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The Middle Devonian was an epoch of significant  
changes in atmospheric pCO2, temperature (Simon et al., 
2007; Joachimski et al., 2009), and sea-level (Becker et al., 
2016, 2020; Brett et al., 2020). For example, mid-Devonian 
changes in pCO2, brief warming and marine transgression 
were linked to the metamorphic CO2 degassing during the 
Acadian Orogeny (Acadian decarbonation; Stewart and 
Ague, 2018). On the basis of the magnitude and duration of 
major taxa extinctions, Devonian bioevents were classified 
from 1st- to 4th-order (Becker et al., 2016). The Givetian 
stage includes four various orders of bioevents and the same 

number of 3rd-order sea-level oscillations (Brett et al., 
2020). 

The Taghanic crisis, at the end of the Middle Givetian 
to the beginning of the Upper Givetian (for the definitions 
of sub-stages see Becker et al., 2020), is an example of  
a second-order event, connected with abrupt sedimentary 
changes, faunal overturns, and at least two transgressive 
pulses (House, 2002; Baird and Brett, 2008; Aboussalam 
and Becker, 2011; Zambito et al., 2012; McGhee et al., 
2013). Prior to the Taghanic event, two dark, organic-rich 
levels with mass occurrences of minute brachiopods 
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Abstract : The well-known fossiliferous and lithologically variable Middle Devonian Shaly-Calcareous Skały 
Formation in the Łysogóry Region (northern part of the Holy Cross Mountains, central Poland) was studied for  
the first time in terms of elemental geochemistry, carbon isotope stratigraphy and limestone microfacies. Three 
Lower to Middle Givetian marly-limestone successions, exposed at Miłoszów, represent middle to outer facies 
belts of the vast carbonate ramp, characterized by very rich epifaunal and infaunal benthic life in muddy, oxic,  
eutrophic, and photic zone habitats. Brachiopods and occasionally corals (in mesophotic association), erect branch-
ing bryozoans, and tiny crinoids played a leading role among flourishing sessile suspension-feeders. High-energy 
storm events, possibly even a tsunami, during the brief Early Givetian time strengthened a prolific carbonate ooze 
delivery system from shallow ramp areas, including restricted back-ramp lagoons and a variety of organic build-
ups, populated by corals and stromatoporoids. The ecologically mixed skeletal grain association is characterized 
by the rich occurrence of a typical lagoonal biota, calcispheres and amphiporoids. The effective carbonate factory 
declined stepwise regionally during the Middle Givetian because of an intermittent progradation of the deltaic sys-
tem of the Świętomarz Beds, linked with climate cooling and the activation of block movements. The regional car-
bonate crisis resulted in the demise of diverse benthic life, including the prolific calcified microbiota. The higher  
Skały Formation succession, deposited between the important Kačák and Taghanic bioevents, is noticeable for  
a background carbon-isotope pattern in carbonate and organic matter signatures, with the baseline δ13Ccarb values 
between 1‰ and 2‰. The microfacies and chemostratigraphic data confirm that at least the lower pumilio bioev-
ent was not recorded in the Łysogóry Region.
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“Terebratula” pumilio were documented in several succes-
sions in Germany and Morocco. The prolific brachiopods in 
fact represent, after Struve (1992), two genera Ense (2 spe-
cies) and Yekerpene (see also García-Alcalde, 2010). These 
Middle Givetian coquinoid horizons have been named 
the lower and upper pumilio events (Lottmann, 1990a).  
The lower event falls in the higher part of the varcus-rhe-
nanus conodont Zone, the upper at the base of the ansatus 
Zone (= Middle varcus Zone). The pumilio events reflect 
short-term transgressions and eutrophication and periods 
of faunal blooms (House 2002; Aboussalam and Becker 
2011; Becker et al., 2012). The presence of event-specif-
ic conodont genera (Ancyrolepis, Latericriodus) indicates 
the breaking of palaeobiogeographic barriers between 
eastern North America and western Gondwana/Europe 
(Aboussalam and Becker, 2011).

The Taghanic and pumilio events also were associat-
ed with a perturbation in the carbon cycle (Buggisch and 
Joachimski, 2006; Yans et al., 2007). The record of these 
worldwide ecosystem changes, as well as the times preced-
ing them, is still poorly understood in comparison to the 
Late Devonian events (see Becker et al., 2020). 

In this context, the fossiliferous and lithologically vari-
able Middle Devonian Shaly-Calcareous Skały Formation 
(for definition see Racki et al., 2022a) in the Łysogóry 
Region (northern part of the Holy Cross Mountains, cen-
tral Poland) was investigated for the first time in terms 
of geochemistry (both elemental and stable isotopes) and 
limestone microfacies. Here, the authors present a multi-
disciplinary study of the Lower–Middle Givetian marls and 
limestones, belonging to the upper part of the Skały Fm in 
Miłoszów sites, together with the basal marly shales of the 

Świętomarz Beds (Fig. 1A, B; Halamski et al., 2022). Only 
two somewhat enigmatic, pumilio bioevents are known in 
the Lower–Middle Givetian timespan (Becker et al., 2020). 
The present authors reconstruct the changing environmen-
tal conditions in the Łysogóry carbonate ramp during the 
pre-Taghanic crisis period, and address the issue of its de-
cline and whether the pumilio events were recorded in the 
studied sections.

GEOLOGICAL SETTING
All samples were collected from outcrops, situated in 

the Miłoszów Forest between the Nieczulice, Cząstków, 
and Pokrzywianka Dolna villages, near Nowa Słupia in the 
Bodzentyn Syncline (Halamski, 2022, fig. 1B). This area, 
situated ca. 2.5 km west from well-known exposures in the 
Grzegorzowice-Skały section (Pajchlowa, 1957; Malec and 
Turnau, 1997; Halamski, 2022, fig. 1C), is characterized 
by intense fault tectonics, associated with the nearby major 
transverse Łysogóry Fault (Fig. 1B). Its detailed geological 
description, as well as that of the sections exposed main-
ly because of excavations in 2017–2019, are described in 
Halamski et al. (2022). 

Limestones, marly limestones, and marly shales (clay-
stones) of the Skały Fm, sporadically rich in diverse skel-
etal material (e.g., brachiopods, corals, crinoids), occur in 
the Miłoszów 0 (M0), Miłoszów 1 (M1), and Miłoszów 2 
(M2) sections. Of these, only M0 is still available as an out-
crop in the forest road escarpment (Fig. 1C). The Skały Fm 
in the M1 section was divided into two lithostratigraphic 
units (Fig. 2), a limestone unit (M1-Ia, Ib) and an overlying 
marly shale unit (M1-IIa, IIb). The Świętomarz Beds overlie 

Fig. 1.	 Geological context of the study. A, B. Location of the Holy Cross Mountains in Poland (A) and the Skały Formation successions 
in the northeastern Holy Cross Mountains (B). C. Lidar image of the Miłoszów Forest with marked outcrops M0, M1, and M2, sampled 
for geochemical studies (yellow), and M3 (unstudied, white), and tectonic structures (based on figs 1B and 3A from Halamski et al., 2022); 
red line – faults, dashed line – forest road.
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Fig. 2.	 Generalized lithology and stratigraphy (after figure 3B in Halamski et al., 2022) of the Miłoszów sections (see Fig. 1C) with 
occurrences of macrofossils and marked samples for microfacies and geochemical (major and trace elements, carbon and oxygen isotopes, 
total organic carbon [TOC]) analyses. According to the local division, the Ex (“Geminospora” extensa) Miospore Zone is divided into 
three subzones: Ex1, Ex2 and Ex3 (Turnau, 2008). Subzones Ex1 and Ex2 were documented in the studied successions (for detailed infor-
mation see Kondas and Filipiak, 2022).



384 A. PISARZOWSKA Et Al.

Device, connected to a Finnigan Delta Plus isotope ratio 
mass spectrometer. Carbon isotope measurements were 
made on organic matter after decarbonation of the samples; 
powdered samples reacted with 10% HCl for 8h at 60 °C in 
a water bath. Following dissolution, the residues were re-
peatedly rinsed with deionized water. Analyses of organic 

Sample
δ13Ccarb δ18O δ13Corg TOC CaCO3

[‰] [%]

Miłoszów M0

M0-10D 1.1 -3.9 -30.5 0.55 4.02

M0-10C 0.8 -4.5 -29.7 0.58 11.05

M0-10B 1.1 -4.3 -29.2 0.28 9.46

M0-10A 1.3 -4.0 -29.5 0.32 20.01

M0-9B 1.0 -3.4 -29.7 0.20 79.76

M0-9A 1.5 -4.1 -29.0 0.13 90.21

M0-8B 2.3 -4.7 -28.7 0.28 80.25

M0-8 2.0 -4.9 -29.1 0.45 74.04

M0-7 2.0 -5.1 -28.9 0.39 82.81

M0-6 1.4 -4.4 -28.4 0.15 95.40

M0-5 1.6 -3.3 -28.2 0.36 94.57

M0-4D 2.0 -4.8 -27.9 0.45 72.66

M0-4C 1.6 -3.5 -27.5 0.52 82.21

M0-4B 2.2 -5.0 -28.7 0.84 62.50

M0-4A 1.7 -5.8 -30.1 0.63 36.84

M0-3 1.8 -4.5 -27.8 0.55 92.01

M0-2 1.8 -4.3 -26.6 0.40 93.16

M0-1 1.8 -4.9 -28.3 0.38 95.21

Miłoszów M2

M2-5 1.3 -3.2 -26.9 0.40 85.94

M2-3 0.0 -2.7 -26.8 0.32 89.91

M2-1 -2.6 -2.7 -27.4 0.81 78.89

Miłoszów M1

M1-12 1.7 -5.4 -27.2 0.39 12.44

M1-10 2.0 -5.9 -28.1 0.50 21.60

M1-9 2.1 -6.0 -29.7 0.20 12.37

M1-8 1.8 -5.6 -29.7 0.36 13.02

M1-7 1.9 -5.8 -29.8 0.37 11.79

M1-Ib (top) 2.4 -5.6 -27.2 0.69 93.80

M1-Ia (bottom) 1.0 -4.9 -27.8 0.44 94.36

Table 1

Carbon and oxygen isotope ratios, CaCO3 and total organic 
carbon (TOC) contents in the Miłoszów sections.  

Carbonate content was calculated based on the formula: 
CaCO3 (%) = total inorganic carbon (%) × 8.3333,  

assuming that all carbonates in the sample were calcite.

the Skały Fm in the M0 outcrop, being the hypostratotype 
of the upper boundary of the unit (Racki et al., 2022a).  
The Świetomarz Beds consist of carbonate-poor shales in 
the basal part (see description of the unit in Malec, 2012). 

In terms of conodont biostratigraphy, sections M1 and 
M2 represent the lower and upper parts of the timorensis 
Zone, respectively; the age of the M0 section is within the 
upper part of the rhenanus/varcus Zone (Fig. 2), even if 
the presence of the basal part of the ansatus Zone cannot 
be excluded (for details see Narkiewicz in Halamski et al., 
2022). On the basis of the miospore assemblage, the age of 
the deposits obtained from the M0, M1, and M2 sections 
were established as the Ex Zone (“Geminospora” extensa) 
sensu Turnau (1996, 2007, 2008). The index taxa for sub-
zone Ex1 were documented in the M1 and M2 outcrops and 
the lower part of the M0 locality (up to sample M0-4A), 
where the subzone Ex1/Ex2 boundary was documented 
(Fig. 2; see Kondas and Filipiak, 2022). When correlated 
with the type area of the Skały Fm in the nearby Dobruchna 
Valley, it becomes clear that the available Miłoszów sec-
tions are merely fault-controlled, small portions of a shaly- 
calcareous series at least 100 m thick (see fig. 9 in Halamski 
et al., 2022).

SAMPLES AND METHODS
Three (M0, M1, and M2) of four Miłoszów localities 

(Fig. 1), described in Halamski et al. (2022; see fig. 3; note 
that the numbering follows a topographic order, not that of 
the stratigraphic sequence), were sampled for this study. 
In total, 28 samples were analyzed for stable isotopes and 
total organic content (Fig. 2; Tab. 1), 23 were analyzed 
for elemental composition, and 14 limestone samples for 
microfacies analysis (Figs 2–4). Major and trace element 
concentrations were studied only in the M0 section and the 
marly interval (lithological set M1-IIa) in the M1 outcrop 
(Appendix 1), and thin sections were limited to the lime-
stone and marly limestone of the M1 section (lithological 
set M1-Ia and set M1-Ib) and M0 section (see Fig. 2). 

All samples range from medium to light grey in colour 
and (especially the limestones) are fossiliferous. Sampled 
rocks with CaCO3 contents greater than 95% are defined as 
limestones and samples with 85–95% as marly limestones 
(see the classification of Pettijohn, 1957), both being char-
acterized by wackestone to packstone textures. Samples 
with a CaCO3 content in excess of 25% but not more than 
85% are defined as marls (or marlstones), while CaCO3-
poor samples (5–25% of CaCO3) as marly claystones (or 
calcareous claystones) and (< 5%) claystones. Samples with 
a CaCO3 content of below 85% have more-or-less distinct 
shale-like fissility. In fact, “pure” limestones and claystones 
(argillaceous shales) were extremely rare in the samples 
studied (Tab. 1).

Stable isotopes

The isotope compositions of carbonate and organic mat-
ter were determined for 26 samples. Powdered bulk-rock 
samples reacted with purified H3PO4 at 70 °C. δ13C and 
δ18O measurements were made using a Kiel IV Carbonate 
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carbon (δ13Corg) isotope signatures were obtained, using a 
Thermo Flash EA 1112HT elemental analyser, connected to 
a Thermo Delta V Advantage isotope ratio mass spectrome-
ter in a Continuous Flow system. All isotope analyses were 
performed at the Institute of Geological Sciences, Polish 
Academy of Sciences in Warsaw, Poland. Isotopic values 
for carbon and oxygen are reported per mil (‰), relative to 
the Vienna PeeDee Belemnite (VPDB) standard and cali-
brated using certified international standards (NBS 18, NBS 
19 and IAEA-CO-9). The precision of the isotope analyses 
is ± 0.06‰ (δ13Ccarb), ± 0.33‰ (δ13Corg), ± 0.11‰ (δ18O).

Inorganic geochemistry

The samples from Miłoszów were analyzed for ma-
jor and trace element abundances at the Acme Analytical 
Laboratories (Vancouver) Ltd, Canada. Total concentrations 
of the major oxides and several minor elements were report-
ed from a 0.2 g sample analyzed by ICP-emission spectrom-
etry, following lithium metaborate/tetraborate fusion and 
dilute nitric digestion. Rare earth and refractory elements 
(e.g., Th, U, V, Zr) were determined by ICP mass spectrom-
etry, following the same decomposition method. A separate 
0.5 g split was digested with 3 ml 2:2:2 HCl–HNO3–H2O 
and analyzed by ICP MS for precious and base metals (e.g., 
Mo, Cu, Pb, Zn, Ni, As, Sb).

The chemostratigraphic study is based on conventional 
analyses of whole-rock bulk samples, which is the current 
research standard in sedimentary geology (see reviews 
in Sageman and Lyons, 2003; Tribovillard et al., 2006; 
Calvert and Pedersen, 2007; Craigie, 2018). To compare 
element contents and ratios in the carbonate-dominated 
sediments with fluctuating siliciclastic dilution, the authors 
used the Al-normalization (E/Al) and enrichment factors 
(EF); (Tribovillard et al., 2006). Enrichment factors were 
calculated as EEF = [(E/Alsample)/(E/Al)PAAS] and EEF =  
[(E/Alsample)/(E/Al)WED], in which E represents the target-
ed element. Samples were normalized, using the post-Ar-
chean average shale (PAAS) compositions of Taylor and 
McLennan (1985; see also Tribovillard et al., 2012) as well 
as the average limestone (WED; Wedepohl, 1970, 1971, 
1991). Any relative enrichment was expressed by an EF > 
1, a depletion by an EF < 1. Quoted correlation coefficients 
(r values) refer to the Spearman’s rank correlation method.

Total organic carbon

Total carbon (TC) and total inorganic carbon (TIC) were 
determined by an Eltra CS-500 IR analyser, calibrated using 
Eltra standards. Analytical precision and accuracy were bet-
ter than ± 2% for TC and ± 3% for TIC. Total organic carbon 
(TOC) content was calculated by subtracting the TIC con-
tent from the total TC content. The analyses were provided 
at the Institute of Earth Sciences, University of Silesia in 
Katowice. Assuming that all carbonates were calcite, car-
bonate content (in %) was calculated on the basis of the fol-
lowing formula: CaCO3 = TIC × 8.3333. For more details on 
this established process, see Rakociński et al. (2021).

MICROFACIES ANALYSIS
Section M1

The investigated Lower Givetian limestone section M1 
(units Ia and Ib; see Figure 2) consists of different mi-
crofacies types (terms after Flügel, 2010), including fine- 
bioclastic packstone, peloidal wackestone-packstone, stro-
matoporoid floatstone and coral floatstone-rudstone (Figs 
3, 4D–F, and 5A, B, D–S; Tab. 2; Appendix 2). Massive 
limestones of the subset M1-Ia (see Halamski et al., 2022) 
include mostly varieties of bioturbated bioclastic pack-
stone, locally neomorphosed (samples M1-2A, M1-2B) and 
dolomitized (sample M1-4), and also variably red-colour-
ed because of iron oxides (Figs 4–6) Numerous silt-sized 
peloids are found at some levels (samples M1-1, M1-4). 
In addition to substantial echinoderm debris, dominated 
by crinoid ossicles, abraded skeletal grains include bra-
chiopods (as single, small shells) and molluscs (mostly 
gastropods?), associated with fragmented and/or abrad-
ed corals (Fig. 3C). Additionally, smooth-shelled ostra-
cods, trilobites, and calcispheres (e.g., Parathurammina, 
Bisphaera, Radiosphaera, ?Irregularina) frequently occur. 
Subordinate fossil groups include ramose stromatoporoids 
(amphiporoids), echinoids (spines only), microconchids, 
uniserial foraminifers (Eonodosaria and ?Tikhinella), prob-
lematic Rothpletzella, and green algae (?Litanaia). Some  
bioclasts were overgrown by microbial girvanellid mi-
crostromatolites (Fig. 5E), while many crinoid ele-
ments show pervasive microendolithic borings (Fig. 5D). 
Bioturbation fabrics are visible not only in the comminution 
of skeletal elements (to grains, sized in tenths of a mm), but 
also in very irregular (patchy) packing densities of bioclasts, 
forming locally twisted structures, varying grain sorting and 
micrite textures, and obscure burrow structures (Fig. 3A, C).

Skeletal grains are less numerous in the burrowed pe-
loidal wackestone-packstone (sample M1-3; Fig. 3A) and 
comprise fragmented tabulates and stromatoporoids, associ-
ated with debris of crinoids, trilobites, ostracods, molluscs, 
brachiopods and ostracods. Scattered reef-builders, embed-
ded in partly neomorphosed fine-bioclastic micritic matrix, 
are enriched in stromatoporoid/coral floatstone (Figs 3D, 
4F). Tabulates are exemplified by heliolitids, and massive 
stromatoporoids are overgrown by microbial (probably 
girvanellid) shrubs. The worn, large-sized bioclasts are  
associated with brachiopods, molluscs, crinoids, and rugose 
corals. The microfacies is characterized by abundant calci-
spheres (e.g., Radiosphaera, Parathurammina, volvocacean 
algae, and ?Irregularina; Fig. 5F–H, K).

Coral-rich layers in the uppermost part of the limestone 
horizon (lithological set M1-Ib; see Fig. 6) represent coral 
floatstone/rudstone, with a bioclastic-peloidal micritic ma-
trix and scattered micritic intraclasts. Variously sized, often 
fragmented and abraded skeletal grains include rugose and 
tabulate corals, and platy stromatoporoids, paired with cri-
noid-shell detritus. The co-occurrence of trilobites, micro-
conchids and rostroconchids is noteworthy. The fossil as-
sociation in the intraclasts encompasses crinoids, trilobites, 
brachiopods, molluscs, and calcispheres. 
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Fig. 3.	 Examples of microfacies in the Miłoszów M1 section. A. Burrowed peloidal wackestone-packstone (sample M1-3). B. Crinoid-
brachiopod packstone with partly dissolved gastropod shell (sample M1-1A). C. Burrowed bioclastics packstone with numerous gastro-
pods and tabulate coral (sample M1-1B; see microbial encrustation in Fig. 5E). D. Fine-bioclastic packstone with abraded coralliths or 
colony of the tabulate coral Heliolites (sample M1-2B). Note the indistinct burrowing structures (bu) in bioturbated heterogeneous matrix 
(A and C), as well as its differentiated impregnation with iron oxides (B and D).
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Section M0

The Middle Givetian outcrop M0 includes mostly mac-
rofossil-poor limestone layers (see Halamski et al., 2022), 
corresponding to bioclastic packstone, which passed up-
ward into burrowed bioclastic wackestone-packstone  
(Fig. 4A–C; Tab. 2; Appendix 2). The muddy microfacies 
types are overall similar to the dominating crinoid-shell va-
riety in the lithological set M1-I, characterized by intensive-
ly bioturbated fine-bioclastic fabrics, frequently with shell 
hash concentrations and microbored echinoderm detritus. 
Small coral clasts are more common, only in the lower inter-
val (M0-2 to M0-4). Other skeletal grains are less diverse, 
represented mainly by trilobites, smooth-shelled ostracods, 
gastropods, amphipores, calcispheres, and echinoid spines. 

An abundance of branched bryozoans and octactinel-
lid sponge spicules characterizes samples M0-4C (Fig. 7),  
M0-5 and M0-9B. In the upper part of the section, the 

frequency of calcispheres (e.g., Parathurammina) distinct-
ly decreases, but ferruginous ?Stanieria-like coccoidal cy-
anobacteria are uniquely present (Fig. 4C). The abundance 
data were supplemented by microremain assemblages from 
macerated marly samples (Fig. 7). Note that no microfacies 
analysis was performed on section M2 (Fig. 2). 

GEOCHEMICAL RESULTS
A low CaCO3 content (12% to 22%) occurs in the up-

per shaly (clayey) part of the older succession, M1 (Fig. 8). 
Thus, these units can be classified as marly claystone; how-
ever, it is noteworthy that their geochemical signature can 
be somewhat biased by near-surficial weathering.

The M0 succession represents limestone-dominated 
(Skały Fm) and clay-rich (Świętomarz Beds) lithologies. 
The beds M0-1 to M0-9 of the Skały Fm are characterized 
by interbedded marl and limestone, with calcium carbonate 

Fossils/sample M1-
1A

M1-
1B

M1-
2A

M1-
2B M1-3 M1-4 M1-5 M1-6 M0-1 M0-2 M0-4 M0-5 M0-

8B
M0-
9B

massive stromato-
poroids ++ + +

sponge spicules + + +
Rugosa corals + + + ++ + +
Tabulata corals + + + + + + + + + + + + +
bryozoans + + + + + ++ + +
brachiopods ++ + + ++ + ++ ++ ++ ++ ++ ++ ++ ++ ++
crinoids ++ + + + + ++ ++ ++ ++ ++ ++ ++ ++ ++
echinoid spines + + + + +
gastropods + + + + +
mollusc shells ++ ++ + + + ++ ++ ++ ++ ++
smooth-shelled 
ostracods + + + + + + + + + + + + + +

trilobites + + + + + + + +
microconchids + +
foraminifers + + +
amphiporoids + + +
calcispheres + ++ + ++ ++ + ++ + + + +
green algae + +
girvanellid cyano-
bacteria + + +

Rothpletzella +
Steneiria-like 
cyanobacteria +

?Microcodium +

Microfacies P P F P W/P P F/R P P P P P P W/P

Table 2

Occurrence of particular groups of skeletal grains in the Miłoszów sections M1 and M0. 

Fossil frequency: ++ – numerous; + – occur. Type of microfacies: W/P – wackestone/packstone; P – packstone; P/G – pack-
stone/grainstone; F – floatstone; F/R – floatstone/rudstone.
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Fig. 4.	 Examples of microfacies in the Miłoszów M0 and M1 sections. A. Burrowed fine-bioclastic wackestone-packstone with accu-
mulated crinoid remains (cr) and fragmented brachiopod valves (br) in the bottom part of graded interval; note several horizontal burrows 
(bu) in the middle wackestone portion (sample M0-9B). B. Crinoid-brachiopod packstone, distinguished by coral debris and bryozoans 
(sample M0-4C), C. Fine-bioclastic packstone with partly neomorphosed matrix containing echinoderm-shell debris, affected by iron 
oxide mineralization (sample M0-2). D. Coral floatstone-rudstone, marked by unsorted crinoid-rich matrix (sample M1-5; compare Figure 
6). E. Crinoid packstone (sample M1-4). F. Stromatoporoid floatstone (sample M1-2A). Note incipient stylobrecciation, marked by iron 
oxides (C–E).
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Fig. 5.	 Micropalaeontological features of the Miłoszów limestone microfacies. A, B. Green algae, ?Litanaia; samples M1-4 (A) 
and M1-1B (B). C. Ferruginous ?Stanieria-like coccoidal cyanobacteria (sample M0-9B). D. Microendolithic borings of crinoid co-
lumnals (sample M1-1A). E. Microbial crust of Girvanella (sample M1-1B; Fig. 3C). F. Calcisphere Parathurammina (sample M1-4),  
G. Calcisphere Bisphaera (sample M1-4). H. Radiosphaerid calcispheres and volvocean algae (V) (sample M1-3). I. Sponge spicule 
(s) and fragment of brachiopod (br) (sample M0-9B). J. Echinoid spine (sample M1-1A). K. Different varieties of calcispheres (sample  
M1-3). L, M. Problematic Rothpletzella (sample M1-1B). N. Foraminifer ?Tikhinella (sample M1-1A). O. Foraminifer Eonodosaria (sam-
ple M1-1B). P. Amphipora ramosa (sample M1-4). Q. Small brachiopod (sample M1-2B). R. Rostroconchid (sample M1-6), S. Trilobite 
(tr) (sample M1-2B). T. Broken fenestrate bryozoan (br) and foraminifer ?Nanicella (n) (sample M0/9B).
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content between 80 and 95% and the purest limestone vari-
eties are limited to the basal part (Figs 7, 8). The main ex-
ceptions are “shale-like” intervals M0-4 and M0-8, referred 
to as marls (with a minimum of 37% CaCO3 in sample M0-
4A). In the uppermost layer, M0-10 (= basal Świętomarz 
Beds), the clay admixture increases and even exceeds 95% 
(in the topmost sample M0-10D). 

Carbon and oxygen isotope trends

Carbonate carbon isotope data (Fig. 8) reflect fluctuations 
from baseline values of around 2‰ (M1 section) decreasing 

to 0.0‰ (M2 section, with one-point drop to -2.6‰ values 
in sample M2-1), then back to 2‰ (in M0 section). A small 
δ13Ccarb drop of 1.2‰ to values of around 1‰ occurs in the 
upper part of the M0 section, near the boundary between 
the Skały Fm and the Świętomarz Beds. The carbon iso-
tope record of organic matter ranges from -30.5 to -26.5‰  
(Fig. 8). The most positive δ13Corg values occur in the M2 
section. Two positive δ13Corg shifts (to values of -26.6‰ and 
-27.7‰, respectively), separated by a negative excursion (to 
-30.1‰, sample M0-4A-B), are observed in the lower part 
of the M0 outcrop. Thereafter, the δ13Corg ratios gradually 
decrease toward the top of the M0 section. 

Fig. 6.	 Lithology of the coral-rich M1-I subset at the M1 locality. A, B. Abraded and broken coralliths and platy stromatoporoids in 
crinoid-brachiopod packstone matrix stained by dark brown Fe-oxides, unit M1-Ib; note coarse crinoid debris (partly bored; BC) including 
calyces (B – lower part, cc). C. Coral-intraclastic accumulation (biointrarudstone), with the large rugosan corals (cut and slightly displaced 
along the subhorizontal fracture) encrusted by an alveolitid (AE); fragmented lamellar stromatoporoid (SB) and alveolitid (AB), and mic-
ritic intraclast (MI) floated in crinoid-rich wackestone matrix; lithological unit M1-Ib, sample M1-5 (courtesy of Andrzej Baliński; see also 
Halamski et al., 2022, fig. 4C). Textural inversion is indicated by infilling of outer coralith parts with pure micrite (M) and by their partial 
destruction during postmortem exhumation, downslope transport, and rapid allochthonous deposition. 
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The oxygen isotope values in the M1 section range from 
-5‰ to -6‰ (Fig. 8). An increase of δ18O values to -3‰ oc-
curs in the M2 section. δ18O values vary from -6‰ to -3‰ 
in the M0 outcrop.

Elemental composition

The geochemical data presented (Fig. 9) highlight el-
emental concentrations and proxies that aid the interpre-
tation of the depositional environment of the Miłoszów 
sections, including major oxides (SiO2, Al2O3, TiO2, K2O,  
Na2O, Fe2O3, CaO, and MgO), trace elements (e.g., Zr, Th, 

U, Mo, Cd, Zn and V), and total organic carbon. A ge-
ochemical dataset is available in the supplementary data 
(Appendix 1).

Information on oceanic palaeoproductivity and proximity 
to coastlines can be obtained by determining the source of 
silica in the samples (Fraser and Hutchison, 2017). A silica 
source can be inferred from its relationship with zirconium 
(Zr), an element typically used as a proxy for terrestrial in-
put (e.g., Wright et al., 2010; Blood et al., 2013; Hall et al.,  
2013). The high SiO2/Zr ratios indicate biogenic silica en-
richment. The element Al is most commonly utilized as the 
primary indicator of fine-grained detritus, and the Si/Al  

Fig. 7.	 Abundance changes of foraminiferans (fig. 1 in Gajewska, 2022) and related calcareous microfossils plotted alongside the litho-
facies changes in the M0 section, shown in terms of sedimentary control interplay in the Łysogóry carbonate ramp between the Kielce car-
bonate platform (exemplified also by calcisphere frequency) and prograding siliciclastic deltaic system (see Malec, 2012), recorded in the 
retreating open shelf biota of the Skały Fm and of the Świętomarz Beds, respectively. Diverse marine fossil microremains from the layer 
M0-4 were dominated by bryozoans and crinoids [also micromorphic brachiopods, mostly ?Bifida (br), tentaculites (te), differently-sized 
spicules of octactinellid calcisponges (cs), and tubular microproblematics (tm; compare Form D in Gajewska, 2022], while impoverished 
association in the layer M0-10 is distinguished by abundance of ostracods (os).
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Fig. 8.	 Carbon and oxygen isotope and CaCO3 records in the Miłoszów sections. One-point d13Ccarb drop (grey point) at the M2 section 
is interpreted as diagenetic overprinted. 

ratio as a proxy for sand-dominated (> 5) or clay (< 5) lith-
ologies (see Ver Straeten et al., 2011). Thorium (Th), Hf, 
and Zr concentrations (positively correlated with detrital clay 
volume; Ratcliffe et al., 2012) and terrigenous input profile 
(TIP; Hildred and Rice, 2014; Pyle and Gal, 2016) were used 
to determine the terrigenous input. The TIP is the summed 
weight percent of Al2O3, TiO2, K2O, and Na2O, oxides that are 
almost entirely related to land-derived sediment and may be 
immobile during diagenesis (Tribovillard et al., 2006). 

The products of enhanced chemical weathering generally 
have higher Rb and Cs concentrations than the parent rocks 
(Yan et al., 2007). While Al, Ti, Th, Hf, and Zr are relative-
ly resistant to chemical weathering (Tylor and McLennan, 
1985). Hence, Rb/Th and Cs/Ti ratios can provide evidence 
of chemical weathering intensity and indirect evidence of 
climatic conditions (Yan et al., 2007).

Redox-sensitive trace metals, such as Mo, U, As, Co, and 
Sb, have been used to reconstruct palaeoocean chemistry 
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(Tribovillard et al., 2006; Algeo and Maynard, 2008). In 
strata under lower dysoxic to anoxic conditions, these ele-
ments bond to organic matter or form sulphide compounds. 
Therefore, a strong positive covariance between the concen-
trations of U, V, Mo, and U and the accumulation of TOC 
was found by many researchers under anoxic conditions 
(e.g., Sageman and Lyons, 2003; Algeo and Lyons, 2006). 
Enrichment in molybdenum also takes place under oxic con-
ditions, but Mo is scavenged mainly by Mn and Fe oxyhy-
droxides. Among potentially autogenic elements, Mo and U 
are considered to be indicators of redox states, while Cd and 
Zn are seen as nutrient proxies (Tribovillard et al., 2006). 

Covariation patterns show two distinctive groups of ele-
ments (Appendix 1): (1) related to the detrital clay fraction, 
that is, controlled by detrital input (rs > 0.9 with Al; most 
elements, such as Al, Si, Zr, Ti, K, and Na, but also Ba, Mg, 
Ni, Cu, Co, and V, among others), and (2) unrelated to the 
clay fraction, that is, at least partly of autogenic origin. An 
independent position is taken by Zn (lack of any compatibil-
ity with other elements, excluding U and Cd), while U has 
a generally weak correlation with the siliciclastic tracers. 

The SiO2 contribution is highly variable, from ~2% to 
47%. All lithologies show similar TOC contents, ranging 
from 0.13 to 0.94 wt. % (Fig. 9; Tab. 1). Only a few ele-
ments (U, Zn, and Cd) exhibit a moderate positive correla-
tion with TOC (rs around 0.5, p < 0.05; Appendix 1). Strong 
positive correlation occurs between Mo and Mn (rs = 0.77, 
p < 0.05). Mo, U, As, and Sb enrichment factor curves at 
Miłoszów sections are similar, although absolute values 
vary considerably, with the order of enrichment of all sam-
ples, relative to an average shale, as follows: As > U > Mo 
> Sb. The Th/U ratio, commonly used as the palaeoredox 
proxy (Tribovillard et al., 2006; Rakociński et al., 2021), 
shows a pattern similar to the land-derived elements (such 
as Th and Zr; Fig. 9).

When compared with the average limestone, as defined 
by Wedepohl (1970, 1971, 1991), the limestone samples 
from Miłoszów display negligible differences, exempli-
fied by some enrichment in Zn, as well as Nb, La, and Y 
(Appendix 1). Dolomitization remains unimportant in the 
studied samples, as the MgO content is on average 1% and 
linked with aluminosilicates (rs = 0.93 with Al).

IMPLICATIONS FROM CARBON  
AND OXYGEN ISOTOPE RECORDS

Previous stable carbon and oxygen isotope data come 
from foraminifera tests (Semitextularia thomasi) and 
bulk-rock samples from Miłoszów (Fig. 10) and Skały 
sections (Dubicka et al., 2021; Gajewska, 2022). Yans  
et al. (2007) measured δ13Ccarb in scattered brachiopod cal-
cites from the lower part of the Skały Fm at Skały, and 
obtained a value of 3.1‰ in the highest sample from the 
Lower varcus (= ?timorensis) conodont Zone (Fig. 10).  
The δ13C data from a marly intercalation in the Miłoszów 
coral biostrome of the M1-IIa unit (−0.1‰, −2.2‰; Dubicka 
et al., 2021) are more similar to values obtained from bulk-
rock samples in the M2 section (0.0‰, -2.6‰) than in our 
M1-7 sample (1.9‰). The samples from M1, M2, and M0 

outcrops show δ13Ccarb values more similar to the average 
carbon isotope values from Upper Eifelian ‘brachiopod 
shales’ at Skały 11 section (1.7‰; Dubicka et al., 2021). 
The reported isotope ratios also agree with the results of 
Yans et al. (2007) from the Eifelian–Givetian transition that 
increase from 1.3‰ to 2.8‰, at least partly corresponding 
to the Kačák positive excursion, so clearly recorded in the 
Ardennes (Yans et al., 2007, fig. 2m).

The Skały Formation represents an open-marine, out-
er to middle carbonate ramp facies (Halamski et al., 
2022; see below). Buggisch and Joachimski (2006) stat-
ed that baseline δ13Ccarb values are between 1‰ and 2‰ 
in Devonian lower slope facies. The δ13C data of well- 
preserved brachiopod shells from upper part of the hemi-
ansatus to rhenana/varcus zones is in the range 1.2‰ to 
2.7‰ (van Geldern et al., 2006). These values are not cor-
related with a positive offset and global events (van Geldern 
et al., 2006, fig. 8). Most δ13C results at Miłoszów fall with-
in the range reported for the Givetian brachiopods and lower 
slope settings. Only two samples from the M2 section show 
distinctly lower values (≤ 0.0‰). Buggisch and Joachimski 
(2006) observed positive carbon isotope excursions in the 
Lower–Middle Givetian carbonate samples from Montagne 
Noire and the Rhenish Massif (~2‰), and in their opin-
ion, the δ13Ccarb increases coincide with the pumilio events.  
A similar δ13C pattern, based on brachiopod calcite, was 
found in the Ardennes in the upper hemiansatus – rhena-
na/varcus zonal interval (fig. 2 in Yans et al., 2007;  
Fig. 10). The carbonate carbon isotope record at Miłoszów 
(as in Hühnertal, Harz, Germany; Fig. 10) in the timorensis–
rhenana/varcus zones (formerly the Lower varcus Zone) 
shows several fluctuations (in magnitude ~1.5‰) but with-
out a distinct positive excursion. 

The δ13Corg values observed in the Miłoszów sections 
are within the range of data, reported from the Middle and 
Late Givetian marine basin that connected the Appalachian 
Foreland Basin with the Michigan Basin in Ontario, Canada, 
by van Hengstum and Gröcke (2008; revised dating in Brett 
et al., 2011). However, the δ13Corg data (-30‰ to -27‰) ob-
tained for the Miłoszów limestones are generally similar to, 
or slightly higher than results published for the Canadian 
part of Laurussia (-29.5‰ to -27.5‰ of the Hamilton Group, 
Ontario, van Hengstrum and Grӧcke, 2008; -30‰ to -28‰ 
of the Canol Fm, Richardson Mountains, Yukon, Fraser 
and Hutchison, 2017; -31‰ to -29‰ of the Prohibition 
Creek Member, Horn River Group, Northwest Territories, 
Kabanov et al., 2022). Positive δ13Corg excursions were ex-
plained by Kabanov et al. (2022) as an enrichment in 13C, 
associated with an influx of isotopically heavy plant detri-
tus. An increase in the quantities of in terrestrial spores was 
detected during the Late Silurian positive carbon isotope 
excursion, while abundant and diverse acritarch communi-
ties correlate with low stable isotope values (Stricanne et 
al., 2006). A similar relationship between changes in marine 
and terrestrial palynomorph assemblages and δ13Corg curve 
deviations can be observed in the studied sections. In partic-
ular, a decrease in δ13Corg in the upper part of the M0 section 
could indicate decreasing input of terrestrial origin organic 
matter or an increase in the contribution of 12C-rich marine 
organic carbon.
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Values for δ18O of the studied bulk-rock samples are sim-
ilar to or higher than the δ18O data from rock and well-pre-
served microfossil samples from shaly lithologies in the 
Skały section. Averaged δ18Ocarb values obtained by Dubicka 
et al. (2021) in the Miłoszów section (-6.4 to -6.9‰; Fig. 9) 
are significantly lower than the present data (-6.0 to -2.7‰; 
Fig. 9). Fluctuation in oxygen isotope ratios can be induced 
by diagenetic alterations or primary changes in seawater 

salinity or/and temperature (Song et al., 2019). The rela-
tively homogeneous δ18O values in the samples from the 
M1 and M2 sections may be explained by the diagenetic 
stabilization of carbonate mud in meteoric solutions (Allan 
and Matthews, 1982). In this case, the oxygen isotope com-
position of the carbonates will be strongly related to the 
composition of meteoric solutions (see Joachimski, 1994). 
Alternatively, brachiopod calcite δ18O records during the 

Fig. 9.	 Geochemical proxies of terrestrial input, redox condition, chemical weathering intensity, productivity and hydrothermal ac-
tivity from the M1 and M0 sections (see text). Correlation of the M1 and M0 outcrops with the succession of the Grzegorzowice-Skały 
indicates that M0 is located about 80 m above M1 (compare to figure 8 in Halamski et al., 2022). Oxygen isotope data for foraminifera 
Semitextularia thomasi from Dubicka et al. (2021). 
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timorensis-rhenana/varcus zones (Veizer et al., 1999; van 
Geldern et al., 2006) reflect a similar scatter of isotope ra-
tios to those at the Miłoszów localities. This oxygen isotope 
record shows an extremely high δ18Ocarb value of -2.9‰ for 
the Middle Devonian and an increase of the conodont δ18O 
values during the Early Devonian to a Middle Devonian 
maximum (~ 19.3‰ VSMOW; Grossman and Joachimski, 
2022). Interestingly, although the bulk rock δ18O values in 
the Miłoszów samples were most likely diagenetically al-
tered because the δ18Ocarb of micrites is more susceptible to 
diagenetic overprinting than are the brachiopods and bio-
phosphates (see strong and moderate negative correlation 
between δ18O and δ13C data in the M1 and M0 sections,  
respectively; Appendix 3), the relatively high δ18Ocarb val-
ues, corresponding to well-preserved brachiopod shells,  
indicate a surprisingly low resetting of oxygen isotopes in 
the analyzed calcite material (Fig. 8; see below). Further 
δ18O investigations (e.g., in biogenic low-Mg calcite; see 
Brand et al., 2012, or in conodonts; Barham et al., 2012) 
will determine whether the oxygen isotope data of whole 
rock samples in the Miłoszów sections reflect sea-water 
temperature fluctuations. 

INTERPRETATION OF ELEMENTAL 
PROXIES 

Silica source and terrestrial input 

The Si/Al ratio ranges from 1.7 to 3.2 and indicates inflow 
to the basin of mainly the clay fraction (Fig. 9). The SiO2/Zr  
ratio in the Skały Fm is low (≤ 0.5). The highest ratios 
(≥ 0.6) occur in the marly intervals of the M1 and M0 sec-
tions (from samples 9B to 10D). The samples from the 
middle part of the M0 section (samples 4D to 7) have the 
lowest values in the sections (< 0.4). A SiO2 versus Zr cross-
plot displays positively covarying relationships (rs = 0.98,  
p < 0.05), indicating exclusively terrestrial-derived silica 
(e.g., Wright et al., 2010; Pyle and Gal, 2016). The Th, TIP, 
Hf, and Zr trends are also lithology-related (Fig. 9) because 
they reveal similar patterns at the Miłoszów sections, with 
high values in the clay-rich M1 section and three decreas-
ing–increasing cycles in the M0 section. The highest TIP, 
Th, Hf, and Zr values in the M0 section occur in the marly 
intervals (M1-7 to M1-12; M0-4A to M0-4D; and M0-10A 
to M0-10D). Such proxy fluctuations can be caused by 
sea-level or climatic changes (Blood et al., 2013; Fraser and 
Hutchison, 2017; see below). 

Fig. 10.	 Carbon isotope records of the Lower–Middle Givetian boundary interval, based on carbonate samples (limestones and brachi-
opod calcites) from Western Europe (Montagne Noire, Rhenish Massif, Harz, Ardennes) and Holy Cross Mountains. Dark grey shaded 
bars highlight major excursions (A – lower pumilio event, B – upper pumilio event) after Buggisch and Joachimski (2006), light grey bar 
– Lower varcus conodont Zone. 1 – Buggisch and Joachimski (2006); 2 – Yans et al. (2007), no thickness scale, 3 – this study, 4 – Dubicka 
et al. (2021). Asterisks indicate the δ13Cbrachiopod values from the Skały Fm. The relative position of data from the M1, M2, and M0 sections 
on the right. No thickness scale for the unexposed intervals. 
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Redox conditions and bioproductivity

As described above, most of the potentially redox-sensi-
tive elements, except for Mo and U, show strong positive cor-
relations with elements of detrital origin (see Appendix 1).  
The redox-sensitive elements show distinctly decreasing 
values upward in the Miłoszów sections. Negligible Mo 
enrichment occurs only in the lower part of the M0 sec-
tion. However, the lack of significant correlation between 
Mo and TOC contents, in contrast to the good covariation 
between Mo and Mn, especially for limestone samples, in-
dicates the absorption of Mo onto Mn-oxyhydroxides dur-
ing oxidative precipitation. Higher TOC values (0.4–0.8%), 
EFCd, and EFZn in the carbonate lithologies of the Skały Fm 
(Fig. 9), indicate strong periods of increased productivity 
without drastic changes in redox states. In the M0 section, 
fluctuation in δ13Corg corresponds to chemostratigraphic 
trends of Zn and Cd enrichment factors. This correlation 
may be related to local nutrient input and the development 
of conditions conducive to the blooming of marine bio-
ta. Conversely, the claystone layers M1-7 to M1-12 and  
M0-10 are not enriched in the bio-sensitive elements. These 
intervals are interpretable as having been deposited in oxic 
oligotrophic conditions, which for the most part agrees with 
impoverished fossil content upward in both successions (see 
below).

Weathering and climatic setting  
in sediment source area

A pre-Taghanic shallowing was detected in the conodont 
biofacies and lithology in North America (Taghanic type 
region in the Appalachian Basin, Nevada, and Northwest 
Territories of Canada), in Europe (Germany, Armorican 
Massif, southern France, Poland, and Carnic Alps), North 
Africa (Morocco), on the Siberian Craton, and in South 
China (summary in Aboussalam and Becker, 2011). The eu-
static regression forms the uppermost part of Depophase If 
of Johnson et al. (1985), but a more complex pattern of fluc-
tuating sea-level is proposed by Brett et al. (2011; Fig. 11D). 
On the basis of the oxygen isotope composition of biogen-
ic apatite and brachiopod shells, Joachimski et al. (2009) 
calculated seawater temperatures of around 23 to 25 °C for 
the Middle Devonian, and a cooling trend from late Emsian 
to middle Givetian (see also Brett et al., 2020). The latest 
data exhibit similar temperature trends for Late Ordovician 
to Devonian low-latitude SSTs, although Grossman and Jo- 
achimski (2022) calculate values in the range of 32–40 °C  
(Fig. 11E). 

Climate/weathering elemental proxies (Ti/Al, Rb/Th,  
Cs/Ti; Kiipli et al., 2012; Yan et al., 2007; see also summary 
in Racki et al., 2022b) were tested for the Miłoszów M0 and 
M1 successions. The Ti/Al ratios are nearly constant, indi-
cating similar behaviour during weathering. Lower CaCO3 
contents, higher Rb/Th and Cs/Ti ratios and elevated terrig-
enous input in the marly and claystone units (Figs 8, 9) can 
indicate more intensive chemical weathering in a warm and 
humid climate (compare Yan et al., 2007). However, this 
tentative conclusion should be supported by the evidence 
from oxygen isotopes in biogenic apatite.

Volcanic/hydrothermal processes

The Middle Givetian (Lower varcus conodont Zone) ex-
tensive synsedimentary alkali-basaltic volcanism is docu-
mented in the form of the lapilli-limestone-tuffite succession 
in the Rhenish Massif (Lahn and Dill Syncline; Königshof 
et al., 2010). While volcanic quiescence is implied from the 
geochemical data under study (at the most 10 ppb in the case 
of Hg, Appendix 1), the interpretation of hydrothermal sig-
natures is more complex because of probable superposition 
of syndepositional and post-depositional signatures in the re-
currently tectonically active zone of the Holy Cross Fracture 
(Czarnocki, 1957; Narkiewicz et al., 2006; Konon, 2007). 
The late Variscan metallogenesis is manifested by the near-
by pyrite-siderite-hematite ore at Rudki, near Nowa Słupia, 
in the Łysogóry Fault zone (Rubinowski, 1969; Fig. 1B).  
The secondary hematitization of the limestones, referred to 
as hydrothermal alteration in tectonically sheared zones, is 
clearly visible at the top of M1-I lithological unit and varia-
bly manifested in many sectioned samples (Figs 3–4 and 6).  
Despite this uncertainty in the faulted Miłoszów area  
(Fig. 1C), both proxies applied, Fe2O3/Al (to limit a strong 
association with terrigenous input) and MnO, show the 
same chemostratigraphic trend of decreasing hydrothermal 
fluid flow (Fig. 9; see e.g., Lim et al., 2020; Racki et al., 
2022b), interpreted as a primary feature, most likely influ-
encing both redox and life conditions (see e.g., ferruginous 
coccoidal cyanobacteria in Fig. 5C).

CARBONATE RAMP MODEL 
AND ENVIRONMENTAL ACCOUNT

The microfacies types of the Miłoszów limestones  
(Figs 3–5), combined with geochemical proxies (Figs 8, 9), 
characterize the middle and outer facies belt of the Łysogóry 
carbonate ramp (see Halamski et al., 2022; Fig. 12), and may 
be correlated with the common ramp lithologies (RMFs), 
established by Flügel (2010, box 14.6, fig. 14.30). This dep-
ositional system was determined by a low-gradient slope 
and the facies belts passed gradually offshore into deep-
er-water, low-energy deposits. Although fine-grained, often 
burrowed, fossiliferous limestones and marls are general-
ly referable to the outer ramp zone (i.e., below the normal 
storm wave base; “standard” ramp microfacies RMF 3); 
strongly reworked skeletal debris is considered more typi-
cal for mid-ramp settings (RMF 7 and RMF 8). However, 
evidence of storm-controlled sedimentation (e.g., graded 
distal tempestites) is rarely preserved (see Fig. 4A), which 
indicates a more deep-shelf quiescent muddy setting, with 
skeletal material disarticulated primarily by the intense ac-
tivity of soft-bodied infauna. The mechanical efficiency of 
soft-bodied deposit feeders is evidenced in homogenized, 
finely comminuted bioclastic concentrations (Figs 3B, D, 
4B-C). Primary sediment fabrics and individual burrows 
are, therefore, only sporadically recognizable. 

Conversely, sparry microfacies are not found, and there-
fore, winnowing action, if any, was possibly compensat-
ed by in situ mud production by microborers. The main 
exceptions are breccia-like coral layers from the M1-Ib 
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Fig. 11.	 Regional events during the deposition of the Skały Fm at Miłoszów, against the biostratigraphic framework (Narkiewicz and 
Königshof, 2018; Kondas and Filipiak, 2022) and global event setting (see Halamski et al., 2022, fig. 7 therein). A. Conodont zonation. 
B. Miospore zonation. C–E. Global event stratigraphy (Becker et al., 2016, 2020), and eustatic (“standard” sea-level curve of Johnson  
et al., 1985, changed by Brett et al., 2011 and Brett, e-mail comm., 2022) and climatic records (Joachimski et al., 2009; Scotese et al., 
2021; Grossman and Joachimski, 2022; Brett, e-mail comm., 2022). F. Regional environmental changes in the Łysogóry carbonate ramp 
facies. For detailed information see Halamski et al. (2022). No thickness scale for the unexposed intervals. 

Fig. 12.	 The generalized framework of the carbonate ramp system (based on Flügel, 2010, figs 2.7 and 14.3, and box 2.4), adapted 
to the Holy Cross shelf domain by highlighting a depositional role of stromatoporoid-coral skeletal reefs (sensu Riding, 2002; see also  
figs 12 and 16 in Racki, 1993; fig. 10 in Wolniewicz, 2021; fig. 27 in Halamski et al., 2022), and the extent of downslope redeposition of 
the skeletal material to the outer ramp (arrow), ranging into the lagoonal domain (broken line). The homoclinal slope profile is strongly 
exaggerated. 



398 A. PISARZOWSKA Et Al.

interval, typified by disordered fabrics (microfacies RMF 9  
of Flügel, 2010; see also SMF 10 of Wilson, 1975), that 
is, chaotic accumulation of variably sized, frequently bro-
ken, and/or abraded coral and stromatoporoid skeletons 
and several cm-size micritic intraclasts in a bioclast-rich 
micrite matrix (Figs 4D, 6). These characteristics imply 
large-scale destructive processes during high-energy de- 
position, which resulted in the massive down-slope trans-
fer of unsorted sediments with major clasts from eroded 
reef shoals. The processes contrast with waning storm/cur-
rent action, recorded in many (most?) limestone layers as 
distal tempestites, but with the primary fabrics destroyed 
by bioturbators.

In summary, sediments of the Skały Fm in the Miłoszów 
sections were formed in open-marine environments in the 
lower part of the Łysogóry ramp slope in relatively quiet- 
water environments. However, they were close to the storm-
wave base, as evidenced by the episodic and negligible in-
fluence of higher-energy events, such as storms, or occa-
sional bottom currents. As stressed by Flügel (2010, p. 718),  
the low-energy, mud-dominated ramps were mainly con-
trolled by waves and tides. The scoured organic buildups 
were, thus, a prolific and persistent source of fine debris 
and calcareous ooze, transported together with rarer reef 
builder/dweller skeletons into peri-biohermal environments 
(as evidenced by the talus-like set M1-Ia). Consequently, 
intraclastic coral biorudites of the tripartite M1-Ib unit 
can be interpreted even as tsunami deposits, undervalued 
in epeiric domains (see Łuczyński et al., 2014; Pratt and 
Rule, 2021), and reported from the coeval nearby Kielce 
carbonate bank in the large-scale fragmentation and onshore 
resedimentation of stromatoporoid skeletons (Łuczyński, 
2022). On the other hand, significant downslope transport 
and redeposition is confirmed also by the ecologically 
mixed assemblage of skeletal grains. Stenohaline open-ma-
rine reef-dwelling corals, massive stromatoporoids, cri-
noids, and brachiopods, as well stenohaline echinoids and 
trilobites co-occur commonly with calcispheres and rarer 
amphiporoids (Fig. 5F–H, P; Appendix 2), the latter two 
typical of restricted lagoons of inner ramp settings (fa-
cies 11D and 12D of Wilson, 1975; zone IIIb of Machel 
and Hunter, 1994; e.g., Kaźmierczak, 1976; Racki and 
Soboń-Podgórska, 1993; Zapalski et al., 2022; Fig. 12). 
Such high-energy processes are evidenced particularly in 
the Givetian-Frasnian Szydłówek Beds developed in the 
Kostomłoty zone (Racki et al., 2004; Jagt-Yazykova et al.,  
2006). In particular, the calcareous microorganisms of un-
known biological affinity (partly represented by volvoca-
ean green algae and calcified acritarchs; Kaźmierczak and 
Kremer, 2005; Fig. 5F–H) were easily washed to the deep-
er slope zones, either from localized pond areas within the 
wave-dominated ramp barrier belt (later eroded over the 
Łysogóry Anticline) or from the vast back-barrier lagoon of 
the Stringocephalus biostromal bank of the Kielce Region 
(Racki, 1993; Wolniewicz, 2021; Halamski et al., 2022). 
The last case implies rather unusual, tsunami-type sedimen-
tary reworking (Łuczyński, 2022).

The investigated succession was formed close to the 
photic zone because photoautotrophic organisms, such as 
green algae, girvanellids and Steneiria-like cyanobacteria 

(e.g., Zhou and Pratt, 2019), occur throughout the entire 
succession. This could be partly in agreement with the 
conclusions of Dubicka et al. (2021) and Zapalski et al. 
(2022) who described, from Miłoszów limestones, photo-
synthetically active foraminifera and mesophotic tabulate 
corals. However, the topmost part of the Skały Fm in lo-
cality M0, distinguished by the incipient mesophotic bio-
strome (layer 9; Halamski et al., 2022) and the appearance 
of Steneiria-like cyanobacteria, may have been deposited in  
a little deeper- and/or quieter-water conditions. This waning 
ooze and debris transfer from carbonate sources, evidenced 
in the declining CaCO3 content, is traced also in the dis-
tinctly decreasing abundance of calcispheres and other for-
aminifera-like microfossils, and the total disappearance of 
semitextularid foraminifers (Fig. 12), green algae, and coral 
colonies (see Tab. 2). The clay-rich strata of Świętomarz 
Beds exhibit continuation of this trend, concluding with the 
impoverished skeletal content in the top sample M0-10D, 
dominated by diminutive ostracods (Fig. 7).

Ubiquitous bioerosion in eutrophic settings is reflected 
in common microborings, particularly in crinoid bioclasts 
(Figs 5D, 6B), and rarer micrite envelopes; a poten-
tial mud-producing role of calcispheres (Berkyová and 
Munnecke, 2010) is also noteworthy. Additionally, thriving 
large deposit-feeder and suspension-feeder populations, 
including the diverse encrusting communities reported by 
Zatoń and Wrzołek (2020), indicate high nutrient levels, 
both within the bottom muds and suspended in the water 
column. A tendency toward eutrophication seems to be  
a specific character of the outer ramp zone in the Łysogóry 
Region, at least in reference to Flügel’s (2010) ramp mod-
el. This supposition is confirmed by the mostly bored cri-
noid columnals, reported by Głuchowski (2005) from the 
Eifelian part of the Skały Fm in the type section (see also 
Gorzelak et al., 2011 for an inferred crinoid record of plac-
oderm bite marks). 

In the light of the geochemical proxies, the Skały 
Formation was deposited in a well-oxygenated marine 
environment, influenced by a continuous but varying in-
tensity input of terrigenous material. The dominance of  
miospores originating on land in all study sections, the low 
content of amorphic organic matter, and rare scolecodonts 
and acritarchs (Fig. 11F; Kondas and Filipiak, 2022) further 
confirm these observations. The changing proportions of 
terrestrial and marine organic matter is reflected in the 
δ13Corg record. The negative anomaly δ13Corg in the M0 
section correlates with marly intervals with a rich as-
semblage of open-marine organisms (samples M0-4A, B; 
Fig. 7) and the highest values for the intensive input of 
marine debris (see miospore and acritarch frequency in 
Fig. 11F).

REGIONAL  ASPECTS  
OF THE PRE-TAGHANIC ECOSYSTEM

The gentle slope profiles of carbonate ramps are viewed 
as efficient in subduing the most high-energy deposition-
al events in middle shelf settings that resulted in an om-
nipresence of muddy deposits and the supressed massive 
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framebuilding in reef shoals and isolated buildups (Wilson, 
1975, p. 362; Flügel, 2010; see also reviews in: Read, 1985; 
Machel and Hunter, 1994; Reijmer, 2021). As shown in 
the present study, the soft-bottom habitats of the Łysogóry 
ramp, marked by well-aerated and illuminated and eutrophic 
conditions, were places of diverse benthos blooming, both 
in infaunal and epifaunal niches. In the Moroccan intrashelf 
setting, Kaufmann (1998) showed that it is difficult to sub-
divide the Early Givetian ramp facies of the high-latitude 
Mader Basin by means of distinctive hydrodynamic inter-
faces (see also Wendt et al., 1997 and Jakubowicz et al., 
2019). Despite a location within the equatorial belt, this hin-
drance is also visible in the coeval fragmentary Miłoszów 
succession (see a more general summary in Halamski et al.,  
2022). Only two generalized facies can be distinguished 
with certainty: (1) shallower (middle) ramp, affected by 
episodic high-energy conditions in the euphotic zone, and 
(2) deeper (outer) ramp, encompassing mostly mesophotic 
low-energy habitats (Fig. 12; compare the Czech ramp ex-
amples in Bábek et al., 2018 and a Canadian summary in 
Machel and Hunter, 1994).

Following Halamski et al. (2022, fig. 27), with refer-
ence to the standard Struve’s (1963) biofacies model of 
the Middle Devonian ‘reefs’ in the Eifel Mts, two main 
sessile epifauna groupings include (1) shelly nests and 
clusters formed by low-diversity brachiopod communities 
(dominated in the deepest part by small-sized Bifida and 
Echinocoelia; Fig. 7), and (2) ephemeral mesophotic cor-
al biostromes, with a prominent example of tabulate marly 
biostrome (unit M1-IIa), ‘a hot spot’ of benthos diversi-
ty (note also the brachiopod- and coral-rich layer M0-9). 
In the light of the present data, the brachiopod milieu 
(Brachiopodetum), interfingered partly with coral-domi-
nated Rapetum and Cespitetum zones (fig. 27 in Halamski  
et al., 2022), was inhabited by at least two additional biota, 
which are as follows: 
1.	Bryozoan bioconstructions (with a contribution of oc-

tactinellid calcisponges?), encompassing low-relief 
biostromes and patches, formed mainly by sediment 
stabilizing branched colonies (A. Ernst, mail comm., 
2022), including delicate cryptostomes (Isostylus?) and 
cystoporates (Sulcoretepora), and fenestrates (pinnate 
Penniretepora). The faunal association occurs abun-
dantly in the marly levels of the M0 section (see Fig. 7),  
and diverse bryozoans, dominated by erect trepostomate 
species, are reported as well as by Wyse Jackson (in 
Halamski et al., 2022) from the marly coral biostrome 
(unit M1-IIa);

2.	Localized crinoid clumps. The mass-occurring fine cri-
noid debris (mostly less than 2 mm in size) may be inter-
preted as distal evidence of prolific crinoid meadows of 
the mid-slope zone (Crinoidetum; see Fig. 6B). However, 
a parautochtonous record of diminutive crinoid popula-
tions, colonizing shell pavements, is probable in the mud-
dy habitats. 
Two major events are recognized as the main perturba-

tions in the overall steady calcareous-clayey depositional 
system: 
–– the Early Givetian time of intensive reworking of the 
ramp environments during three(?) extreme storm or 

tsunami episodes, followed by the rapid but transient ces-
sation of carbonate deposition within the middle part of 
the Skały Fm (recorded in the M1-I/M1-II transition);

–– the Middle Givetian demise of the Łysogóry carbonate 
ramp, evidenced in the stepwise diachronous passage 
from the Skały Fm to the Świętomarz Beds (Malec, 2012; 
Racki et al., 2022); the carbonate factory only briefly re-
vived in the Łysogóry Region during bioherm growth of 
the Pokrzywianka Beds (Zatoń et al., 2022).
The older high-energy episode needs to be investigated 

in a broader, regional perspective, including lateral facies 
changes, while more data already may be available on the 
second depositional turnover, studied in the M0 succession. 
Dominantly carbonate deposition and short-lived benthos 
colonization were influenced by siliciclastic input (layers 4  
and 8). Relatively low sea-level during the pre-Taghanic 
interval and probable climatic fluctuations (Fig. 11) could 
be manifested in intensified chemical weathering in sedi-
ment source domains. On the one hand, intensive supply of 
clayey material may have provided the nutrients necessary 
to stimulate primary productivity; on the other hand, it may 
have reduced water transparency and negatively affected 
photosynthetic activity on the seafloor, as indicated at the 
Skały section (Dubicka et al., 2021).

The environmental changes at the top of the Skały 
Formation are reflected in the onset of clay-controlled sed-
imentation, which resulted from the suppressed input of 
calcareous material, as recorded in micropalaeontological 
trends (e.g., the disappearance of semitextularids; Fig. 7) 
and palynofacies changes (the increasing frequency of ma-
rine acritarchs, Fig. 11F). The carbonate production crisis is 
presumably a record of the collapse of the carbonate factory 
at the northern periphery of the Kielce platform (Narkiewicz 
et al., 2006). The ramp succession graded upward into the 
prodelta facies of the Świętomarz Beds (Malec, 2012; 
Zatoń et al., 2022; Fig. 7). The Middle Givetian event was 
considered the combined effect of tectonic activation and/
or climatic changes in the area, situated to the south-east 
of the Holy Cross region (Czarnocki, 1957; Kłossowski, 
1985; Malec, 2012), paired with the pre-IIa sea-level fall 
(Narkiewicz et al., 2011). The petrographic data of Kuleta 
and Malec (2015) indeed indicate a hypothetically active 
orogenic-cratonic source area (i.e., a recycled orogen built 
of siliciclastic rocks and a cratonic continental zone) in 
western Volhynia (Ukraine), but it is impossible to assess 
the magnitude of the tectonic movements.

According to Turnau and Racki (1999, fig. 8) and Kondas 
and Filipiak (2022), the regional transition was promoted 
by a transgression, and the biotic and geochemical var-
iations (Figs 7–9) are indicative of the influx of 12C-rich,  
oligotrophic marine water. The dynamic interplay between  
a carbonate platform and an intermittently prograding del-
ta front was clearly recorded in the silty-sandy intervals in 
the upper part of the Skały Fm (Pajchlowa, 1957; Malec 
and Turnau, 1997; Racki et al., 2022a), and finally, in the 
marly layers of the M0 section (Fig. 7). The final onset 
of a prodelta muddy regime might have occurred without  
a significant sea-level change, when driven by a mass influx 
of fine clastics and turbid waters from tectonically restruc-
tured areas because of block movements. It is noteworthy 
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that the dispersal of pelagic biota (styliolinids, small-sized 
bivalves), known from the Skały Fm (Pajchlowa, 1957), 
especially in the Świętomarz-Śniadka section (Woroncowa-
Marcinowska, 2012), is unrecognizable in the more prox-
imal Miłoszów and Skały successions during the eventual 
carbonate crisis (see also Malec and Turnau, 1997). This 
lateral ecological segregation may be explained by low- 
salinity proximal watermasses in the estuarine-type circu-
lation, promoted by the expanding delta (see the Givetian 
Hamilton-Tully biofacies example from Appalachian Basin 
in Zambito et al., 2012; Fig. 13).

A CONUNDRUM OF PUMILIO GLOBAL 
EVENT IN ŁYSOGÓRY BASIN

Among the Miłoszów localities, the Middle Givetian  
coquinoid accumulations, if any, may occur exclusively in 
the M0 section (in bed M3λ the rich shelly fauna is found 
in the form of localised nests; Baliński and Halamski, in 
press). The absence of a distinct positive δ13C excursion in 
carbonate and organic signatures (Fig. 10) and the dark grey 
limestone with increased brachiopod-styliolinid abundance 
indicates that the pumilio event is not recognized, either be-
cause of a missing section or because it did not affect this 
local area at all. In the investigated localities, single small 
brachiopods similar to the Pumilio-like fauna (cf. Lottmann, 
1990b) are visible in thin sections; however, they probably 
represent the genus Bifida, which is not related to pumilio 
event.

Conversely, the upper pumilio level was hypothesized by 
Woroncowa-Marcinowska (2012, p. 359) as developed in 
the styliolinid-rich shaly succession with goniatites in the 
Świętomarz-Śniadka section. Thus, this attractive topic is 
still a challenge for further research in both areas of the Skały 

Fm exposure, exemplified by the obvious biogeographic 
question: why were distant Moroccan (= Gondwanan) local-
ities more similar to the Rhenish sites than these in the Holy 
Cross Mts, also located in the southern Laurussian shelf? 
This puzzle is unveiled once again by the Late Givetian 
rhynchonellide brachiopod succession in the Kostomłoty 
basin (Sartenaer and Racki, 1992).

CONCLUSIONS 
1.	Three Lower to Middle Givetian marly-limestone suc-

cessions, exposed at Miłoszów, represent middle to 
outer facies belts of the vast carbonate ramp, character-
ized by largely rich epifaunal and infaunal benthic life 
in muddy, mostly oxic, eutrophic, and sunlit habitats. 
Brachiopods and periodically corals (in mesophotic as-
sociation), erect branching bryozoans, and most likely 
tiny crinoids played a leading role among flourishing, 
sessile suspension-feeders.

2.	Subdued storm events and intensified current circulation, 
possibly enhanced by a tsunami (tsunamis?) in a brief 
early Givetian time interval, controlled prolific carbon-
ate ooze shedding from shallow ramp areas, including 
restricted back-ramp lagoons and a variety of organ-
ic buildups populated by corals and stromatoporoids.  
The ecologically mixed grain association is indicated by 
a rich occurrence of calcispheres and amphiporoids, be-
ing a typical lagoonal biota in the deep ramp facies.

3.	The effective carbonate factory declined stepwise region-
ally during the Middle Givetian because of an intermit-
tent westward progradation of the deltaic system of the 
Świętomarz Beds, influenced probably by activation of 
block movements in western Volhynia. The regional car-
bonate crisis resulted in the regional demise of diverse 
benthic life, including prolific calcified microbiota. 

Fig. 13.	 An idealized model of quasi-estuarine - type circulation, developed in the initial progradation phase of the Givetian delta into the 
Łysogóry Region (i.e., the transition from the Skały Fm to the Świętomarz Beds; after data from Malec, 2012; Kuleta and Malec, 2015). 
This oceanographic pattern resulted from increased river flow and, consequently, enhanced freshwater input from the uplifted southeast 
hinterland to the carbonate ramp (based on the model for the Middle Givetian Appalachian Basin in Zambito et al., 2012, fig. 10B; see 
also fig. 1C in Edinger et al., 2002). The subsurface brackish watermass is interpreted as a stressor, responsible for the exclusion of pelagic 
biota in the proximal region of Skały-Miłoszów.
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4.	The higher Skały Fm succession, deposited between the 
important Kačák and Taghanic biotic crises, is noticeable 
for a background carbon-isotope pattern in carbonate and 
organic matter signatures, with the baseline δ13Ccarb values 
between 1‰ and 2‰. The δ13C patterns, observed in the 
Miłoszów sections, confirm therefore a stabilized carbon 
cycle and common environmental stasis in the global 
ecosystem in the studied Givetian interval (see discussion 
in Halamski et al., 2022). However, the strata studied rep-
resent a small fraction of the Skały Fm, and more refined 
biogeochemical and ecological records are a challenge 
for future work.

5.	The microfacies and carbon isotope data confirm that 
at least the lower pumilio event was not recorded in the 
Łysogóry Region. This problem is another attractive top-
ic to explore, especially in the unresolved, biogeograph-
ic perspective, between the Laurussian and Gondwanan 
epeiric seas.
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Sample Set Description of microfacies

M1-6 Ib
Bioclastic packstone. Strongly fragmented skeletal grains are represented by crinoid ossicles, tabulate corals, 
bryozoans, brachiopods, molluscs, trilobites and smooth-shelled ostracods. Less frequent are echinoid spines, 
microconchids, rostroconchids and smooth-shelled ostracods. 

M1-5 Ib

Coral floatstone/rudstone with peloids and isolated intraclasts in a micritic matrix. Fossils are represented by 
Rugosa corals and fragmented Rugosa and Tabulata corals, numerous crinoid ossicles, fragmented:  
brachiopods and molluscs, crinoids, massive stromatoporoids and smooth-shelled ostracods.  
Fossils in intraclasts are represented by fragmented crinoids, trilobites, brachiopods, molluscs and calcispheres. 
Fossils are strongly fragmented. Some of the bioclasts (especially crinoids) have microendolithic borings.  
Some corals are encrusted by stromatoporoids. 

M1-4 Ia

Bioclastic-peloidal packstone. Numerous dolomite crystals. Fossils are represented by numerous crinoids, 
fragmented: brachiopods, ostracods, and tabulate corals and bryozoans. Other fossils consist of smooth-shelled 
ostracods, microconchids, amphiporoids, auloporids, girvanellids and other microbial bioclast overgrowths, 
calcispheres represented by Parathurammina, Bisphaera, Radiosphaera, ?Irregularina. Additionally, green algae 
occur (probably genus ?Litanaia), Rotpletzella and single small brachiopods. Fossils are strongly fragmented. 
Some of the bioclasts (especially crinoids) have microendolithic borings.

M1-3 Ia

Peloidal wackestone-packstone. Fossils are less numerous and consist of fragmented: tabulates, stromatoporoids, 
crinoids, trilobites, ostracods, molluscs and brachiopods. Numerous calcispheres occur (e.g., Radiosphaera, 
Parathurammina, Volvocales algae and ? Irregularina). Some of the bioclasts (stromatoporoids) have  
microendolithic borings.

M1-2B Ia

Bioclastic packstone. Fossils are represented by abraded rugose corals, fragmented: tabulate corals, brachiopods, 
ostracods and trilobites. Other organisms are represented by smooth-shelled ostracods, crinoid ossicles,  
and single small brachiopods. Fossils are strongly fragmented. Some of the bioclasts have microendolithic  
borings.

M1/2A Ia

Stromatoporoid floatstone. Other fossils are represented by Tabulata corals (?Heliolites), fragmented  
brachiopods, molluscs, crinoids and Rugosa corals, as well as smooth-shelled ostracods, gastropods  
and calcispheres. Stromatoporoids are overgrown by microbial shrubs (probably girvanellid).  
Fossils are strongly fragmented. 

M1/1B Ia

Bioclastic-peloidal packstone. Fossils are represented by fragmented: rugose and tabulate corals, crinoids,  
trilobites, ostracods, brachiopods and molluscs shells. Some bioclasts are overgrown by microbial girvanellid 
microstromatolites. Other fauna consist of calcispheres (e.g. Parathurammina, Bisphaera, Radiosphaera),  
gastropods, amphiporoids, echinoid spines, foraminifers (Eonodosaria), Rotpletzella and algae (?Litanaia).

M1/1A Ia

Crinoid-brachiopod peloidal packstone. Fossils are represented by very numerous crinoid ossicles and fragments 
of brachiopods. Less numerous are smooth-shelled ostracods and their fragments, echinoid spines, gastropods, 
fragments of mollusc shells, foraminifers (?Tikhinella), fragmented tabulate corals, bryozoans, crinoids,  
trilobites, and calcispheres. Additionally, Rotpletzella occurs. Fossils are strongly fragmented.  
Some of the bioclasts (especially crinoids and molluscs) have microendolithic borings.

Appendix 2

Microfacies observations at the Miłoszów M1 and M0 sections. 

Table A2.1 

Detailed description of thin-sections from the Miłoszów M1 section.
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Table A2.2 

Detailed description of thin-sections from the Miłoszów M0 section.

Sample Description of microfacies

M0-9B

Wackestone/packstone with a micritic matrix. Fossils are represented by numerous crinoid ossicles and fragments  
of crinoids ossicles and fragments brachiopods, less numerous fragmented corals (Tabulata and Rugosa), trilobites,  
bryozoans, smooth-shelled ostracods and ferruginous ?Stanieria-like coccoidal cyanobacteria and sponge spicules. 
Fossils are strongly fragmented. 

M0-8B

Crinoid-packstone with a micritic matrix. Fossils are represented by very numerous crinoid ossicles and fragmented 
brachiopods and molluscs. Less numerous are smooth-shelled ostracods, echinoids spines, and fragments of smooth-
shelled ostracods. Additionally, single small brachiopods, fragments of bryozoans, calcispheres and some problematic 
structures, probably Microcodium. Many fossils are strongly fragmented.

M0-5 

Bioclastic packstone with a micritic matrix, locally slightly neomorphosed. Fossils consist of crinoid ossicles and 
fragments of crinoids, fragmented Tabulata corals, brachiopods and molluscs. Other fossils are represented by smooth-
shelled ostracods, gastropods, amphiporoids, and single calcispheres, sponge spicules and tentaculites. Fossils are 
strongly fragmented.

M0-4C

Crinoid packstone with a micritic matrix. Fossils are represented by very numerous crinoid ossicles and fragments  
of crinoids, numerous fragmented brachiopods, bryozoans, Tabulata and Rugosa corals, trilobites, and ostracods. Less 
numerous are smooth-shelled ostracods, calcispheres , and small brachiopods and sponge spicules. Fossils are strongly 
fragmented. 

M0-2

Bioclastic packstone with a partly neomorphosed matrix, with very numerous fragmented crinoids, brachiopods and 
molluscs. Numerous fragments of tabulate corals, smooth-shelled ostracods, calcispheres and numerous gastropods. 
Single echinoid spines and fragments bryozoans occur. Fossils are strongly fragmented. Some of the bioclasts  
(especially crinoids) have microendolithic borings.

M0-1

Bioclastic packstone with a partly neomorphosed matrix, with peloids. Fossils are represented by numerous crinoid 
ossicles and fragmented crinoids, fragmented brachiopods and molluscs. Other fossils are represented by smooth-shelled 
ostracods, numerous calcispheres, e.g., Parathurammina, gastropods, foraminifers, echinoid spines, fragments of  
trilobites, bryozoans and tabulate corals. Fossils are strongly fragmented. Some of the bioclasts (especially crinoids) 
have microendolithic borings.
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Appendix 3

Habitats in the Pre-Taghanic (Givetian, Middle Devonian) muddy carbonate ramp at Miłoszów  
(Holy Cross Mountains, Poland): geochemical and microfacies evidence.

Fig. A1.	Cross-plot of carbonate carbon and oxygen isotope data from the M1 and M0 sections. 
Spearman rank correlation (rs) and Pearson correlation (r) coefficients, p-values below 0.05.
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