

wackestones with some terrigenous influx. A total of 14 to 15 depositional cycles (Narkiewicz et al. 

2015) are distinguishable, each representing trends of shallowing upward with, in some cases, 

desiccation events at the topmost part of the cycles. Evidence suggesting both short-term and longer 

subaerial exposures include; desiccation cracks at top of bedding planes, rain drop impressions and 

weakly-developed paleosols with remnants of root systems (e.g. Niedźwiedzki et al. 2010; 

Narkiewicz & Retallack 2014).  
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Figure 3. A) Palaeogeographical position of the Holy Cross Mountains in the Middle Devonian. B) Outline of 
the HCM and location of the Zachełmie Quarry. C) Biostratigraphical range of the succession in the Quarry. D) 
Profile of the succession in Zachełmie with location of tetrapod tracks. Based on figures from Narkiewicz and 
Narkiewicz (2010) and reproduced for illustrative purpose and academic use only. 
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Figure 4. Zachelmie Quarry. A) Angular unconformity separating the Devonian system from Upper Permian 
and Lower Triassic strata. B) An amphiporoid from the Kowala Formation. Scale bar is approximately 10 cm.  

3.3.1 Fossil content 

Tetrapod footprints occur in the lower part of the Wojciechowice Formation (i.e. Lower 

Complex) in an interval of ca. 10 meters some 20 meters below the conodont samples attributed to the 

costatus Zone. Of the total three track-bearing horizons, two (Horizon A & B) are located on the 

eastern part of the quarry and one in the western part (Horizon C). Track-sizes varies as a function of 

animal size and depending on the substratum, digit marks are variably absent or present 

(Niedźwiedzki et al. 2010). Niedźwiedzki et al. (2010) documented not only tracks and trackways 

associated to locomotion at the surface of the substratum from the site but also isolated, large prints 

which was interpreted as being made by swimming tetrapods, kicking against the substratum. As in 

other trackways from younger Devonian strata (e.g. Warren & Wakefield 1972; Stössel 1995) there 

are no documented imprints of a body drag which, together with the spacing and stride length of the 

tracks, excludes tetrapod ancestors such as Tiktaalik or Panderichthys as responsible trackmakers 

(Niedźwiedzki et al. 2010). Based on that the sizes of the prints commonly were twice as big as the 

most well-preserved Ichthyostega foot skeleton, Niedźwiedzki et al. (2010) suggested that the early 

tetrapod responsible for the largest track formation could be up to 2 meter in length. So far, no 

tetrapod skeletal material has been retrieved from the area.   

Six ichnotaxa and some Problematica have been described in association with the track-

bearing intervals (Lower Complex of Wojciechowice Formation) and have been attributed to 

arthropod-, most likely crustacean, organisms (Niedźwiedzki et al. 2014). Niedźwiedzki et al. (2014) 

grouped these invertebrate trace fossils into four ichnoassamblages (fig. 5): cf. Balanoglossites + rare 

cf. skolithos (Z1); Gordia and Alycyonidiopsis (Z2); cf. Balanoglossites, Spongeliomorpha and rare 

Rhizocorallium (Z3) and Spongeliomorpha, mound-like structures and other enigmatic traces (Z4). 

Two of these ichnoassemblages are directly associated to the tetrapod tracks (Z2 and Z4). Most of the 

invertebrate ichnofossils described from the locality are discussed to have been described from both 

freshwater and marine conditions one (Niedźwiedzki et al. 2014). So, even though lagoonal and 
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marine assemblages were proposed by the authors, none of the ichnotaxa is exclusively indicative of 

neither freshwater nor marine conditions with perhaps an exception being the isolated Z3 assemblage. 

Traces of plant roots are locally common, sometimes in association with beds of desiccation 

cracks and paleosols (Narkiewicz & Retallack 2014). Root traces and paleosols indicate episodic and 

relative long periods of subaerial exposures with developed vegetation cover. Narkiewicz and 

Retallack (2014) described three pedotypes from the area; Lekomin, Zagnańsk and Chrusty. The 

Lekomin pedotype is considered to have been formed by small land plants and periphyton during a 

time-span of 10-100 years. The Zagnańsk and Chrusty pedotypes, however, are interpreted to have 

required a formation time of 1000-2000 years. These were formed from a coastal shrubland of early 

land plants and microbial earths and small land plants respectively. The period of formation of the 

paleosols is also interesting in another aspect since it gives an indication of the time frame of the 

whole succession, something that will be discussed below. 

Poorly preserved plant remains are scarce in the lower part of the quarry section even though 

some genera of spores and acritarchs have occasionally been found (Narkiewicz et al. 2015). 

Likewise, almost no other identifiable macrofossils have been found. However, moving up in the 

stratigraphy, fragmentary and usually abraded vertebrate remains from both sarcopterygians and 

actinopterygians are present, an assemblage that most probably indicates of marine conditions 

(Narkiewicz et al. 2015).  
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Figure 5. Four ichnoassemblages (Z1-Z4) have been proposed from the Lower Complex of the Wojciechowice 
Formation in the Zachełmie Quarry. This is the suggested distribution of these in a palaeoenvironmental context. 
Legend: 1) Tetrapod tracks; 2) Desiccation cracks; 3) Plant roots; 4) cf. Skolithos; 5) Mound-like structures; 6) 
Alycyonidiopsis; 7) larger burrows of Spongeliomorpha; 8) Spongeliomorpha; 9) Rhizocorallium; 10) cf. 
Balanoglossites; 11) Gordia; 12) Enigmatic burrows. The figure is from Niedźwiedzki et al. (2014) and 
reproduced for illustrative purpose and academic use only. 
 

3.5 Geochemistry 

Analyses of stable isotopes, rare earth elements (REEs) and other trace elements are used in 

many fields of geology including present-day surface geology, volcanology, hydrology and 

paleontology. They are  so widely used that it has led to a relatively new field of geology - 

geochemistry. Geochemistry is also central in terms of deducing palaeoenvironmental conditions such 

as temperatures, salinities, input of terrestrial clays, carbon burial and oxidation states.  

3.5.1 Stable isotopes 
Stable isotope geochemistry has during the last couple of decades been used in various ways, 

such as: modelling Quaternary eustatic sea-levels and ice caps based on ice-cores (e.g. Shackleton 

1987); defining Phanerozoic isotope excursions in association to carbon burial and mass-extinctions 

(Arthur et al. 1987; Joachimiski & Buggisch 1993; Joachimski et al. 2001; Saltzman et al. 2000); and 
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stratigraphical correlations (e.g. Shackleton 1986).  Especially the use of oxygen isotopes has also 

defined hydrological conditions in marine (e.g. Marshall 1992) and lacustrine (Kelts & Talbot 1986; 

Kelts & Talbot 1989; Talbot 1990) carbonates and settings. Any application of stable isotope 

geochemistry relies on one fundamental property; the difference in atomic mass between different 

radiometric stable isotopes of the same element. The difference in mass results in different isotopic 

ratios of the isotopes in response to abiotic and biotic fractionations. For example, the lighter isotopes 
16O and H in water get more easily evaporated than the heavier isotopes (18O and Deuterium). This 

yields an abiotic fractionation which is evidenced by lighter element composition of rain water the 

farther away evaporated water migrates from the equator (at which most water that form rainfall is 

produced). An example of biogenic fractionation is the preferred uptake of the lighter 12C isotope by 

many organic and carbonate-producing organisms. Thus, in response to an increasing amount of 

organic burial, the lighter carbon isotope will to a higher degree be ‘locked out’ of the system.  

To be able to quantify the isotopic composition in a rock, shell or any other sample, one must 

use a referenced isotopic composition. Standard mean oceanic water (SMOW) is commonly used for 

oxygen and hydrogen isotopes. For carbonates, the Pee Dee Belemnite (PDB) is the most commonly 

used reference for both oxygen and carbon, and therefore also used in this work. The basic formula 

which is used to characterize deviations from the references (expressed in per mil  and by the greek 

letter δ) is: 

 

δ (‰)= ((Rsample-Rstd)/Rstd) x 103) 

 

where Rsample equals the isotopic ratio in the sample; and, Rstd the isotopic ratio in the sample. 

The result is expressed as a delta value of the heavier isotope.  

For carbonates, as discussed above, a change in isotopic composition can be the result of 

processes of abiotic, biotic or combinational origins. δ18O will vary in a carbonate depending on: 

global temperature; ice-cap volumes at the poles (as 16O being preferably locked up in ice masses at 

the poles; e.g. Shackleton 1987; Johnsen et al. 2001); evaporation/dilution (i.e. strong evaporation in 

enclosed or semi-enclosed basins resulting in high salinity and 18O depletion which can give rise to 

differences as seen in the present seawaters on the two sides of Panama); and potentially 

photosynthetic or other biogenetic fractionation. δ13C will vary as a function of local biogenic 12C 

assimilation; degree of organic burial and other processes affecting the carbon cycle. On a local level, 

carbon and oxygen isotopes in a carbonate basin will also behave according to the hydrological 

regime. In a closed basin that is isolated for a period of at least 5 kyr, temporal shifts in the two 

isotopic systems is presumed to display covariance (Li & Ku 1996). Additionally, it is suggested that 

a variation of oxygen values (occasionally larger than several ‰) would be indicative of closed lakes 

whereas short residence-time open lakes would display relative invariant δ18O values (Talbot 1990). 

This is a relevant discrimination between the two hydrological systems as the Zachełmie Quarry 
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displays desiccation and paleosol development. Thus, these basins evolved as short residence-time 

basins but the question remains if these were further connected with outlets or acted as closed 

systems. Such conditions will be treated and discussed.   

 

3.5.2 Rare earth elements and trace elements 
The rare earth elements (REEs) constitute a coherent group of elements which include all the 

lanthanides together with scandium and yttrium. All of these elements occur exclusively in trivalent 

forms except for cerium (Ce) and europium (Eu) which can also oxidize/reduce into a IV+ 

respectively a II+ form. The residence time of the REEs in water bodies is comparatively short due to 

incorporation in authigenic minerals as well as oceanic and estuarine scavenging processes. As a 

result, the relative concentration and distribution pattern (i.e. normalized to REE-concentrations in 

average shale or chondrites) of the REEs becomes altered. These altered schemes of relative 

abundance can be used to characterize water bodies. For example, the distribution pattern of REEs in 

rivers looks more similar to that of shales with an even relative abundance of the elements. In 

seawater, however, the scavenging has resulted in; a general decreased concentration of REEs, a 

cerium (Ce)-depletion (due to oxidation into the insoluble IV+ form) and an enrichment of heavy 

(HREEs) compared to lighter REEs (LREEs). The behavior of Ce is particularly interesting from a 

redox point of view since soluble Ce3+ can oxidize into the insoluble Ce4+ form. However, under 

reducing conditions, such as anoxic and suboxic conditions, the opposite reaction occur which makes 

cerium anomalies important in deducing the redox history of a waterbody. 

Because of these properties of the REEs, their concentrations and patterns have extensively 

been used to categorize different water bodies (Goldstein & Jacobsen 1988; Elderfield et al 1990; 

Möller & Bau 1993). A similar approach has been made to categorize ancient seawaters and 

diagenetic fluids, for example, by using REEs as proxies for paleoredox conditions. Numerous of such 

studies have been done on limestones (comprising dolomites) of different age and microfacies (e.g. 

Webb & Kamber 2000; Nothdurft et al. 2004; Wang et al., 2014). However, in order to provide a 

reliable proxy for paleoredox conditions (especially associated with potential cerium anomalies) there 

are several pitfalls that must be avoided. German and Elderfield (1990) suggested four criteria to be 

met in order to ascertain REEs as a good proxy for paleoredox conditions: 1) the oxidation state of 

cerium should be predictable in the water column; 2) eventual cerium anomalies should represent the 

instant conditions in the water column at the time of the incorporation of the REEs in the sediment; 3) 

such cerium anomalies should be related to that of the water in an expected way, and; 4) the anomaly 

should not be affected by diagenetic alteration. Even if the first criteria has been proven to be met 

(German and Elderfield 1990) other problems have been shown more difficult (e.g. Webb & Kamber 

2000 and references therein). For example, the result of diagenetic alteration of the REE patterns has 

been shown to reverse Ce-anomalies, increase overall REE concentration (preferably MREEs) and 
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alter Eu anomalies (Shields & Stille 2001).  Another obstacle regarding the use of REEs in carbonates 

is clay-contamination. It has been shown that just small amounts of terrigenous clays in carbonates 

can alter the initial water REE-signatures by; 1) increasing the total REE concentrations, and by, 2) 

neutralizing any deviations by flattening the relative REE pattern (Nothdurft et al. 2004). 

4 Material and Methods 

Material was collected from the Zachełmie Quarry on two separate fieldtrips; by G. 

Niedźwiedzki and P. Szrek in 2012 and by the G. Niedźwiedzki, P. Szrek and M. Qvarnström in 2014. 

During the last visit, additional sampling and new observation were made. Also, the track-bearing 

horizons and underlying/overlying strata were measured with a tape measure in order to construct 

detailed sedimentological profiles.  

In total, two samples from each of the three track-bearing horizons were prepared for analyzes 

with a Zeiss Supra35VP FEG Scanning Electron Microscope (SEM) equipped with an EDAX Apollo 

X Energy-Dispersive X-ray Spectroscopy detector (EDS). Preparation consisted of breaking around 

0.5 cm2 big pieces of fresh rock that were glued onto pin stubs. These were subsequently coated with 

a gold/palladium (Au/Pb) alloy in order to enhance imaging. The coating was accounted for in the 

EDS analyzes by the subtraction of Au/Pb and any other associated peaks in the spectra that the 

coating were blamable of. 

Sampling for isotope compositional analyses (oxygen and carbon) was done on each of the 

track-bearing horizons as well as on the Upper and Lower Complexes. A total of ten samples were 

taken from each track-bearing horizon in order to; ensure statistical valid isotope values and detect 

any lateral differences. To be able to set the isotopic composition from the track-bearing horizons in 

relation to their context, ten samples from the Lower Complex (in which all tracks are found) were 

taken from vertically different levels. The Upper Complex was sampled in the same manner with ten, 

vertically even spaced samples. 

The concentrations of REEs were normalized to the average Post-Archean Australian Shales 

(PAAS) of Taylor and MacLennan (1985) in order to remove abundance effect and show eventual 

deviations the average shale composition. Furthermore, the determination of Ce and La anomalies 

follows the scheme of Bau and Dulski (1996). This technique is made by comparing (Ce/Ce*)SN = 

[2Ce/(La+Pr)]SN to (Pr/Pr*) SN = [2Pr/(Ce+Nd)]SN in order to avoid calculating false cerium anomalies 

that may actually be based on the presence of La anomalies if only using neighboring La and Pr in the 

calculation the cerium anomaly. By doing so, one counts for an absence of Nd and Pr anomalies.  

For microfacies analyses, thirty-four thin sections were made from rock samples collected 

from the track-bearing horizons as well as overlying and underlying beds. These were produced by 

mounting the slabs onto glass slides using epoxy, and then ground them to a suitable thickness. The 
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thin sections were studied using a binocular microscope coupled with a digital camera as well as with 

the optical microscope NIKON Eclipse LV 200.  

Plates were made from photographs of collected material and the field site. Images were 

processed in Photoshop using only simple modifications to the original image; contrast/brightness, 

noise reduction and minor color level changes. The background in pictures of slabs were removed and 

replaced by a black color in order to make clear illustrations.  

The nomenclature for bed identification follows that of Narkiewicz et al. (2015) as much as 

possible (cf. fig 3 in Narkiewicz et al. 2015). However, since some beds are missing or several beds 

are included in under the same bed another system is also inferred across the track-bearing horizons. 

Names of this system are composed by two letters indicating the track-bearing interval in question 

(e.g. TB= track-bearing Horizon B) followed by a letter indicating above or below (U/L) the horizon 

and a number indicating how many beds away from the track-bearing horizon; 0 being the immediate 

neighboring bed. As an example, a bed named TC U1, thus refers to the bed two beds above track-

bearing Horizon C.    

5 Results  

5.1 General sedimentology 

The Middle Devonian in the Zachełmie Quarry is composed of parts of the Wojciechowice 

Formation and the lower part of the Kowala Formation (as previously shown in figure 3). The 

outcropping Wojciechowice Formation can be divided into two different complexes; the Upper 

respectively Lower Complex. These two complexes are separated from one another by a sharp 

erosional boundary. All of the three track-bearing horizons (A, B and C) occur in the Lower Complex 

which is mainly composed of interbedded dolomite mudstones, clayey dolomitic shales and marls 

(Narkiewicz & Narkiewicz 2010; Narkiewicz et al. 2015).  The sedimentological record of the Upper 

Complex is somewhat similar but with more integrated skeletal material, resulting in several grain- 

and packstones that are incorporated in the succession. In addition to more skeletal remains, sediment 

bioturbation is more abundant and well developed in the Upper Complex. In contrast, the track-

bearing Lower Complex exhibits only scarce bioturbation in isolated horizons (Niedźwiedzki et al. 

2014). Both complexes are composed of numerous shallowing upward cycles. In the Lower Complex, 

these cycles often terminate with surfaces of well-developed desiccation cracks and/or paleosols 

(Retallack & Narkiewicz 2014) whereas subaerial exposures are not evidenced in the Upper Complex. 

Some of the sedimentological features such as the desiccation cracks, wave ripples and deformed 

microbial mats are shown in figure 6 and modern analogues in appendix I. 

The base of the Kowala Formation which overlies the Wojciechowice Formation, display a 

record of marginal marine sedimentation and differs from the former remarkably. Biostromes 
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composed of the stromatoporoid Amphipora are abundant in some intervals and represent the initial 

colonization of the shallow lagoon by the coral-stromatoporoid reef platform (e.g. Narkiewicz & 

Narkiewicz 2010). 

 

 
Figure 6. Photographs of sedimentary features of the Lower Complex of the Wojciechowice Formation. A) and 
C) Deformed microbial mat from bed 26-27 EM in Narkiewicz et al. (2015). In the magnified picture (C) it is 
possible to see the row-arrangement in the mat. B) Cross-section of the boundary between two desiccation 
polygons. The crack is resealed but show typical V-shape structure. D-E) Wave ripple marks from above and in 
cross-section. G-F) Photograph on slab and field photograph of subaerial surface with desiccation cracks. If not 
indicated, the samples were collected as free-lying slabs (ex situ) from the Lower Complex. 
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5.1.1 Microfacies analysis 
Narkiewicz et al. (2015) described several microfacies from the Wojciechowice Formation 

based on 88 thin sections. The microfacies nomenclature of Narkiewicz et al. (2015) is followed as 

much as possible in order to maintain a consistency.  

 For this study, 34 thin sections were produced by specifically targeting the track-bearing 

horizons (A-C) and the immediately under/overlying beds. Common microfacies are displayed in 

figures 7, 8 and 9 and results across the track-bearing horizons are tabulated (Appendix II), as well as 

presented as detailed profiles across the track-bearing horizons (see section about track-bearing 

horizons in specific) which enables a comprehensive view on the sedimentation during these intervals. 

From thin-section analyses it is obvious that the dolomites from the track-bearing horizon and 

the adjacent beds are characterized by clay-rich sediments. The clay-content varies however and some 

beds (e.g. overlying Horizon A and B as well as the Horizon C with overlying beds) are even 

classified by their lithology as clayey dolomitic shales (fig. 7B).  

In general, the most common microfacies is that of fine planar abiotic lamination with 

interfingering light and dark laminae. The lighter laminae have a bigger concentration of detrital 

grains whereas the darker laminae are mostly peloidal. In clay-rich beds (e.g. Horizon C and 

overlying beds) the light laminae are scarcer. Occasionally, the lighter laminae are irregular and thin 

out/thicken almost in a pinch-and-swell manner (fig. 8B). The interfingering of the laminae witness to 

a short-term cyclity, interpreted as seasonal oscillation of sediment input. Even the light laminae, 

however, are finegrained with, at largest, containing some grains of the medium sand fraction. This 

limits the maximum energy to be very low which is indicative of a protected setting. Rare 

breccia/conglomerates are found in association to paleols (e.g. fig. 7A) and possible root traces. 

Biotic laminations also commonly occur and in one horizon, domal stromatolites occur (fig. 

8A) with internal fenestral structures. Kinneyia-type wrinkle structures are evidenced by irregular 

surfaces in thin section. Even though these are uncommon in the thin sections, plenty of collected 

slabs from the Lower Complex are found (see below). Wackestones containing supposed oncoids with 

partly recrystallized interiors (fig. 8C) are present in some intervals (Appendix II) indicating higher 

depositional energy levels. These are interpreted as lake-marginal facies.  

Moreover, irregular brownish seams are often found in clusters that (figs. 7D and 9E), most 

often, penetrates the rock perpendicular to bedding. These are interpreted as stylolites (pressure-

solution surfaces) in which carbonate minerals were dissolved during diagenesis. More resistant 

mineral grains such as terrigenous clays and oxides were, thus, accumulated in the surfaces resulting 

in the brown color.  

Fenestrae, subsequently filled with hematite, quartz and saddle dolomite are common in the 

samples (figs. 7C, 7F, 8A, 8C and 9). They vary in size from mm to cm scale. Secondary 
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mineralization is also evidenced in cracks (figs. 9D-E) where predominantly quartz is precipitated by 

the influence of diagenetic fluids.   

 
Figure 7. Plate with thin section images (from binocular  microscope) displaying different microfacies. A) 
Breccia/Conglomerate microfacies with possible root trace (bed: TB L2). B) Planar fine- laminated clayey 
dolomitic shale. Note micro-erosion or sediment bioturbation in the topmost part and the clayey layer with 
detrital lenses, similar to a fluvial deposit. (Horizon C). C) Abiotic laminite affected by synsedimentary growth 
of supposed evaporate minerals that now occur as pseudomorphs (Horizon A). D) A relative ‘high’-energy 
deposit with sand-sized quartz grains, possible micro-oncoids and abundant seams from pressure-dissolution of 
carbonate minerals (bed: TB U4).  E) Possible micro-oncoids forming an oncoidal wackestone. This microfacies 
was formed in the highest depositional energy (compared to all samples) and is interpreted to have been formed 
in the lake margin (bed: TB U3). F) Carbonate nodules in a homogenized matrix from the proposed paleosol 
level (bed: TA U5). Scale bars equal 50 mm.  
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Figure 8. Plate with images of thin sections under binocular microscope. A) Lowermost part of stromatolite. 
Note the internal fenestral structures, large void in sediment in the left part of the image and sediment 
compaction under the stromatolite loading on the sediment (bed: TA L0). B) Fine- planar lamination which 
characterize the microfacies abiotic laminite. C) Oncoidal wackestone (Horizon B). Note recrystallized void that 
is a part of a larger structure interpreted as a microoncoid in the topmost left part of the picture. Cracks and 
mineralized fenestral structures are seen in the bottommost right part. D) The lower part of the section is 
bioturbated, reworking resulting in the absence of primary lamination. Stylolites in the tomost part show 
accumulation of terrigenous clays and larger sand-sized quartz-grains. Note the micro-sized domal stromatolite 
in association to the lower stylolites (bed: TA L2). E) Abiotic lamination with light detrital and dark more 
peloid-rich laminae. Note oblique burrow or root trace that penetrates the laminae and the reworked upper part 
of the section (bed: TA U2). F) Mudstone with rare inclusion of light detrital matter (bed: TA U2). Scale bar 
equals 50 mm.  
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Figure 9. Images of thin section under optical microscope. A) Lowermost part of stromatolite (bed: TA L0) and 
underlying sediment. Note the cyanobacterial filaments that are preserved in the middle part of the picture. B) 
Sediment reaction under the stromatolite, perhaps due to early compaction caused by overlying structure (bed: 
TA L0). C) Quartz, hematite in association with anhydrite and gypsum in a filled ‘void’ from Horizon A. D) 
Crack filled with carbonate minerals and associated hematite in an oncoidal wackestone (bed: TB U0). E) 
Cracks and stylolites in a microbial laminite (bed: TB U1). F) Stylolite and quartz/carbonate precipitation in 
void (bed: TB UO). Scale bars equal 100 (A & E) respectively 500 (B, C, D & F) µm. 
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5.1.2 Microbially induced sedimentary structures (MISS) 
Evidence of microbial structures is common in the Wojciechowice Formation in the 

Zachełmie Quarry, especially in the Lower Complex. Figure 10 (and figures 7-9)  show some of the 

forms that occur including, Kinneyia type wrinkle structures, deformed microbial mats and mats with 

irregular warts of which some possibly represent gas-escape cavities as well as ‘elephant skin’-type 

wrinkle structures. Remnants of microbial mats are frequently found on top of desiccation cracks, 

both covering and being disturbed by pedogenic processes which indicate periods of subaerial 

microbial growth as well as microbial colonization in response to flooding.  

Horizon A is underlain by a bed (EL 8 in Narkiewicz et al. 2015) with widespread mound-like 

stromatolites. The internal structure of the stromatolites is shown to be heavily deformed and 

recrystallized into a mash (fig. 8A) that easily can be mistaken for a grainstone with a sharp erosional 

base. However, thin section analyses inferred that this boundary probably represent paleo-reaction in 

the sediment immediately below the stromatolite that occurred through the result of biogenic activity 

and loading. Additionally, some preserved cyanobacterial filaments appeared to be present in the base 

of the stromatolite (or perhaps below representing for example Kinneyia) although poorly preserved 

(fig. 9A). Small ‘blocks’ interpreted as primary stromatolitic elements are chaotically organized 

within the recrystallized mash of the stromatolitic interior. These display a spongy fabric with no 

apparent cyanobacterial filaments. 

The microbial activity probably accounted for a major part of the carbonate production in the 

waterbody along with abiotic carbonate precipitation. 
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Figure 10. Plate showing microbially-induced sedimentary structures (MISS). Cross-section (A) and surface 
(C) of a slab with deformed microbial wrinkle structure (bed no. 26 EL). B) Microbial mat, in part showing 
microbial deformation structures (lower right). D) Microbial structures, perhaps representing gas escaping 
hollows. E) Mud cracked polygon covered with a bacterial mat with small holes (bed no. 35 EM). These might 
also represent gas escape structures, perhaps made from oxygen produced by the mat itself. F)  Slab with 
microbial mat covering an enigmatic structure, collected from bed 35 EM. The border-zone between the 
microbial mat and surrounding sediments is clearly visible, reflecting the growth-rim of the mat. All samples 
except (F) were collected as free-lying slabs belonging to the Lower Complex. Similar Kinneyia type structures 
as in (C) are found in bed 26 EL and analogous deformed microbial mats as in (B) in 26-27 EM.  Scale bars 
equal 2 cm. 



  

23 
 

5.1.3 Enigmatic sedimentary structures 
Numerous samples of enigmatic structures which appear to be the result of deformation of the 

clay-rich sediments were found in samples collected from the site (fig. 11). The shapes of these 

structures vary and include round (figs. 11B, 11F & 11G), complex bilateral (fig. 11A & 11C) and 

triangular forms (fig. 11F). As with the shapes, also their sizes vary, ranging from a subcentimeter 

scale to 3-4 centimeters in maximum dimension. All the enigmatic structures have in common that 

they deform the sediment which results in concave rims with epirelief surrounding the inner ‘crater’. 

The only considered interpretation that fit with a deformation of the surface strata from underneath is 

that these structures were formed from in situ growth. The sediment below the structures, however, is 

practically undeformed, thus, the deformation was not very pervasive. This probably excludes plants 

with larger roots as the makers of the structures. Instead, opportunists in form of mosses, lichens or 

primitive plants are interpreted as the most likely producer. The enigmatic structures are found both 

on the top of microbial mats as well as being covered by them. 
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Figure 11. Plate displaying in situ sediment deforming deformed enigmatic structures. The structures are either 
round (B, F and G) triangular (F) irregular (A) or complex bilateral (C). Note that they are commonly formed 
on top of desiccation cracks (A, D and G). Microbial mats are either preceding (G) or subsequent (D) 
(Kinneyia) to the formation of the structures. The slab in (A) and (F) derive from bed 26 EL; and (G) derives 
from bed 36 EL. Other samples were collected as free-lying slabs belonging to the Lower Complex. All scale 
bars represent 2 cm. 
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5.1.4 New invertebrate ichnofossils from Zachełmie 
Some trace-fossils that previously were undescribed from the succession were investigated 

(fig. 12). One of these was a sinusoidal (i.e. meandering) trace-fossil of various lengths of locomotion 

paths preserved (fig. 12A-D). The sizes of the tracks are up to one centimeter in diameter. The peak-

to-peak amplitude (imaginary vertical line between crest and trough, i.e. 2 times the amplitude) range 

from two to three centimeters and the wave-lengths are between 3-5 centimeters. This ichnofossil 

resembles that of Cochlichnus in appearance but is of a much larger size. Thereby it is assigned to 

Helminthopsis (Heer 1877 as cited in Hass et al. 1962); a simple unbranched, irregular meandering 

horizontal burrow that does not crosscut and is commonly preserved in hyporelief (e.g., Hass et al. 

1962; Wetzel & Bromley 1996). 

Another type of structure, also interpreted as a trace-fossil is composed of faint traces 

interconnected by nodes and lines of concave epirelief that are composed of small peloid grains (fig. 

12F). In similarity to paths of modern earth-worms, the tracks are interpreted to have been formed by 

a worm-like organism, most likely a sediment-feeding annelid. The traces themselves are collapsed 

but fecal material left behind functions as studs that maintain the structure of the trace. These tracks 

are found in a slab with exceptionally high clay-content, resulting in a shaly appearance of the 

sediment.  

Small structures interpreted as invertebrate ichnofossils were also found on one slab from bed 

EM 26 (fig. 12E). These are around 1 mm in thickness and 0.5 to 1 cm long. Sometimes they are 

found isolated but interconnected structures occur as well, forming V-shaped traces. By the size, and 

short continuation of the tracks it seem possible that they represent larval traces. Occasionally the, 

small traces are crossed by isolated bigger traces that perhaps represent larval predation.  

Most of the newly described trace fossils were found on free lying blocks in the Zachełmie 

Quarry. Their exact stratigraphical position is therefore indeterminable even though they certainly 

belonging to the Lower Complex of the Wojciechowice Formation in which the tetrapod foot-prints 

are found. The in situ found invertebrate ichnofossils are presented in figure 13. 
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Figure 12. Plate presenting previously undescribed invertebrate ichnofossils from the Lower Complex of the 
Wojciechowice Formation. A-D) Sinusoidal or slightly irregular meandering trace-fossils of about 0.5 to 1 
centimeter in thickness. The wavelength varies from 3-5 cm and the width from 2-3 cm. The ichnofossils might 
represent Helminthopsis. E) Small burrows interpreted to have been formed by larvae. Note bigger trace fossils 
in topmost part of the picture that cut and terminates the small burrows. Some shells belonging to bivalves or 
large ostracodes are seen in the upper part of the picture (slab derives from bed 26 EL from Narkiewicz et al. 
2015). F) Invertebrate trace fossils in dolomitic shales. The tracks are composed as peloid-filled nodes that are 
interconnected with poorly preserved burrows. The peloids might represent the fecal matter of a large burrowing 
annelid. Similar peloidal invertebrate trace fossils are also found in bed 10 EL. All other slabs were collected as 
free-lying slabs belonging to the Lower Complex. Scale bars equal 2 cm. 
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Figure 13. Invertebrate ichnoassemblages and their stratigraphical distribution in the Lower Complex of the 
Wojciechowice Formation. The newly described ichnofossils from this paper are mostly based on free lying 
slabs belonging from the Lower Complex. In situ collected slabs are marked in red (see figure legend) the top 
one being interpreted as small larvae burrows and the bottom one as annelid burrows. Note the stratigraphical 
position of ichnoassemblage Z3 which is the only reliable marine/saline indicator and the wider distribution of 
Z2 indicating a pond. Ichnoassemblages: Z1- cf. Balanoglossites + rare cf. Skolitos; Z2 - Gordia; Z3 – cf. 
Balanoglossites, Spongeliomorpha and rare Rhizocorallium; Z4- mound-like structures and other enigmas. The 
figure is modified from Niedźwiedzki et al. (2014).  
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5.1.5 Description of the track-bearing horizons 
Horizon A and B outcrops in the eastern part of the Zachełmie Quarry and Horizon C in the 

western part. Field photographs of the horizons are presented in figure 14 and 15 and sedimentary 

profiles in figures 16 and 17. The three track-bearing horizons differ from one another in several 

respects.  

Horizon A is composed of a 2 cm thin bed with predominantly fine planar lamination and 

some minor influence of cross bedding. Light, detrital and darker peloidal laminae interfingers with 

different thickness and spacing; chunks of predominantly light laminae passes into chunks of 

predominantly dark laminae. This indicates several orders of cyclicity (i.e. seasonal sediment 

oscillation as well as differences between the seasons). Structures appearing as inclusions or ‘voids’ 

are present and relatively common in the samples. These affect bedding (fig. 7C) which indicates that 

they were syndepositional. The inner structures of the voids are composed of recrystallized dolomite, 

quartz and hematite in different proportions. Hematite, identified as nearly opaque idiomorphic 

crystals with reddish borders, is mostly found at the outer border of large voids. Some of the voids 

contain small supposed anhydrite and gypsum crystals even though these are rare in comparison to the 

above mentioned mineral phases.    

Horizon B is in contrast relatively thick, around 16 centimeter but varies laterally in thickness. 

The bed contains numerous big and small voids that are more abundant than in, for example, Horizon 

A. These are filled with secondary crystallization of dolomite and quartz as well as a hematite. Also, 

small anhydrite crystals are found in association to carbonate minerals in larger voids. The sediment is 

not laminated but has a chaotic structure and a cloudy looking appearance in general. In addition to 

the voids, blackened clasts and round whitish clasts with micrite replaced interiors (probably 

representing small oncoids and charophytes) are preserved in the fine-grained matrix.  

Horizon C consists of a bed that has a higher clay-content than the other two track-bearing 

horizons. The sediment display, in part, fine planar lamination but also subordinate sub-centimeter 

crossbedding.  Most commonly, however, the subordinate light detrital laminae occur as lenses in a, 

clay-dominated, wavy bedding.  
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Figure 14. Field photographs of Horizon A. A) Overview of the horizon with a trackway just above the hammer 
which is around 30 cm long. This particular trackway is at present removed from the quarry and stored at the 
Geological Institute of Warsaw. Note the irregular surface of the horizon and the presence of sparsely spaced 
wave ripples. B) Horizon A in the bottommost part of the picture with overlying beds. Note the thin clayey bed 
just above the track-bearing horizon and the potential paleosol (topmost numbered bed) with large white nodules 
and erosional base.  C) Stromatolites found just below Horizon A. D) Enigmatic structure just below Horizon A 
(on the same level as the stromatolites). E) The beds underlying Horizon A (topmost bed on picture). Note the 
evident ripple marks in the lower beds. 
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Figure 15. Field photographs of Horizon B and C. A) Horizon B with tetrapod tracks and track-ways. B) The 
beds underlying Horizon B (topmost surface).Note a very high clay-content on the lowermost bed on which the 
hammer rest.  C) Large spherical depression on top of Horizon C. D) Overview of Horizon C in the western of 
the Zachełmie Quarry. The overlying beds are visible in the middle right part of the picture. 
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Figure 16. For caption, see Fig. 17 next page.  
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Figures 16 (previous page) and 17 (this page). Sedimentary profiles across the three track-bearing horizons. Bed 
identification is expressed as modification of the system of Narkiewicz et al. (2015). For bed identification in 
relation to the track-bearing horizons see material and method chapter.  
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5.1.6. New plant and invertebrate body fossils 
In two samples from the middle part of the Lower Complex (bed EM 26 of Narkiewicz et al. 

2015), poorly preserved remains of calcitic gyrogonites of charophyte algae have been found 

(personal observations by G. Niedźwiedzki). These observations are still preliminary and will be 

covered more thoroughly in a future paper.  

In the same bed (bed EM 26 of Narkiewicz et al. 2015) and also in other beds (e.g. beds EM 

10 and 41) poorly preserved ostracodes and possible bivalves were found (fig. 12E & 18). Their state 

of preservation prevents proper identification. The ostracodes are rather large forms that probably 

lived on the substrate (epifaunal) or just below it (infaunal).  

 

 
Figure 18. Surface with poorly developed mudcracks and numerous casts after ostracode carapaces. The slab 
derives from the Lower Complex in the Zachelmie Quarry (bed 26 in Narkiewicz et al. 2015). 

5.2 Geochemistry of the track-bearing horizons 

5.2.1 Stable carbon and oxygen isotopes 
Values from analyses of Carbon and Oxygen isotope from the three track-bearing horizons as 

well as general values from the Lower and Upper Complex are illustrated in figure 19. Samples from 

the Lower Complex, in which all three horizons are found, showed a mean δ13C value of -0.58‰ and 

a mean δ18O value of -1.98‰.  The Upper Complex yielded mean values of -1.67‰ (δ13C) and -
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2.85‰ (δ18O), reflecting a slightly lighter isotopic composition of both elements. Isotope analyses 

from the track-bearing horizons yielded mean values of: -0.34‰ (δ13C) and -1.29‰ (δ18O) for 

Horizon A; -0.12‰ (δ13C) and -2.23‰ (δ18O) for Horizon B and -0.93‰ (δ13C) and -1.15‰ (δ18O) 

for Horizon C. 

All mean values (Horizon A, B, C and Lower/Upper Complexes) for both isotope doublets 

plot in a narrow range of approximately 2‰. This interval is found between -2 to 0‰ (δ13C) and -1 to 

-3 (δ18O). Such close affinities between the isotopic compositions of the different strata suggest that 

the mechanisms of fractionation did not differ remarkably during the deposition of the Wojciechowice 

Formation. The temporal/vertical evolution of the isotopic composition does, however, display some 

oscillation (see figure 11 in Narkiewicz et al. 2015).  

 

 
Figure 19. Average δ13C and δ18O compositions of the track-bearing horizons and Lower and Upper Complex 
(n=10). Note that the range of the plots does not exceed 2 ‰ for either isotope.  
 

5.2.2 Rare earth elements and trace elements 
The distribution of the rare earth elements (REEs) in the three horizons are presented in figure 

20. The values from the horizons are about one order of ten lower than in the average Post-Archean 

Australian Shale (PAAS) and, in comparison, there is also a general slight trend of MREE (and 

possibly HREE) enrichment. Horizons A and B are very similar regarding the concentrations of the 

REEs, and if adding error bars, they overlap for all individual elements. The REE patterns, however, 

are more similar for Horizon B and C, especially regarding the three lightest REEs (La, Ce and Pr). 
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This similarity in LREE is naturally also reflected in the plot of Ce vs La anomalies in figure 21. In 

this plot, Horizon B and C show a positive Ce and La anomalies whereas Horizon A shows a positive 

La anomaly and an absence of a Ce anomaly (positive/negative).  

The concentrations of Sc (means ranging from 2.4-3 ppm) and Th (means ranging from 1,4-

3,5 ppm) in the three horizons are high in comparison to carbonates without terrigenous input (Webb 

& Kamber 2000) and about half of that of shales (e.g. Gomet et al. 1984). This is in agreement with 

the high terrigenous input of clays in the Zalchelmie succession which is evidenced from field 

observations, SEM and thin section studies (e.g. figs. 7-9 and 22). Also correlations of the mean 

Al2O3 content of the horizons (n=5 per horizon) and the different REEs (n=4 per horizon) are 

remarkably high (table 2) with correlation coefficients (r2) ranging from 0.51 for Ce to 0.99 for Pr. 

Figure 20. Shale-normalized REE patterns of the three track-bearing horizons. The data is tabulated in table 1 
and the shale-normalization was done based on data from the average Post-Archean Australian Shale of Taylor 
& MacLennan (1985). Note slight positive cerium anomalies and similar pattern in Horizon B and C in contrast 
to overlap of relative abundance for indivual elements of Horizon A and B. 
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Table 1. Average REE, trace element and Al2O3 composition from the track-bearing horizons. REEs and trace 
elements are from the same sample (n=4) whereas the Al2O3 represent the mean of major element analysis 
(n=5). Correlation coefficients (r) between Al2O3, and trace elements are provided in order to reveal the 
influence of clay to the abundance of various trace elements. Note especially high r-values for La, Pr and Sm 
and the low correlation value (r=0,51) for Cerium.  
 
 Sc La Ce Pr Nd Sm Th Al2O3* 

Horizon A 2.4 5.5 11.025 1.6 5.275 1.1125 3.4925 3.42 

Horizon B 2.475 4.875 12.225 1.425 5.275 1.08 1.415 2.2 

Horizon C 3 6.375 15.025 1.725 7.55 1.2575 2.68 3.97 

Al2O3 correlation (r2) 0.657182 0.952 0.510183 0.9929 0.739304 0.844077 0.760353 x 

 

 

 

 
Figure 21. Scatterplot of [(Ce/Ce*)SN= Ce SN /0,5La SN +0,5Pr SN)]  and [(Pr/Pr*) SN = Pr SN /0,5Ce SN +0,5Nd SN)] 
where the SN-subscript indicates of shale-normalization to PAAS. Note the tight clustering of Horizon B and C 
in the zone of positive cerium anomaly and negative lanthanum anomaly. 
 

5.3 Scanning electron microscopy (SEM) 

SEM analyzes of samples from each track-bearing horizon indicated of a homogeneous and 

fine-grained dolomitic matrix ranging in size from about 2 to 5 µm (fig. 22). The matrix is composed 

of what seems like abiotic crystallized grains with no or little determinable preserved microfossil 

content. There are, however, also some larger dolomitic fragments (20-50 µm) in the samples that are 
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embedded in the matrix. These are probably primary and of biotic origin even though reworking and 

diagenetic processes has resulted in the impossibility to classify their producer. Other inclusions in the 

matrix include siliciclastic grains of potassium aluminosilicates, muscovite and quartz that are 

sparsely spread throughout the samples. In some areas they are slightly more clustered which might 

reflect micro-pulses of more siliciclastic input or a slight accumulation of large grains through wave 

or current energy.  

 
 
Figure 22. Scanning electron microscope photographs of sediments from the track-bearing horizons. The 
pictures derive from: Horizon A (pictures A-C); Horizon B (picture D), and; Horizon C (pictures E-F). A) This 
fine-grained, homogeneous dolomitic matrix is characteristic for all three horizons. Arrows indicate rosette-
shaped minerals that are interpreted as pore-filling clays. B) A siliciclastic grain embedded in the dolomitic 
matrix. At the surface of the large grain there is an enigmatic colonization of small white minerals. C) Possible 
shell fragments in fine dolomitic matrix. D) Embedded siliciclastic grain with numerous enigmatic dark ribbons. 
E) Potassium aluminosilicate grains embedded in a fine-grained matrix.  F) A clustering of silt-sized siliciclastic 
grains. Arrows indicate a preferred orientation of the elongated grains which likely represent energy conditions 
(i.e. currents or waves) at the time of deposition.  
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6 Discussion 

6.1 Sedimentology 

The presented results show that the track-bearing horizons plus neighboring beds are clay-rich 

and exhibit planar lamination that is sometimes partly or totally disturbed (i.e. paleosols or 

grainstones) by abiotic and/or biotic processes. Microbial mats are common in the Lower Complex of 

the Wojchochowice Formation where all the tetrapod footprints occur. Geochemistry suggests a non-

marine environment in which multiple small-scaled lakes developed temporally. Thus, the footprints 

of these early tetrapods are suggested to have been formed in a terrestrial environment with marine 

proximity. Subsequent transgression resulted in post-track-formational invasion of fully marine 

conditions. 

6.1.1 Microfacies 
Detrital grains are mostly silt-sized but up to medium sand-sized grains occur. This along with 

high clay-content and predominant fine planar lamination indicates of a low-energy depositional 

system. The layered clays are mostly composed of light, detrital rich and dark peloidal laminae. The 

millimeter-scales interfingering lamination is probably linked to seasonal cyclicity at most. It has been 

proposed that the Zachełmie succession was located in tropical latitudes and affected by monsoons 

(e.g. Narkiewicz et al. 2015). As heavy monsoon rains would increase both erosion and inflow 

velocities it is proposed that the light laminae represent rain seasons. The shale-like beds where light 

laminae are scarcer probably represent intervals of weakened monsoons. 

The low energy setting with fine lamination is in concordance with a lacustrine setting (e.g. 

Platt & Wright 1991; Arenas et al. 1997). 

6.1.2 Microbially induced sedimentary structures (MISS) 
The findings of numerous structures resembling microbial mats, suggest times of 

development of wide-spread microbial colonization. The development and preservation of such 

structures relies on infrequent bioturbation and scarcity of grazers. Sedimentary rocks predating the 

‘Cambrian explosion’ commonly preserve stromatolites and other microbially induced sedimentary 

structures and even on Mars, 3.7 Ma old structures have been suggested as microbial in origin (Noffke 

2015). However, as grazers got more common in the Phanerozoic (on Earth), the opposite evolution 

occurred for preservation of microbial structures. Phanerozoic exceptions of when microbial 

structures are more likely to both develop and be preserved, is in environments with stressed 

ecosystems, for example; in hypersaline waters (like in Shark Bay, Australia) or at the aftermaths of 

extinction events (Whalen et al. 2002; Pruss et al. 2004; Sheehan & Harris 2004; Calner 2005; 

Qvarnström 2012). Thus, the development of microbial mats in the Zachełmie succession, the scarcity 
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of extensive bioturbation (e.g. Niedźwiedzki et al. 2014) and the lack of abundant macrofossils point 

toward an ecosystem that was, at least from time to time, highly stressed.  

In association to the track-bearing horizons, microbial structures are discussed to have been 

responsible for the preservation of detailed footprints, owing to their consolidation of the otherwise 

muddy sediment (Niedźwiedzki et al. 2010). Preservation of ichnofossils in microbially consolidated 

sediments is not rare and has also been described from, for example; Cretaceous dinosaur footprints in 

China (Dai et al. 2015) and invertebrate traces (Fernández & Pazos 2013). In the last decades, several 

studies have been carried out aiming to understand the processes for track formation and preservation 

in association to MISS (e.g. Marty et al. 2009; Carmona et al. 2011).  

Regarding further palaeoenvironmental implications of the presence of microbialites, it is 

hard, solely based on their presence, to argue for a specific environment of formation. This is due to 

the fact that microbial mats and similar structures have been linked to numerous facies and 

environmental settings within the photic zone (Andrews et al. 1996; Calner & Eriksson 2011; Mata & 

Bottjer 2013) and even in the deep sea oceans (Simonson & Carney 1999). However, it is clear from 

the ichnological and abiotic (e.g. presence of desiccation cracks) records that the sedimentation of the 

Lower Complex occurred in a shallow setting. Also, the microbialites witness to a harsh environment 

which is, in itself, a piece of the puzzle. 

Based on a lacustrine environmental hypothesis of the Lower Complex, carbonate production 

was probably to a high degree the result of carbonate precipitation from microbial colonies that 

through photosynthesis and abiotic CO2, precipitated carbonate. This is typically seen in terrestrial 

carbonate systems (e.g. Kelts & Talbot, 1989; Andrews et al.1997; Mullins, 1998). 

 

6.1.3 Enigmatic sedimentary structures 
The enigmatic sedimentary structures that occur as round, complex bilateral and triangular 

forms, seem to have been formed by a fungi-like organism or plant that deformed the clay-rich 

sediments from in situ growth which subsequently were covered with a microbial mat layer. Since no 

root-traces or other disturbances are seen in the sediment immediate underlying the structures, larger 

plants with roots are not considered as likely producers. More likely, ‘primitive’ opportunists such as 

lichens, fungi, mosses, small plants or bacterial nodules (e.g. in situ grown oncoids) are responsible 

for making the structures. And if so, these enigmatic structures may represent ‘failed’ attempts of 

palaeosol development, or rather, the first stage of paleosol development. Further paleosol 

development was probably restricted as the surface was not subaerially exposed for enough time. The 

time-frame for a development of solely the first-most part of terrestrial colonization is in agreement 

with short-term desiccation events, possibly seasonal. 

The enigmatic sedimentary structures that are described in this paper represent opportunistic 

plant colonization of a much briefer time-period than the pedotypes described from the locality by 
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Narkiewicz and Retallack (2014). Thus, it appears that some shallowing-up cycles are characterized 

by short subaerial exposures whereas other result in more extended ones lasting, perhaps, thousands 

of years (i.e. Zagnańsk and Chrusty type in Narkiewicz & Retallack 2014). This is particularly 

interesting from two points of views. Firstly, this suggests that the shallowing and the removal of the 

entire water body that is evidenced especially in the Lower Complex of the Wojciechowice Formation 

were influenced by several factors. In conjunction with the hypothesis put forward in this thesis, this 

suggests that a continental water body were subjected to both seasonal desiccations in response to 

period of drought as well as extended periods of complete lack of a water body. 

6.1.4 New invertebrate ichnofossils 
The sinusoidal/irregular meandering ichnofossil can be confused with fish trace-fossils as they 

are somewhat similar in size and shape to taxa such as Undichna uniscula. The latter is interpreted to 

be formed by fishes with sufficiently long caudal or anal fins that alone grooved the substrate in 

shallow waters (Gibert et al. 1999). However, the Zachełmie ichnofossils are mostly characterized by 

positive epirelief, even if some negative epirelief is evidenced in minor parts of the trails. This is not 

to be expected in a trail of a fish, since it would solely leave grooves (depressions) in the sediment. 

More likely, the ichnofossils at hand represent traces of invertebrate burrowers. Locomotion/feeding 

probably occurred just underneath microbial mats that were situated on the surface of the substrate. 

Some locomotion trails were probably so close to the surface that traces were also, in part, preserved 

as negative epirelief. In many regards, these traces are similar to those of Cochlichnus but with one 

big difference –size.  It should be noted however, that some larger sinusoidal traces, perhaps 

mistakenly, have been attributed to this taxon (e.g. Nel et al. 2014) even though they are by far 

smaller than those described herein. From literature, the best candidate for the sinusoidal tracks are 

perhaps Helminthopsis (Heer 1877 as cited in Hass et al. 1962), a simple unbranched, irregular 

meandering horizontal burrow that does not crosscut and is commonly preserved in hyporelief (e.g., 

Hass et al. 1962; Wetzel & Bromley 1996). Most likely, they represent locomotion traces (repichnia) 

or grazing traces just below the substrate (pascichnia) made by large annelids. Helminthopsis have 

been described in association to Gordia in an interpreted marine environment (Lerner, Lucas & 

Spielman 2007) as well as in lacustrine environments (e.g. Buatois & Mángano 1995).  

The trace fossils that occur as peloid-filled structures that are interconnected by nodes and 

lines of epirelief might, in addition to the sinusoidal structures, have been made by annelids. 

Preservation however differs and the trace fossils are preserved due to peloid infilling of feacal matter 

in a very clay-rich sediment.  

Regarding the four ichnoassemblages of Niedźwiedzki et al. (2014) only one (Z3) is 

indicative of a marine setting, or at least elevated salinities. This ichnoassemblage that contains 

Balanoglossites, Spongeliomorpha and rare Rhizocorallium occur solely in one stratigraphical level in 

the Lower Complex (cf. fig. 13). Since this occurrence coincide with the positive peak of δ18O values 



  

41 
 

(cf. fig. 3 in Narkiewicz et al. 2015), a reasonable assumption is that these trace fossils were made 

during an episode of elevated salinities due to a high state of evaporation. The other ichnoassemblages 

retrieved from the area are not indicative of marine conditions. Rather, the presence of Gordia 

suggests a pond environment which is in agreement with the proposed ephemeral lakes in this thesis.   

6.1.5 Discussion of the track-bearing horizons 
The track-bearing horizons differ between one another in several aspects. Regarding 

microfacies, Horizon A is characterized by abiotic lamination; Horizon B is a wackestone; and, 

Horizon C is a partly laminated mudstone. Horizon A and B contain re-mineralized ‘voids’ that 

contain dolomite and quartz associated to hematite and, occasionally, evaporitic minerals. The voids 

are generally smaller but more abundant in Horizon B whereas in Horizon C they are completely 

absent. 

Even if these ‘voids’ are similar to one another, they are probably of different origins (i.e. the 

small ones in Horizon B and the bigger ones in Horizon A). In Horizon A the big ‘voids’ are 

synsedimentary structures as they disturb the lamination. They might represent evaporatic minerals 

with irregular boundaries being the result of volume change during recrystallization.  

Interestingly, the interior of the stromatolites (fig. 8A) in the bed under Horizon A show 

similar fenestral structures and recrystallizations as in some ‘voids’. In Horizon B it is also 

occasionally obvious that the voids are a part of larger structures (fig. 8C) that might represent 

recrystallized (micro) oncoids. Recrystillized oncoids are not rare in the fossil record (Buggisch & 

Webers 1992; Flügel 2004 page 124; Peryt, Halas & Peryt 2014). Similar structures as the ‘voids’ in 

Horizon B have been described from, for example, the Permian in Western Poland (cf. fig 6B Peryt, 

Halas & Peryt 2014) and were interpreted as anhydrite replaced oncoids formed in a hypersaline 

environment. Furthermore, such micro-oncoidal wackestones and floatstones are suggested to be a 

distinguished facies type in carbonate lacustrine shores affected by waves (cf. fig. 15.10 in Flügel 

2004). Thus, grainstones in Horizon B and some of the overlying beds are plausibly formed in this 

kind of environment. The presence of blackened clasts (e.g. fig. 8C) in the horizon also evidence of 

reworked material from coastal erosion (Strasser 1984) and fit with this interpretation of a marginal 

wave-affected lacustrine shore. Reworked material in the bed might also account for the negative peak 

seen in δ18O seen at the horizon (cf. Fig. 11 in Narkiewicz et al. 2015). 

6.1.6 Siliciclastic input 
Analyzes from thin sections and SEM coupled with XRD revealed an influence of terrigenous 

silt-sized grains including; quartz, micas and potassium aluminosilicates. The grains are not evenly 

spaced throughout the samples but appear slightly more clustered in small areas. Such accumulation 

might reflect micro-pulses of increased siliciclastic input but, more likely, a slight accumulation of 

siliciclastic grains through minor wave or current energy. This scenario is also strengthened by ripple 
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marks and by the fact that elongated grains seem to have a preferred orientation (Fig. 22F). The size-

fraction of the grains fit with surrounding land areas of low-relief whereas the mineral composition 

reflects the basal part of the Bowen’s reaction series. The latter might reflect a granitic source and at 

least some maturation of the terrestrial derived sediments.  

The largest terrigenous constituent in the track-bearing horizons is represented by clays. The 

main element compositions of the track-bearing horizons reveal high SiO2 and Al2O3 percentages 

and reveal that the total clay content may well reach above 10% (Table 2). In addition, Thorium 

concentrations are two orders higher than in non-clay-contaminated carbonates (Webb & Kamber 

2000).  

 
Table 2. Main elemental composition for each of the three track-bearing horizons. The values are presented as a 
mean percentage from five measurements per horizon.  
 
Horizon SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Sum 

A 11.71 0.17 3.42 1.65 0.27 15.24 22.65 0.14 1.05 0.02 56.32 

B 9.12 0.15 2.2 1.2 0.06 13.17 23.2 0.12 0.91 0.02 50.15 

C 12.72 0.18 3.97 1.76 0.32 14.2 23.49 0.11 0.35 0.05 57.15 

 

6.1.7. New plant and invertebrate body fossils 
Charophytes are widely used as freshwater indicators as they, at present, are restricted to 

freshwater and brackish conditions (e.g. Platt & Wright 1991; Flügel 2004 page 449). Platt and 

Wright (1991) emphasized that charophytes (reproductive organs and stem) together with ostracodes 

commonly accounts for carbonate production in lacustrine systems.  

Mesozoic and Cenozoic charophytes also occur in non-marine facies, pointing to similar 

environmental parameters as those of modern charophytes. However, some early-middle Palaeozoic 

charophytes have been suggested to possibly be related to marine habitats (e.g. Racki & Racka 1981). 

An example of a Devonian form that is suggested as a marine taxon is Sycidium that apparently is 

known from shallow-marine shelf environments (Flügel 2004 page 450). What can be said about the 

charophytes from the Zachelmie Quarry is that they probably thrived in shallow waters (maximum a 

few meters deep) with muddy bottoms. Discussing their salinity tolerance is left for future analysis as 

caution must be taken and detailed morphological studies carried out. 

Ostracodes and bivalves are sometimes also used as saline indicators (e.g. Flügel 2004 page 

618). Even though preservation is poor, future sampling should also aim to collect such invertebrate 

fossils. This will be covered in a future paper. 
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6.2 Geochemistry of the track-bearing horizons 

6.2.1 Stable carbon and oxygen isotopes 

Analyses of the stable isotopes of carbon and oxygen yielded indeed differences between the 

different horizons, although not particularly distinct. Horizon A and C displayed heavier δ18O values 

than Horizon C. Horizon C, however, displayed heavier δ13C values than the other two horizons. 

Regarding the δ13C values, the three horizons and the average of the Lower Complex displayed lighter 

values than the Upper Complex. To interpret these individual values, it is necessary to look at the 

larger evolution throughout the succession as a whole.  

Narkiewicz et al. (2015) suggested that a covariance of δ18O and δ13C in the upper part of the 

Lower Complex was indicative of a closed basin whereas the lack of correlation in the lower part of 

the Lower Complex reflected an open system with connection to the marine basin. This assumption is 

based on work by Li & Ku (1996) and references therein, that suggested that a hydrologically closed 

basin which is not too saturated with inorganic carbon will exhibit a δ18O and δ13C covariance over 

time (>5kyr). However, such an assumption is not applicable to the palaeoenvironmental evolution of 

the Zachełmie succession since there is evidence of repeated desiccation events. Thus, even if the 

water body might have acted as a closed basin, the maximum residence-time of the water body must 

have been restricted to the period between two desiccation events. This means that the ‘basin’ cannot 

be regarded as a closed hydrological system that prevailed through a major part of the deposition of 

the succession. Rather, one has to imagine a setting that through time was rapidly changing from 

shallow water to total desiccation to a microbial and plant covered terrestrial setting. However, the 

idea of a closed hydrological system is not to completely rule out. Lower Complex δ18O values vary 

by several ‰ within single shallowing-up sequences. This might be indicative of repeated short-term 

closed lacustrine systems since a scenario of short residence-time open lakes would result in relative 

invariant δ18O values (Talbot 1990). 

The general δ18O evolution throughout the Wojciechowice Formation display: δ18O values 

from -3‰ to -1.5‰ back to around 3‰ in the Lower Complex (with strong variation of δ18O values) 

and a more steady trend around -2.5‰ in the Upper Complex. Regarding this general trend of δ18O 

evolution, a change in oxygen isotope composition can be the result of several different processes 

such as: 1) global temperature shifts; 2) change in ice-cap volume at the poles (as 16O being  

preferably locked up in ice masses at the poles like at present); 3) state of evaporation (i.e. strong 

evaporation in enclosed or semi-enclosed basins resulting in high salinity and 18O depletion which can 

give rise to differences as seen in the present seawaters on the two sides of Panama); 4) change of 

freshwater input in a saline water body, i.e. dilution (water deriving from precipitation being enriched 

in 16O relative to seawater); 5) photosynthetic or other biogenetic fractionation. In order to interpret 

the variation in oxygen isotope values recorded in the track-bearing horizons (this study) and 
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throughout the succession in Zachełmie as a whole (Narkiewicz et al. 2015), it is therefore important 

to elucidate what kind of process or processes that may lie behind this change. Based on the δ18O 

signal of the Lower Complex, Narkiewicz et al. (2015) suggested a development from brackish to 

hypersaline to brackish conditions during deposition in a lagoonal setting. The evolution of lighter 

δ18O values in the middle part of the Lower Complex, might indeed witness of an increased 

evaporation state in a lake setting as evaporitic pseudomorphs are present. Similar observations have 

been made in Miocene lacustrine systems (Arenas et al. 1997). The variation of δ18O values in the 

Lower Complex in contrast to the highly invariant values in the Upper Complex might be indicative 

of an evolution from closed hydrological systems to open ones. This along other line of evidence 

suggests that perhaps, major parts of the Lower Complex were deposited in depressions serving as 

hosts of temporally restricted lake development. 

Regarding the evolution of the δ13C values seen in figure 11 in Narkiewicz et al. (2015) it is, 

as the authors state, difficult to ascertain the most prominent driving forces responsible for this 

change. Indeed, such changes can be regional or secular. Other possibilities are that the excursions 

and shifts in the carbon isotopes are driven by biogenic assimilation of the lighter carbon isotopes or 

from locally active hydrothermal activity. The reason behind that my results are not in conjunction 

with those of Narkiewicz et al. (2015) does not mean that the latter are not reproducible. Since the 

changes in carbon isotope composition do not coincide with the boundary of the complexes it can 

partly explain the similarity of carbon isotope composition between the complexes (fig. 19). 

So, to return to the differences found between the track-bearing horizons they are probably 

due to several factors; evaporation rates, microbial activity and initial composition of the derived 

water mass. Surprisingly, Horizon B displays the lightest δ18O composition. Even if it partly might be 

because of reworking of older material, it does not suggest substantial evaporation and indicate that 

the abundant ‘voids’ found within this bed is not a record of evaporites but probably remnants of other 

structures (micro-oncoids and/or charophytes). Rather, Horizon A and the clay-rich Horizon C show 

heavier δ18O compositions, and may represent periods of strong evaporation. This infers that contrary 

to the siliciclastic realm, clay-rich sediments are associated to periods of dryer climate. In contrast, 

light detrital laminae that are more abundant in marls as well as dolomite mudstones and grainstones 

are indicative of wetter conditions. Probably, stronger seasonal monsoons eroded the regional rocks 

and contributed to higher influx energy capable of carrying larger siliciclastic grains. 

 

6.2.2 Rare Earth Elements 

Measuring the relative abundances of REEs in carbonates is useful since it can reveal 

important aspects on from which type of water body the carbonate precipitated from and the 

paleoredox conditions at the time of precipitation. However, this method relies on: that the retrieved 

REE signal is incorporated from the liquid to the solid in a reliable way, that the signal is primary 
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(and not overwritten by, for example, diagenetic fluids) and that contamination by terrigenous clays is 

limited (German and Elderfield 1990; Nothdurft et al. 2004). In the present study it was hypothesized 

that due to only minor diagenetic recrystallization, primary REE signals could potentially be retrieved 

from the track-bearing horizons. Thereby, paleoredox conditions and ancient water characterization of 

the three horizons could be compared. Nevertheless, it was clear beforehand that the succession 

generally is very clay-rich. Thus, noise created by the REEs incorporated in the clays was suspected 

when sampling the dolomitic matrix. 

To summarize the results of the relative abundances of REEs from the track-bearing horizons; 

sediments of all horizons seem to have an enrichment of MREEs relative to LREEs, the 

concentrations of the REEs are similar and overlap in Horizon A and B whereas Horizon B and C are 

similar in both their relative REE patterns as well as exhibiting positive cerium anomalies. The MREE 

enrichment does not point to a specific water composition as this is typically seen in marine (e.g. 

Elderfield et al. 1990) as in river waters (e.g. Hoyle et al. 1983) and in phosphates affected by 

diagenetic fluids (Shields & Stille 2001).  

Elevated Al2O3 and SiO2 constitutes strengthens clay-contamination as a possible source of 

REE alteration (table 2). This could potentially explain the absence of negative cerium anomalies in 

the REE patterns (figs. 20-21) which otherwise is typical for carbonate precipitated from seawater. 

Not surprisingly, correlation coefficients (r2) between Al2O3 and individual REEs concentrations 

(table 1) are shown to be, in some cases, very significant (e.g., >0.99 for Pr). On the other hand, the 

linear correlation is steep which means that only a minor increase in the REE would occur in response 

to an increase in clay content. Even if clay contamination is evidenced for individual elements it has 

probably not completely altered the primary signal (or it is overwritten again by diagenetic fluids) 

since the patterns normalized to PAAS are not completely flat, i.e. there are positive Cerium 

anomalies and MREE enrichment relative to the LREEs (fig. 20).  

The experiments made by Nothdurft et al. (2004) showed that an increased clay 

contamination flattens the relative REE pattern and in carbonates with clay contents close to 50%, the 

relative concentrations of the elements are close to that of PAAS. Thus, the anomalies and patterns 

presented herein were probably a lot more significant at the time of corporation. Clay contamination 

has increased the REE concentrations by perhaps one or two orders of magnitude (cf. fig. 9A in 

Nothdurft et al. 2004) and flattened the normalized patterns to some degree resulting in buffered, 

primary, anomalies. What remains to be solved is if these buffered REE signals are represented in the 

measurements presented herein or if it is, in fact, just a diagenetic overprint. A scenario of diagenetic 

alteration of the REE signals fits with the reversed cerium anomalies (especially in Horizon B and C) 

and MREE enrichment. However, the lack of HREEs in the measurements limits the interpretation 

since it is not possible to understand if the apparent MREE enrichment continues for even heavier 

elements (HREEs). If the signal instead is just a buffered initial signature, it is very unusual since the 

REE patterns and concentrations deviate remarkably from what to be expected from precipitation 
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from normal seawater. Instead of having characteristic negative Ce-anomalies, Horizon B and C 

exhibit positive Ce-anomalies and Horizon A neither a positive nor a negative anomaly. Two potential 

scenarios are suggested herein to explain the obtained REE signatures: 

1) The primary signature reflecting paleoredox conditions are partly preserved but with some 

clay-contamination. The clay-contamination is manifested by an increase of the total amount of the 

REEs in the sediment and by partly flattening the shale-normalized patterns. However, a potential 

enrichment of heavier REEs and possibly, relict positive cerium anomalies remain. The presence of 

the latter is not to be expected from incorporation from present seawater (Elderfield et al. 1990) but 

has occasional been described from; seawater with interpreted REE influence from post depositional 

cerium reduction in inshore environments rich in organic material (de Baar et al. 1993), an alkaline 

lake in Turkey with high-order complexation of Ce4+ with soluble carbonate ions (Möller & Bau 

1993) and colloidal riverine material (Sholkovitz 1992). Thus, this scenario would indicate that the 

dolomitic sediments of the track-bearing horizons precipitated in a setting not only influenced by 

typical marine water, perhaps in a carbonate-rich alkaline estuary with high complexation of Ce4+ with 

CO3
2-. 

2) The primary REE signatures from the seawater-solid exchange is clay-contaminated (i.e. 

relative abundances are high and patterns flattened) and deviations in relative abundance is due to 

diagenetic influences. The interaction between sediment and diagenetic fluids has reversed Ce-

anomalies and enriched MREEs relative to LREEs. Following this scenario means that sediments 

belonging to Horizon B and C probably have experienced more chemical exchange with diagenetic 

fluids than Horizon A. This is inferred from the more pronounced positive cerium anomalies of these 

horizons and similarities in REE patterns. The scenario of uneven diagenetic influence on the REE 

compositions between the horizons also explains the lower correlation coefficient between cerium 

concentration and clay content as diagenesis would preferably increase cerium concentration relative 

to other REEs (Shields & Stille 2001). Thus, following this scenario Horizon B probably had lower 

concentrations of REEs than Horizon A prior to diagenesis, which is consistent with lower clay 

content in Horizon B. However, a more pronounced exchange between diagenetic fluids and the 

overlying strata resulted in a relative increase of REE concentration in Horizon B (and a more 

pronounced cerium anomaly) relative to Horizon A. The high clay-content on the other hand argues 

against the diagenetic scenario. Clay-rich sediments have a low permeability and restricts therefore 

“flushing” of fluids through the sediment.  

For future sampling, a way to minimize the problem of shale-contaminated REE patterns 

could be to target microbialites found in association to the discussed horizons (e.g. stromatolites 

underlying Horizon A). Microbialites, if not too recrystallized, would presumably not incorporate 

substantial amount of clays and thus preserve a REE signature influenced only by primary seawater-

sediment exchange and diagenetic influence. Previous studies have shown microbialites as reliable 

proxies for the preservation of seawater REE signatures (Nothdurft et al. 2004). Also, measures of the 
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HREEs are extremely desirable in order to further understand and discriminate between the most 

prominent sources that could be responsible for the REE patterns. The diagenetic scenario, for 

example, would presumably only have higher concentrations of MREEs in relation to both HREEs 

and LREEs (Shields & Stille 2001) whereas a similar environment as the alkaline lake would show a 

linear increase in concentration running from the lighter to the heavier REEs (Möller & Bau 1993). 

Thus, with measures of the HREEs, it is possible to reveal if there is; a preferential uptake of heavier 

REEs, only a slight preferential concentration of MREEs (in relation to both light and heavy REEs) 

or, actually, none at all.  

6.3 Palaeoenvironmental implications – a synthesis 

The lower part of the Wojciechowice Formation is puzzling. Thus, the only way to approach a 

reasonable understanding of the prevailing environmental conditions at time of deposition is to 

integrate sedimentological, geochemical and paleontological data; both in the succession as a whole 

(Narkiewicz et al. 2015) and in the track-bearing horizons in specific (present study).  

The sedimentological profile of the Lower Complex show numerous shallowing upward 

cycles that often ends with desiccation events or development of paleosols.  The beds vary from high 

to very high clay-content which evidence a low-energy deposition and significant terrestrial input. 

The latter is also evidenced by high Al2O3 and SiO2 contents.  Symmetrical ripple marks evidence an 

environment which was wave-dominated which probably is responsible for preferred orientations of 

silt-sized terrestrial grains that can be seen in the SEM. Abundant microbialites are present which 

together with desiccation indicators and evaporitic pseudomorphs indicate that the environment was 

harsh for bioturbating invertebrates and grazers.   

The body-fossil record of the Wojciechowice Formation is in general very poor comprising a 

few abraded ichthyolites, conodonts, degraded palynomorphs, ostracodes, gyrogonites, bivalves and 

unidentified shell fragments that are highly fractured and poorly preserved. This suggests (a) a 

transportation and re-working of the shelly fauna (in the otherwise muddy and low-energy 

characterized deposition) and, (b) a sedimentary environment with low preservation potential (not 

even suitable for preservation of the otherwise resistant spores and pollen). The body fossils are found 

almost exclusively in the upper part of the formation in the formation. 

The REE signals from the three horizons are particularly interesting because they do not 

indicate an oxidising, aerobic shallow marine environment. Instead, positive cerium anomalies and 

perhaps slight MREE enrichment relative to the LREEs denote a reducing environment. Present-day 

analogues are found in alkaline lakes and ephermal pools which also fit the model of bacterial-

induced dolomitization (e.g. Coroong model, see Flügel 2004). The REE distribution could, of course, 

also have been altered by fluid interaction during diagenesis. However, low permeability of the clay-
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rich sediments, a very low degree of diagenetic recrystallization and indicate that the signal may be 

primary. 

Based on this new environmental hypothesis regarding the habitats of the earliest tetrapods 

suggests that the producers of the prints were already capable of terrestrial or semiterrestrial 

locomotion over medium to short distances (several 100s of meters). Their preferred habitat was 

possibly still in shallow waters, in which the tracks presumably were made.  

It also suggests that the early tetrapods might have been euryhaline and capable of living in 

marine as well as in brackish waters and perhaps in freshwater. This means that they could find refuge 

and forage in estuaries, river deltas and ephemeral pools (playas). Perhaps was terrestrialization an 

end-result of a lifestyle that included such diverse environments and a rich degree of mutations as a 

result.  

This palaeoenvironmental interpretation (fig. 23) indicates that the track-bearing horizons 

represent marginal and open-lacustrine conditions of rather ephemeral lakes and gives therefore 

indirect evidence of the ability of longer terrestrial excursions by the early tetrapods. It is important to 

emphasize that the footprints are just snap-shots into the past but nevertheless they reveal important 

information about the behavior and habitat of the trackmaker since they are, in contrary to body 

fossils which most often are subject to postmortem transportation, remnants made of the organisms 

during their lifetime. It is of course difficult to argue about the usual habitat of the early tetrapods as 

the tracks are momentary and the fossil record biased in respect of environments with good 

preservation potential. Even if the tracks were produced in a very shallow aquatic setting it is not at all 

impossible that a part of the animal’s lifestyle was already distributed on land. In that case, the early 

tetrapods could have had a lifestyle a bit comparable to a lot of modern amphibians. It might even be 

so that terrestrial locomotion among tetrapods in the beginning was selected for safe breeding (egg-

laying and mating) in protected continental water-bodies in proximity to sea waters. Thus, it might be 

so that the first adaptation of locomotion was a result of selection for a successful reproduction. My 

results suggest that these water-bodies were harsh environments for grazing invertebrates. This 

environment, rich in microbes further suggest it may have been a perfect nursery for plankton feeding 

tetrapod larvae but a poor place for the carnivorous adult tetrapods.  
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Figure 23. Palaeoenvironmental reconstructions of the Zachełmie succession A) Spatial distribution of the 
different discussed palaeoenvironments; ephemeral lakes, lagoons and open marine. The Lower Complex with 
the tetrapod tracks and track-ways are suggested to have been deposited as shallow ephemeral lakes. B) The 
temporal evolution of the palaeoenvironments: from shallow ephemeral lakes in the Lower Complex of the 
Wojciechowice Formation; to a transitional phase with more marine influence but still pedogenic processes; to a 
shallow marine setting in the Upper Complex of the Wojciechowice Formation and in the Kowala Formation. 
Red bar represents the track-bearing interval. The sedimentological profile is modified after Narkiewicz and 
Narkiewicz (2010).  

Track-bearing interval 
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6.4 Proposition for future studies 

There are still a lot of uncertainties that needs to be solved regarding the Middle Devonian 

succession in the Zachełmie Quarry as a whole and the track-bearing horizons in specific. For the 

immediate future, the next step is to sample the Upper and Lower Complex of the Wojciechowice 

Formation as well as the Kowala Formation to construct REE-analyses in order to strengthen/reject 

the interpretation of preserved REE signals proposed herein. If the REE signals discussed herein, 

contrary to my belief, are subject to diagenetic overprint, I hypothesize that the whole succession 

would be REE-homogenized. In that case not even the sediments of the Kowala Formation which 

clearly were precipitated from marine waters would show typical marine signatures (i.e. cerium 

depletion and HREE enrichment).  

Some of the fossil material including charophytes, ostracodes and trace fossils requires more 

attention. The rich material of tracks also needs further studies and comparison to other early tetrapod 

tracks (e.g. Genoa River, Australia; Valentia Island, Ireland) are desirable. Palaeoenvironmental 

comparison is, of course, also desirable.  

 

7 Conclusions 

The Zachełmie Quarry in Poland exhibits the hitherto earliest remnants of tetrapods; tracks 

and trackways found in three different horizons (A, B and C). These horizons were analyzed in 

specific in order to further reveal palaeoenvironmental conditions in association to the 

terrestrialization of vertebrates. In addition, new ichnofossils, invertebrate and plant fossils and 

paleosol horizons from the Lower Complex of the Wojciechowice Formation are presented.  

Analyses of stable isotopes suggest that the major part of the Lower Complex was deposited 

in short-residence-time closed basins. These probably formed in small depressions and were often 

subjected to desiccation and, occasionally, paleosol development in rather fully terrestrial conditions. 

The absence/scarcity of bioturbation and associated microbial colonization also suggest an 

environment that was not typically marine as it witness of a stressed ecosystem. In addition, non-

marine rare earth element (REE) signals, beds with desiccation cracks, rain-drop imprints, gyrogonite 

fossils, paleosol development, low energy deposits in general and lack of marine taxa entrenches an 

interpretation that the sediments were deposited as palustrine carbonates (with high terrestrial input) 

in a lacustrine setting. The highly fractioned marine fossils in the lowest part of the succession were 

likely deposited during wash-up events in association to storms.  
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The ephemeral lake hypothesis proposed herein as the environment of the earliest tetrapod 

footprints differs from previous interpretations and models which include; tidal flats (Niedźwiedzki et 

al. 2010), flooded woodlands (Retallack 2011) and shallow lagoons (Narkiewicz 2015). My scenario 

suggests that tetrapods were able of locomotion over land areas or river-marsh-lake systems already in 

the early Middle Devonian. 
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Appendix I 

 
Figure 24. Modern analogues to some of the discussed sedimentary structures including desiccation cracks, rain 
drop imprints, wave ripples and mound-like burrows. Photos: G. Niedźwiedzki 
 
 
 

Appendix II 

Tables A to C (following 3 pages). The tables contain microfacies description of each horizon as well as 
neighboring beds. Lamination is noted together with an interpretation of depositional energy and 
palaeoenvironmental significance. The ID represents the level in relation to the trackbearing horizon (i.e. U0 
being the horizon directly above). Abbreviations; Qtz- quartz, Hem- Hematite, Do-Dolomite. Note that the 
depositional energy indications are very relative since all beds are characterized by fairly low depositional 
energies (high clay content and small grain sizes); however, it is useful to distinguish the conditions that applied 
for the individual beds to understand the temporal development 
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ID 
(horizon 

A) 
Microfacies Lamination/Fabric 

Depositional 
Energy 

Palaeoenvironmental 
Interpretation 

Additional comments 

U5 Paleosol 
None. 

Homogeneous and 
massive. 

Subaerial (?) 
reworking Subaerial paleosol 

The sample exhibits numerous ‘voids’ or inclusions with recrystallized mineral phases (Qtz, Do, Hem) having both 
sharp and irregular boundaries (i.e. both appear in ‘equilibrium’ and look degraded). Numerous sediment-infilled 
cracks (with Hem accumulation) may very well represent root traces. Black or dark “grains” and small patches of 
carbonate occur in otherwise fine-grained, reworked and homogenous sediments with some scarce siliciclastic grains.   

U4 Abiotic 
laminite Planar Low 

Shallow lake floor 
rarely affected by 

waves 

Mostly undisturbed planar lamination of different thickness with lighter detrital laminae often displaying erosional 
lower boundaries. Darker laminae are composed of peloids and some scarce siliciclastic grain even though much at 
much lower rates than in light laminae.  

U3 Abiotic 
laminite 

Planar to wavy fine-
laminated Low Lake floor rarely 

affected by waves Lamination is disturbed by microerosional boundaries. ‘Voids’ with Do, Qtz and Hem present. 

U2 Abiotic 
laminite 

Planar to disturbed 
by reworking Low Lake floor rarely 

affected by waves 
Parts of the thin section display reworking of the sediment probably linked to bioturbation or plant activity. Reworked 
parts are massive in contrast to the abiotic lamination which in part is preserved.   

U1 Abiotic 
laminite 

Planar to disturbed 
by reworking Low Lake floor rarely 

affected by waves 

The upper part of the thin section display reworking of the sediment probably linked to bioturbation (less bioturbation 
than in U2). Reworked parts are massive in contrast to the abiotic lamination which in part is preserved. Some ‘voids’ 
are present and contain Do and idiomorphic Hem. 

U0 Mudstone 
(laminated) 

Planar fine-
laminated, some 
cross-bedding 

Very low 
Lake floor rarely 

affected by waves. 
Stagnant conditions. 

A very clay-rich bed with dispersed, small lenses of lighter detrital laminae.  

A Abiotic 
laminite 

Planar fine-
laminated Low Lake floor rarely 

affected by waves Microbial laminate with some sparry fossil fragments. ‘Voids’ with Qtz, Hem (and anhydrite and gypsum?). 

L0 Abiotic 
laminate 

Planar fine-
laminated. Lenses of 

detrital material. 
Topmost part 
(stromatolitic) 

bindstone 

Low Lake floor rarely 
affected by waves 

Very fine lamination. ‘Voids’ with irregular boundaries occur with interiors filled with recrystallized Do, Qtz and, 
especially, Hem. An enigmatic structure with Qtz recrystallization represents a small burrow. Some accumulations of 
fragmented and indeterminable fossil fragments which might represent wash-up ‘events’. 
 
Stromatolitic structures (topmost part of the bed) supposed cyanobacterial filaments visible in the base of the 
structures which are otherwise extremely recrystallized with both euhedral and sad looking crystals, ressembling those 
of other ‘voids’ but with more iron oxides. Iron oxides are everywhere, indicative of organic material. The non-
remineralized parts are blocks with preserved microbial spheres. The blocks are oriented in different directions, but 
internal structure maintained. 

L1 Abiotic 
laminate Planar Low/moderate Lake floor partly 

affected by waves 

Laminae often pinching out and cut by erosional truncations. Small accumulations of siliciclastic sand witness of some 
current, wind or wave energy increase (probably the latter). Some enigmatic structures are found that perhaps are the 
result of bioturbation. Small stylolites or seams are in part fairly well-developed.  

L2 Abiotic 
laminate 

Massive with lenses 
of light laminae and 
faint dross bedding 

moderate Lake floor partly 
affected by waves 

Seams or stylolites occur with associated accumulation of Qtz grains of fine to medium sand size. These are subangular 
to subrounded. Lenses of lighter detrital sediment occur as well as faint micro cross bedding.  

L3 Abiotic 
laminate 

Planar to crinkled 
fine-laminated Low Lake floor partly 

affected by waves 
Alternating light and dark laminae, the former often with grains fining upward resting on a microerosional base. Big 
void on slab. 
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ID 
(horizon B) Microfacies Lamination/ 

Fabric 
Depositional 

Energy 

Palaeoenvironmental 
Interpretation Additional comments 

U4 (?Micro-oncoidal) 
Wackestone Chaotic Relatively 

high 
Wave-affected lake 

margin 

Siliciclastics including abundant Qtz grains up to the fine-grained sand fraction and some 
micas (muscovite) are dispersed evenly through the sample. The Qtz grains are sub-angular to 
sub-rounded indicating a relatively short transport and a 1st order sediment recycling. Seams, 
marked by accumulations of insolubles are abundant but not very well-developed. Blackened 
clasts occur as well as round structures composed of fine-grained dolomite representing, 
perhaps, recrystallized indeterminable fossils. 

U3 
(?Micro-oncoidal) 
Wackestone/Packst

one 
Chaotic Relatively 

High 
Wave-affected lake 

margin 

Centimeter-sized ‘clasts’ containing micrite are, in part of the section, closely packed. Qtz 
grains and other siliciclastics up to the fine-grained fraction are dispersed evenly. Massive 
layers might represent microbial sediment bounding. 

U2 Microbial laminate Planar to wavy fine-
laminated to chaotic. Low/moderate Lake floor rarely 

affected by waves 
Initial lamination is disturbed by bioturbation, tepee structures (?) and development of 
microbial communities. 

U1 Abiotic laminite Planar fine-laminated. 
Partly disturbed Low Lake floor rarely 

affected by waves 

Lamination is very fine, disrupted in the lower part by structures similar to small tepee 
structures. Lighter laminae consist of larger detrital grains (mostly Qtz) that may reach up to 
the fine-sand fraction. Sets of seams (not fully developed stylolites) are found parallel to 
bedding. Cracks (some possibly representing root traces) occur perpendicular, parallel and 
oblique to bedding and are sediment infilled, marked by hematite and/or contain precipitated 
carbonate. Clusters of hematite after possible organic structures are dispersed in the sediment. 

U0 Wackestone Chaotic Low + 
reworked? 

Lake margin with 
reworking of material 

A crack runs through the whole sample with an interior dolomite precipitation in association 
to some hematite. The bedding is reworked resulting in a chaotic non-laminated appearance 
of the sediment. In the topmost part of the thin section there is a set of seams associated with 
more abundant and bigger siliciclastic grains (Qtz, Musco, Do). Local accumulations of iron 
oxides might be after organic matter. Round blackened small objects. Cloudy appearance in 
general due to high clay content. Root traces (?). 

B (?Micro-oncoidal) 
Wackestone Chaotic Low + 

reworked? 
Lake margin with 

reworking of material 

Very abundant small and big ‘voids’ filled with secondary crystallization of Do (major) and 
Qtz as well as a nearly opaque phase (Hem). Small anhydrite grains in association to dolomite 
in voids. The sediment has a cloudy looking appearance in general, similar to L0 but also 
containing blackened clasts and other round grains with micrite replaced interiors. 

L0 Wackestone, 
?Paleosol Chaotic Low Lake margin with 

reworking of material 

Cracks occur which are either sealed (+Hem accumulation), sediment infilled or contain 
recrystallized Qtz/D. Some may represent root traces. The organization is chaotic (i.e. very 
disturbed) but not homogenous. Reworked white ‘clasts’ represent the former detrital 
laminae. Cloudy appearance due to high clay content. 

L1 Wackestone Planar to wavy fine 
laminated Low, reworked Lake floor rarely 

affected by waves 
Faint lamination with brighter layers of detrital accumulations. Sets of seams parallel to 
bedding indicate of post depositional pressure-dissolution. 

L2 Grainstone 
?Paleosol Massive Low/Subaerial 

(?) reworking 
Possible subaerial 

paleosol 
Larger ‘grains’ with micritic interior appear in this bed. They are found in association to 
cracks/root traces infilled with siliciclastic grains (mostly Qtz). 

L3 Abiotic laminite Planar fine-laminated 
(disturbed) Low/moderate Lake floor partly 

affected by waves 
Similar in appearance to L4 but with more irregular laminae. Light laminae are, in part, 
crinkled and irregular. 

L4 Abiotic laminite Planar fine-laminated 
(disturbed) Low Lake floor rarely 

affected by waves 
Light laminae of different thickness of which thicker have erosional base toward darker 
laminae. Sealed cracks representing root traces? 
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ID 
(horizon C) Microfacies Lamination/Fabric Depositional 

Energy 
Palaeoenvironmental 

Interpretation Additional comments 

U2 Mudstone Scarce lenses of 
detrital matter Very low Lake floor rarely 

affected by waves 

The light detrital matter is mostly confined to small lenses that are sparsely distributed. Some 
horizons, however, are continuous and represent small episodes of deposition of coarser 
material. Some fine-sand to silt grains of Qtz are also rare but widespread in the otherwise 
muddy sediment. 

U1 Mudstone 
Scarce lenses of 

detrital matter and 
some detrital laminae 

Very low Lake floor rarely 
affected by waves Like above with, perhaps, a slight bigger input of detrital grains resulting in a faint lamination.  

U0 Mudstone Planar Very low Lake floor rarely 
affected by waves 

There are a couple of oblique cracks in the thin section with Qtz and Do recrystallization and 
He coating. Some structures which might be the result of biogenic activity are infilled with 
slightly coarser material. 

C Mudstone/abiotic 
laminate 

Faintly cross-
bedded/planar to 
wavy lamination 

Very low Lake floor rarely 
affected by waves 

Horizon C is composed of very clay-rich sediment with some inclusions of the light detrital 
material, mostly located in lenses but also in some distinct laminae.  

L0 Abiotic laminite Disturbed planar 
lamination Low Lake floor rarely 

affected by waves 

Faint lamination and seams (perpendilcular and parallel to bedding) characterize the sample. 
An enigmatic thin structure penetrates the whole thin section and differs by not having any iron 
oxides. Its irregular pattern suggests that it is either a function of bioturbation or a fluid reaction 
boundary from diagenesis. At least it was made prior to crack formation since a crack (with 
secondary precipitation of Qtz) cuts through the structure and acts like a normal fault.  

L1 Abiotic 
laminite/wackestone 

In part deformed 
fine-laminated 

Low to 
medium 

Lake floor rarely 
affected by waves 

 Alternating light detrital and dark peloidal laminae. Lamination Is not horizontal but disturbed 
from loading. It grades into a wackestone which lack lamination. 
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