Acta Geologica Polonica, Vol. 69 (2019), No. 3, pp. 403—430
DOI: 10.1515/agp-2018-0027

Origin and significance of early-diagenetic calcite concretions
and barite from Silurian black shales in the East European
Craton, Poland

MACIEJ J. BOJANOWSKI!, ARTUR KEDZIOR?, SZCZEPAN J. POREBSKI® and MAGDALENA RADZIKOWSKA!

VING PAN - Institute of Geological Sciences, Polish Academy of Sciences, Twarda 51/55,
PL-00-818 Warszawa, Poland. E-mails: mbojan@twarda.pan.pl; radzikowska@twarda.pan.pl
2 ING PAN — Institute of Geological Sciences, Polish Academy of Sciences, Research Centre in Cracow,
Senacka 1, PL-31-002 Krakow, Poland. E-mail: ndkedzio@cyf-kr.edu.p!
3 AGH University of Science and Technology, Faculty of Geology, Geophysics and Environmental Protection,
Mickiewicza 30, PL-30-059 Krakow, Poland. E-mail: spor@agh.edu.pl

ABSTRACT:

Bojanowski, M.J., Kedzior, A., Porgbski, S.J. and Radzikowska, M.- 2019. Origin and significance of early-
diagenetic calcite concretions and barite from Silurian black shales in the East European Craton, Poland. Acta
Geologica Polonica, 69 (3), 403—430. Warszawa.

The Silurian Pelplin Formation is a part of a thick, mud-prone distal fill of the Caledonian foredeep, which
stretches along the western margin of the East European Craton. The Pelplin Formation consists of organic car-
bon-rich mudstones that have recently been the target of intensive investigations, as they represent a potential
source of shale gas. The Pelplin mudstones host numerous calcite concretions containing authigenic pyrite and
barite. Mineralogical and petrographic examination (XRD, optical microscopy, cathodoluminoscopy, SEM-EDS)
and stable isotope analyses (8'3C,4, 8'3C and 3'%0 of carbonates, 534S and 5'0 of barite) were carried out in order
to understand the diagenetic conditions that led to precipitation of this carbonate-sulfide-sulfate paragenesis and
to see if the concretions can enhance the understanding of sedimentary settings in the Baltic and Lublin basins
during the Silurian. Barite formed during early diagenesis before and during the concretionary growth due to a
deceleration of sedimentation during increased primary productivity. The main stages of concretionary growth
took place in yet uncompacted sediments shortly after their deposition in the sulfate reduction zone. This precom-
pactional cementation led to preferential preservation of original sedimentary structures, faunal assemblages and
early-diagenetic barite, which have been mostly lost in the surrounding mudstones during burial. These compo-
nents allowed for the reconstruction of important paleoenvironmental conditions in the Baltic and Lublin basins,
such as depth, proximity to the detrital orogenic source and marine primary productivity. Investigation of the
concretions also enabled estimation of the magnitude of mechanical compaction of the mudstones and calculation
of original sedimentation rates. Moreover, it showed that biogenic methane was produced at an early-diagenetic
stage, whereas thermogenic hydrocarbons migrated through the Pelplin Formation during deep burial.

Keywords: Carbonate concretions; Stable isotopes; Cathodoluminoscopy; Sedimentation rate;
Marine productivity; Biogenic gas production; Bacterial sulfate reduction; Shale

gas.
INTRODUCTION drocarbons but also as producible reservoirs has ig-
nited an explosion of interest in such fine-grained
The growing realization that organic carbon-rich rocks. Studies have centered on mudstone composi-

mudstones may function not only as sources for hy- tion, fabric, porosity, permeability, organic geochem-
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istry, depositional settings and geomechanics (e.g.
Ross and Bustin 2009; Passey et al. 2010; Slatt 2011;
Camp et al. 2013; Macquaker et al. 2014; Delle Piane
et al. 2015). Less attention has been paid to carbon-
ate concretions which are commonly hosted by such
mudstones.

Carbonate concretions are unique archives of di-
agenetic processes, as the microtexture, mineralogy,
elemental and isotopic compositions of cements in
concretions provide a record of the origin and diage-
netic evolution of pore waters (Curtis ez al. 1986; Dix
and Mullins 1987; Morad and Eshete 1990; Mozley
and Burns 1993; Scotchman 1991; Hudson et al. 2001;
Hendry et al., 2006). Further crucial information can
be obtained from coarse-crystalline cements that
formed at different stages of burial, e.g. in septarian
cracks (Raiswell et al. 2002; Heimhofer et al. 2017).
Such carbonate concretions, which began to form
very close to the sediment-water interface and yet
accommodated late-diagenetic cements, may reveal
information valuable for evaluation of oil and gas
potential, e.g. sedimentation rate (Scotchman 1991;
Majewski 2000; Hesse et al. 2004; Lash and Blood
2004), microbial methane production (Scotchman
1991; Meister et al. 2011; Loyd et al. 2012; Bojanowski
2014) or seepage (Ritger et al. 1987; Reitner et al.
2005) and thermogenic hydrocarbon generation
(Hennesy and Knauth 1985; Scotchman et al. 2000).
Moreover, concretions commonly provide a more
realistic picture of the original composition of the
sediments and depositional conditions compared to
the host rocks, because precompactional cementation
effectively protects the components and sedimentary
fabrics, which are prone to diagenetic alteration (e.g.
McBride 1988; El Albani et al. 2001). For instance,
even very fragile fossils can be preserved in concre-
tions, whilst they become destroyed in the surround-
ing sediments (Blome and Albert 1985; Bondioli ef
al. 2015; Cotroneo et al. 2016). Furthermore, some
part of the original organic compounds can be lost or
altered during burial diagenesis of mudstones, whilst
they can be preserved in concretions (Kiriakoulakis
et al. 2000; Pearson et al. 2005).

The Silurian dark, organic carbon-rich mud-
stones from the western margin of the East European
Craton in Poland have recently been the target of
intensive investigations, as they represent a potential
source of shale gas (Poprawa 2010; Wiectaw et al.
2010). Although the Silurian strata contain numer-
ous carbonate concretions, all studies were focused
solely on the host sediments. This contribution is
aimed at filling this gap by investigating the mineral,
petrographic and geochemical properties of carbon-

ate concretions from Wenlock through Ludlow se-
ries in the Baltic and Lublin basins. The main goals
of this research are: (1) to recognize the timing and
diagenetic setting of concretionary growth, (2) to
characterize the sources of parent fluids and bicar-
bonate for concretionary cements, (3) to unravel the
diagenetic processes that affected the mudstones,
and finally (4) to identify the paleoenvironmental
conditions, which induced such extensive authigene-
sis over a prolonged time period (~10 Myrs) in basins
that were ~500 km apart. The results of our work
demonstrate the high value of carbonate concretions
for the understanding of salient characteristics of
shale gas play.

GEOLOGICAL SETTING

The studied concretions occur in the Pelplin
Formation forming part of a Silurian mud-prone
wedge, which stretches along the western margin of
the East European Craton (EEC) between southern
Scandinavia, Poland and Ukraine (Text-fig. 1). The
wedge is interpreted as the distal fill of a Caledonian
foredeep that originated due to the collision of
East Avalonia with Baltica (Poprawa et al. 1999;
Jaworowski 2000; Giese and Koppen 2001; Poprawa
2006). The fill thins and onlaps eastwards the EEC.
Westwards, it contacts with the Caledonian thrust
front in the Baltic sector (Mazur et al. 2016), whereas
farther to the south, the basin-fill is concealed un-
der the Mesozoic—Cenozoic sediment pile in central
Poland. The foredeep fill is broken-up by later tec-
tonic and erosional activity into three areas referred
to as the Baltic, Podlasie and Lublin basins (Poprawa
2010), each showing a broad mudrock belt that passes
laterally cratonwards into a carbonate shelf ramp
(Modlinski 2010).

The Silurian succession is up to 3800 m thick
and subdivided into a number of lithostratigraphic
units (Text-fig. 2; Modlinski et al. 20006). It starts
with the Pastek Formation (Llandovery), which on-
laps Ordovician carbonates to the east across a trans-
gressive ravinement unconformity (Porebski et al.
2013). The basal Jantar Member (Rhuddanian—early
Aeronian) of the Pastek Formation consists mainly
of black, graptolitic, organic carbon-rich, argilla-
ceous to locally siliceous mudstones. They become
interbedded on a cm-scale with green, organic car-
bon-lean bioturbated mudstones, bentonites, and
rare carbonate concretions upwards throughout the
formation (Telychian). The Jantar Mudstone records
the deglacial (post-Hirnantian) anoxia (Podhalanska
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Text-fig. 1. Wenlock lithofacies map (modified from Modlinski, 2010) with the locations of studied wells

2009), as seen similarly at many locations around
the Rheic Ocean (e.g. Liining et al. 2000). The al-
ternation of bioturbated and unbioturbated intervals
in the Telychian reflects intermittent anoxic-oxic
near-bottom conditions due most likely to glacioeu-
statically-driven changes in oceanic circulation pat-
terns generated during the Early Paleozoic Icehouse
(cf. Page et al. 2007; Trela et al. 2016). The Pastek
Formation occurs as a basinwide sheet, up to 80 m
thick, which was deposited at upper bathyal to outer

neritic depths (Modlinski and Podhalanska 2010)
during the underfilled foredeep stage.

These mudstones pass upwards rather abruptly
into the Pelplin Formation (Sheinwoodian—Ludfor-
dian) that is particularly rich in carbonate concre-
tions. This formation is dominated by grey to black,
laminated argillaceous, often pyritiferous mudstones
with calcite and dolomite and intercalated with thin
bentonites. Siliciclastic and calcareous silt lenses, sol-
itary laminae and occasional laminasets as well as
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Text-fig. 2. Generalized stratigraphy of the Silurian mudrock belt in the western part of the East European Craton (modified from Modlinski
et al. 2006 and Podhalanska ez al. 2010) and lithological logs of cored well intervals, showing the locations of studied samples. Silurian chro-
nostratigraphy is after Melchin et al. (2012)
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mm-thick lags of finely comminuted shelly matter,
comprised mostly of echinoid stems, appear as sub-
ordinate components. These grow in frequency up-
wards in the Pelplin Formation. Faunal assemblages
are dominated by graptolites often accompanied
by nautiloids, but levels enriched in benthic fauna,
mostly small-sized brachiopods, bivalves and ostra-
cods, reappear episodically in the formation particu-
larly in the Lublin Basin. The lithological variability
and bedding style point to the frequent interruption
of slow settling of mud by episodes of deposition
from fast-moving muddy suspensions, most likely
storm-generated flows (Dziadzio et al. 2017).

The Pelplin Formation grades upwards and lat-
erally (to the NW) into grey, graptolitic, dolomitic
and calcareous, massive and laminated mudstones,
which are interbedded with frequent siltstones, car-
bonate concretions, bentonites and rare sandstones.
These sediments constitute the Kociewie Formation
(mid-Sheinwoodian—Ludfordian), which is a synoro-
genic wedge supplied from the Caledonian accre-
tionary prism to the NW and W (Jaworowski 2000;
Poprawa 2006). Both mudstones and coarser-grained
sediments provide evidence of event deposition from
turbidity currents, storm-generated currents and
traction currents (Jaworowski 1971, 2000; McCaan
1996; Modlinski and Podhalanska 2010). The pres-
ence of micro-hummocky cross-stratification, gutter
casts and combined-flow mud ripples (Poregbski ef al.
2013) suggests shallowing into middle neritic depths
(offshore-shelf transition zone). The Pelplin and
Kociewie formations attain 3500 m in thickness and
record the filled stage in foredeep evolution during
Wenlock—Ludlow times. These formations are over-
lain by the Pridoli Puck Formation, which has poor
core coverage and appears dominated by calcareous
mudstones.

MATERIAL AND METHODS

Twenty specimens of concretions were collected
together with the surrounding mudstones. Nineteen
specimens were collected from the Wenlock—Ludlow
series of the Pelplin Formation, whilst one (Syl) came
from the Pridoli Puck Formation (Text-fig. 2). The
material was collected from drill cores from seven
wells in the depth range between 2 and 4 km. Each
specimen is given a symbol composed of the first two
letters of the well name and a consecutive number.
Wells Syczyn OU-1, Dobryniéw OU-1 and Berejow
OU-1 were drilled in the Lublin Basin, and Borcz-1,
Wysin-1, Opalino-2 and Kochanowo-1 in the western

Baltic Basin (Text-fig. 1). The dip of the Silurian
strata in the cores studied was negligible. The cores
were cut along vertical planes which allowed macro-
scopic examination and precise collection of samples
with a microdrill (Text-fig. 3A). From one to three
uncovered polished thin sections per concretion were
cut from the vertical sections, forty two in total. At
least one was cut from the edge of each concretion
together with the surrounding mudstone.

The thin sections were studied using a Nikon
Eclipse LVI100POL polarizing microscope and
a CITL MkS5-2 cold cathode device operating at
~17 kV beam energy, ~0.3 mA beam current and
0.003 mBar vacuum combined with a polarizing
microscope Nikon Eclipse 80i at the Institute of
Geological Sciences, Polish Academy of Sciences
(ING PAN) in Warsaw, Poland. Then, high-res-
olution observations and analyses of mineral and
elemental compositions were made by scanning
electron microscopy (SEM) analysis using a ZEISS
Sigma VP FE-SEM (variable pressure field emis-
sion scanning electron microscope) at the Faculty
of Geology, University of Warsaw. Ten thin sections
were polished and un-coated and were analyzed at
50 Pa for charge compensation by nitrogen gas in the
SEM chamber. Electron beam acceleration voltage
of 20kV was set for imaging and EDS analyses. The
SEM probe current is estimated to greatly exceed
10nA. BSE images were taken with an angularly se-
lective BSE (AsB™) detector permanently attached
to the end of the e-beam column. EDS analyses were
collected with two Bruker XFlash 6/10 SDD type
detectors.

Powdered samples were collected using a hand-
held Dremel 3000 rotary tool equipped with sintered
diamond microdrills along transects from the base
to the top of a concretion and numbered with a suf-
fix alphabetically beginning with “a” at the base
(Text-fig. 3A). Bol specimen was sampled along a
horizontal transect as well, because it is composed
of two coalesced concretions (Text-fig. 3C). An ad-
ditional sample (Sy5j) was collected from a small
barite-calcite concretion lying above the main con-
cretion in the Sy5 specimen (Text-fig. 3E). One mud-
stone sample was taken from each specimen except
Bo4 which did not contain the surrounding material.
The mudstone samples are marked with a “m” suf-
fix. Coarse-crystalline septarian cements were also
sampled from six concretions and marked with a ,,s”
suffix followed by numbers according to their order
of precipitation. The mineral composition of 50 sam-
ples (19 mudstone and 31 concretion samples) was de-
termined with XRD using a Bruker DS ADVANCE
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Text-fig. 3. Cross-sections of cores illustrating the internal structure of the concretions. A-C — Concretions with lamination from the Baltic

Basin. Note differential compaction and lamination styles (dashed lines) in mudstones and concretions. Red bars in A show the thickness of the

same lamina sets occurring in a concretion and mudstones. Lamination within concretions is plane parallel, except A, where slight inclination is

observed in the top and bottom parts. Some concretions may be coalesced (C). White circles in A indicate location and diameter of spots where

subsamples were drilled. D-E — Homogeneous concretions with septarian cracks and domains with small barite crystals (white arrows) from
the Lublin Basin. Black arrows indicate a bivalve in D and a coarse barite filling central parts of a septarian crack in E
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diffractometer in a Bragg-Brentano system at ING
PAN. Modeling of the contents of crystalline phases
was performed by the Rietveld method.

Stable C and O isotope ratio measurements were
performed by reacting carbonate powders with 104%
orthophosphoric acid at 70°C using a Thermo KIEL
IV Carbonate Device connected on-line to a Thermo-
Finnigan Delta Plus mass spectrometer in a Dual
Inlet system. Measurements of the NBS19 standard
were conducted after 10 successive measurements of
samples. The accuracy of the measurements (1c) was
£0.03%o for 3'3C and £0.07%o for 3'%0. All values are
reported as 8'3C,y, and 8'30,,,, in per mil relative to
V-PDB by assigning a §'*C and 8'30 values +1.95%o
and -2.20%o to NBS19. The 8'®0 values of mudstones,
which are rich in dolomite (with dolomite/calcite ratio
>0.1), were corrected using the phosphoric acid frac-
tionation factor given by Rosenbaum and Sheppard
(1986). Correction was applied proportionally to do-
lomite/calcite ratio obtained with X-ray diffractom-
etry (XRD). Since the dolomite/calcite ratio in the
concretions does not reach 0.1, such correction was
not applied for these samples.

813C rg, 68y and 8'80,r were determined us-
ing a Thermo Flash EA 1112HT elemental analyzer
connected to a Thermo Delta V Advantage isotope
ratio mass spectrometer in a Continuous Flow sys-
tem. Carbonates were leached from the samples prior
to isotopic measurements by reacting them with 5%
HCI at room temperature. The resultant solution was
rinsed with distilled water several times until the
initial pH of water was reached. After centrifuga-
tion and decantation, the residue was split into two
portions, which were dried at 40°C for 2 to 3 days
(for 8'3C,,, measurements) and at 105°C for 24 hours
(for 8*Sg,¢ and 8'30,;r measurements). For C and S
isotope measurements, the samples were wrapped in
tin capsules and combusted in the elemental analyzer
at 1020°C, whereas for O isotope measurements, the
samples were wrapped in silver capsules and py-
rolized at 1450°C. Released gases were transferred to
the spectrometer source through a capillary. C, S and
O isotope compositions are reported as §'°C,,,, 5*S-
«uir and 880y, ir values relative to VPDB, VCDT and
VSMOW, respectively and normalized to calibration
curves based on analyses of international standards
(three standards for each isotope ratio). Precision of
the measurements was monitored by replicate analy-
sis of laboratory standards and is better than £0.12%o,
+0.3%o and +0.5%o (16) for 8'°C,,,, 84S and 8'%0-
sulp, respectively. All stable isotope measurements
were performed at the Stable Isotope Laboratory at
ING PAN in Warsaw.

RESULTS
Macroscopic observations

Calcite concretions are conspicuous features in
the mudstones examined, where they occur in large
numbers. A 207-m long core interval encompassing
the concretion-bearing interval in the Syczyn OU-1
well contains 256 concretions which make up ~21
meters of core in total. Thus, concretions constitute
on average ~10% of the core in the entire concre-
tion-bearing interval, but they are particularly abun-
dant in a 100 meters thick interval that belongs to
the Pelplin Formation, where they comprise ~15%.
Frequency of concretion occurrence in a time frame
is similar in Borcz-1, Berejow OU-1, Syczyn OU-1
and Dobryniow OU-1 wells (60—70 specimens in
the Wenlock), Wysin-1 exhibits almost twice as
much, whereas concretions are rare in Opalino-2 and
Kochanowo-1 (Text-fig. 2). However, the number of
concretions per meter of core is evidently higher in
the Lublin than in the Baltic Basin due to reduced
thicknesses of the Silurian deposits in the former.
The Wenlock deposits in the Lublin Basin are ~80
m thick, whereas they are more than twice as thick
in the Baltic Basin, which gives mean accumulation
rates of 13 mm/kyrs for the Lublin and 23-31 mm/
kyrs for the Baltic basins.

The concretions exhibit quite regular shapes with
aspect ratios from subspherical to ellipsoidal (Text-
fig. 3). However, some specimens display rather ir-
regular and unusual morphologies, some of which
may result from coalescence of two or more concre-
tions (Text-fig. 3C). All concretions from the Baltic
and many from the Lublin Basin exhibit lamination
(Text-fig. 3A—C). The concretions with lamination are
always associated with thinly laminated mudstones,
whilst the homogenous concretions from the Lublin
Basin are associated with massive or indistinctly
laminated mudstones. The laminae of the mudstones
are bent around the concretions and strongly inclined
(<45°) due to differential compaction, whereas the
lamination is plane parallel, roughly horizontal and
not deformed even at the edges of most concretions
(Text-fig. 3B, C). Three concretions (Bo3, Bo5 and
Kol) exhibit lamination that is inclined in their outer
parts (Text-fig. 3A). Individual laminae can be traced
beyond the concretions, where they become markedly
thinner. The thickness of a given concretion is 2 to 3
times larger than that of the corresponding laminae
set in the mudstones (Text-fig. 3A). Therefore, the
mean accumulation rates calculated above, should be
multiplied by 3, which gives the original sedimenta-
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tion rates for uncompacted sediments of ~4 cm/kyrs
for the Lublin Basin and ~9 cm/kyrs (Wysin-1 and
Borcz-1 wells) for the Baltic Basin. These estimates
should be treated as minimum values, as the thickest
parts of large concretions were not represented in the
cores that are <§ cm in diameter.

The body of the concretions is composed of a
fine carbonate matrix that is grey, but paler than the
mudstones. Certain laminae are composed of more
coarse-grained detrital material or densely packed
with macrofossils cemented with sparite represent-
ing storm deposits. Some parts of several concre-
tions contain abundant scattered pyrite. Prismatic,
up to 10 mm long barite crystals are found in some
concretions. These crystals either occur along some
horizons as shrub-like clusters, form oval domains
in the center of concretions (Text-fig. 3D) or occur
as separate small barite-calcite concretions (Text-
fig. 3E). Barite was not found in the surrounding
mudstones. Septarian fractures cut through the con-
cretion body, pyritized areas and barite domains in
some specimens. The fractures are widest in the
center and taper out towards the edges of the con-
cretions, rarely reaching the outer surface (Text-
fig. 3D, E).

Mineral composition

The main mineral components of the mudstones
are quartz (23-39%), 2:1 layer phyllosilicates com-
prising muscovite, illite and/or mixed-layer illite-
smectite (13—-32%), chlorite (12-21%), albite (8—15%),
pyrite (2—8%) and carbonates (<24%) comprising cal-
cite <10% and/or dolomite <17% (Suppl. Table 1; all
supplementary tables are available only in online ver-
sion). Dolomite/calcite ratio varies up to 3. Quartz/2:1
layer phyllosilicates ratio varies from 0.8 to 3.0 and is
higher in the Baltic (1.8 on average) than in the Lublin
Basin (1.2 on average). Sample Do3m has exception-
ally high carbonate (45%) and low quartz contents
(11%). Sample Dolm is exceptionally rich in pyrite
(14%). K feldspars (<8%), kaolinite (3 and 8% in two
samples) and gypsum (2% in one sample) occur only
occasionally. Gypsum is probably a product of pyrite
oxidation. Bodies of the concretions are composed
of the same set of minerals, but in far different pro-
portions. Calcite is the dominant component of the
concretions, as it comprises 68—91%. Comparison
of calcite content between the concretions and the
surrounding mudstones indicates four- to seven-fold
dilution of the primary detrital material by the con-
cretionary cement. Barite was detected by XRD in
one concretion (7% in sample Do4d).

Petrography and elemental composition

Results of microscopic examination and EDS
analyses are given in Suppl. Tables 2 and 3, respec-
tively. The mudstones are commonly thinly laminated
and rich in organic matter and framboidal pyrite
with diameters mostly <10 um, but up to 30 pm. The
lamination results from variation in organic matter
and detrital material contents (Text-fig. 4A and B).
Some laminae exhibit micronodular fabric due to the
abundance of lenticular, carbonate-rich pellets. The
siliciclastic material is clay- to silt-sized. Carbonate
particles are mostly silt-sized, high-Mg (<8.2 mol%),
anhedral calcite grains with Mn contents below EDS
detection (probably intraclasts) with a weak orange
or dull luminescence (Text-figs 4 and 5). Carbonate
bioclasts were identified only in several samples and
they are mostly corroded microfossils in the shape
of flattened spheres ~0.1 mm in diameter (Text-figs
4C-E and 5A). A supposed macrofossil (corroded tri-
lobite) was found in only one sample (Text-fig. 4F).
Calcite cement is rare and it mostly fills microfos-
sils (Text-figs 4C—E and 5A). Intergranular micro-
spar cement having uniform elemental composition
(~5.0 mol% of Mg, ~0.2 mol% of Mn and ~2.4 mol%
of Fe) and dull luminescence (Text-fig. SA) was iden-
tified in a few samples, but considerable quantities
were observed only in Do3m. Dolomite, which is a
more common authigenic phase in the mudstones, is
Fe-rich (~2.5 mol%) and developed as zoned rhombo-
hedra <60 pum across (Text-fig. 4).

All components observed in the mudstones, occur
also in the concretions, except that the microfossils
are not flattened (Text-fig. 5B). Detrital material is
tightly cemented by anhedral concretionary calcite
microspar (5—40 pm) with a variable elemental com-
position, but uniform micromorphology within each
concretion (Text-fig. SE and F). Micromorphology
does not vary between the concretions as well. The
only exception was observed in the basal part of con-
cretion Do3, where concretionary calcite is much
coarser-crystalline (<400 pm) and accompanied by
large cubic pyrite; both features probably related to
recrystallization. Concretionary microspar contains
1.2-5.9 mol% of Mg (3.9 on average), <0.6 mol%
of Mn (0.2 on average) and <1.9 mol% of Fe (0.9 on
average) and exhibits strong luminescence (orange
to red) that is brighter than that of carbonate grains
in the mudstones, probably due to the very low Mn
content in the latter (Text-fig. 5C and D). Detrital
material in the concretions is dispersed and inter-
granular contacts are rarely observed (Text-fig. SE
and F), which may suggest displacive cement growth.
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Text-fig. 4. Composition and texture of the mudstones. A-D — Paired microphotographs of plane polarized (PPL; A and C) and cathodo-

luminescence (CL; B and D) images. Mudstone in A and B (Kol) exhibits thin lamination, whereas that in C and D (Sy5) has a massive

texture. Blue, yellow, purple and green CL is related to siliciclastic material. Carbonates exhibit orange, red or dull CL. Note zoned dolomite

crystals (Dol) and slightly flattened and corroded calcite-filled (Cal) microfossils; E — BSE image of two calcite-filled flattened microfos-

sils surrounded by fine-grained siliciclastic material in Do3; F — CL image of a deformed and corroded calcitic macrofossil, supposedly
a trilobite (red) in Sy3
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Text-fig. 5. Comparison of carbonate material in mudstones and concretions. A-B — CL images of the same kind of a spherical microfossil
that is not deformed in concretion Do2 (B), whereas compactionally flattened and corroded in the surrounding mudstone Do2m (A). Both
microfossils are filled with calcite cement that has orange CL in the concretion, whereas dull CL in the mudstone; C-D — Paired micropho-
tographs (PPL in C and CL in D) of a transition zone between a concretion Do3 (right) and a mudstone (left). The concretionary microspar
exhibits much brighter CL (orange to red) than that of carbonate cements in the mudstone (dull). Note a bivalve shell replaced and filled
by calcite with dull CL (arrow). E-F — BSE images revealing micromorphology of the concretionary microspar. Siliciclastic material (dark
grey) and framboidal pyrite (white) are dispersed between anhedral microspar calcite (light grey). Note clay minerals clustered in the spaces
between adjoining calcite crystals in F. Abbreviations used: Cal — calcite, Dol — dolomite, Py — pyrite, Qtz — quartz, Kfs — K feldspar, cm
— clay minerals
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Text-fig. 6. 3-D preservation of benthic macrofossils in concretions observed in PPL (A, D, G), CL (B, E, H) and BSE (C, F, I). Shell material
appears to be at least partly replaced. The surrounding matrix is composed of detrital material (mostly non-luminescent in CL and dark grey
in BSE) cemented with microspar (orange to dull in CL, light grey in BSE). Note variable sizes of pyrite framboids (white in BSE). Complete
bivalve in Syl (A-C), gastropod in Do4 (D-F) and brachiopod shells in Sy5 (G-I) are mainly filled with calcite cement; gastropod shell con-
tains some detrital material supposedly near the aperture. Many shells enclose framboidal pyrites stuck to their inner surfaces (arrows in G-I)
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Text-fig. 7. Calcified sponge spicules in concretions observed in PPL (A and C), CL (B, D, E) and BSE (F). Spicules are rarely visible in

transmitted light, but become very clear in CL, as they exhibit mostly dull luminescence, that is in contrast with the concretionary microspar

(orange). The dull luminescence of spicules corresponds to increased Fe contents manifested by light grey color in BSE (F). Arrows indicate
location of the central voids. Concretions Syl (A-D) and Bo3 (E and F)

Nonetheless, original sedimentary fabrics, e.g. lam- dance of pellets, are preserved. Pyrite is developed as
ination or micronodular texture related to the abun- framboids dispersed between calcite crystals (Text-
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Text-fig. 8. Paired microphotographs (PPL and CL) of spherical microfossils (calcified radiolarian? tests) filled with calcite cement having
variable, but mostly intensive orange CL in Bol (A-B) and Wy2 (C-D)

figs 6C, F, I and 7F) with the same sizes as those in
the mudstones, but also as cubic crystals.

There is a major difference in the fossil content
between the concretions and mudstones. The con-
cretions are often full of complete and undeformed,
although recrystallized, skeletal fossils composed of
low-Mg calcite, e.g. mollusks (bivalves, gastropods,
nautiloids), brachiopods (Text-fig. 6) and sponge
spicules (Text-fig. 7), which do not occur in the sur-
rounding mudstones. In transmitted light, identifi-
cation of skeletal fossils is difficult, as the shells are
recrystallized, filled with and surrounded by calcite
cement. Shell morphology becomes clearer in CL and
even very delicate skeletal structures were observed.
Calcified microfossils (e.g. originally siliceous ra-
diolarian tests) are the most common biogenic
components in concretions from both basins (Text-

fig. 8). There are, however, substantial differences
in microfacies between the basins (Suppl. Table 2).
Concretions from the Lublin Basin occasionally ex-
hibit lamination, rarely show micronodular fabric
and are dominated by benthic assemblages with rare
radiolarian tests. Specimens with abundant benthic
fauna lack lamination, except concretion Sy2, where
reworked benthic fauna was deposited together with
a storm deposit. Samples from the Baltic Basin al-
ways show lamination; samples from Borcz-1 and
Wysin-1 wells exhibit micronodular fabric, are full of
radiolarian shells and do not contain benthic fauna,
whereas samples from Kochanowo-1 and Opalino-2
wells are not micronodular and contain scarce micro-
fossils and small bivalve shells.

Mollusk and brachiopod shells are usually devoid
of detrital material and the body chambers are filled
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Text-fig. 9. Coarse-crystalline carbonate cements filling septarian cracks (A-F) and nautiloid shells (G-L). A-C — Two generations of septar-

ian calcite in Do3: early SC1 (orange in CL) and late SC2 (dull to non-luminescent in CL). PPL, XPL and CL images, respectively; D-F —

Inclusion-rich SC2 in Dol. PPL, XPL and CL images, respectively; G-J — Intrashell calcite (Cal) rich in bitumen inclusions and saddle ankerite

(non-luminescent; Ank) filling a nautiloid shell in Sy2. PPL, XPL, CL and BSE images, respectively; K-L — Both saddle ankerite and calcite
are inclusion-rich. PPL and XPL images, respectively

with sparite and pyrite framboids (Text-fig. 6). The
shells show dull luminescence with some parts ex-
hibiting similar orange luminescence to that of calcite
cement suggesting replacement of original shell ma-
terial. Calcified sponge spicules <0.1 mm in diameter

are often found in clusters (Text-fig. 7) and exhibit
dull luminescence. All these skeletal elements are
composed of calcite that exhibits uniform elemental
compositions with <4 mol% of Mg, <0.5 mol% of
Mn and ~1 mol% of Fe. This confirms that original
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Text-fig. 10. Barite in the matrix of the concretions observed in cross-polarized (XPL) light (A, D, G), combined PPL and reflected light (J),

CL (B, E, H, K) and BSE (C, F, I, L). Barite (Bar) exhibits vivid interference colors in XPL, white in BSE and is non-luminescent. The degree

of replacement by calcite (Cal; orange and dull in CL, grey in BSE) increases from A-C to J-L. A-C — Insignificantly altered barite with small

inclusions of calcite at the base of Sy4 concretion; D-F — Barite crystals with faces slightly corroded by concretionary calcite and inclusions of

euhedral pyrite (Py) in Wyl; G-I — Significantly altered barite partly replaced by calcite associated with euhedral pyrite in Do4; J-L — Calcite
pseudomorphs after barite (entirely leached) with abundant euhedral pyrite in Do3

skeletal carbonate underwent recrystallization. SEM- of the skeletal calcite. Vivid and dull luminescence
EDS analyses of the areas observed previously in colors are related to moderate and high Fe/Mn ratios,
CL show that Fe/Mn ratio controls the luminescence respectively.
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Microfossils are spherical features (~0.3 mm
in diameter) that are replaced and filled with cal-
cite with bright orange or dull luminescence, which
contains ~2.2 mol% of Mg, <0.7 mol% of Mn and
<0.9 mol% of Fe. They are not flattened and most of
them probably represent calcified radiolarian tests
(Text-fig. 8). Other rare fossils preserved in the con-
cretions are trilobites, echinoderms and unidentified
biogenic phosphates (Suppl. Table 2).

Apart from microcrystalline calcite, the concre-
tions contain coarser-crystalline carbonate cements
infilling shells and septarian cracks. The cross-cutting
relationship between successive generations of septar-
ian cements indicates two stages of cracking. The first
septarian calcite (SCI) occurs only in the older gener-
ation of septarian cracks and exhibits orange lumines-
cence (Text-fig. 9A—C). The second septarian calcite
(SC2) lines the walls of the younger generation of
cracks and may also fill the central parts of the older
one. It is sometimes associated with euhedral pyrite.
SC2 shows variable, but generally weak luminescence
(mostly dull, but may grade to non-luminescent) and
commonly contains numerous organic inclusions,
supposedly bitumen (Text-fig. 9D—F). The elemental
composition of septarian calcites changes from SC1
to SC2 towards lower Mg (from ~2.7 to ~2.4 mol%)
and Mn contents (from ~0.6 to ~0.4 mol%), whereas
Fe content increases (from ~0.1 to ~0.6 mol%). Very
coarse-crystalline (even several centimeters), white,
translucent barite is the last cement generation in the
younger cracks (Text-fig. 3E).

Intrashell calcite exhibits variable elemental
composition (Mg <5.6 mol%, Mn <0.6 mol% and Fe
<1.8 mol%) and is usually orange to red in CL, but
can change to dull or dark orange even within a single
shell (Text-figs 6 and 8). This cement has, however,
different elemental composition (relatively depleted
in Mg and Fe and enriched in Mn) from analogous
cement filling microfossils in the mudstones (Text-
fig. 5A and B). Intrashell calcite is rarely followed by
non-luminescent saddle ankerite (defined as dolomite
with Fe content >10 mol%). Both cements are, in some
cases, rich in bitumen inclusions (Text-fig. 9G—L).

White, euhedral, prismatic hexagonal barite crys-
tals are found in clusters along some laminae, where
they form even 10 mm long crystals (Text-fig. 10A—
F). Alternatively, barite occurs as smaller (<I mm
long) crystals in oval domains in the center of some
concretions (Text-figs 3D, 10G—L). Barite crystals
are sometimes intergrown with each other forming
rosettes (Text-fig. 10G—I). Barite does not exhibit
luminescence and is replaced by calcite and euhedral
pyrite (Text-fig. 10). Euhedral, cubic pyrite is espe-

cially abundant in former barite crystals that were en-
tirely replaced (Text-fig. 10J—L). The replacive calcite
exhibits strongly variable luminescence even within
a single barite crystal (Text-fig. 10H, K).

Isotopic compositions

Results of isotopic measurements are given in
Suppl. Table 4. The §'°C,,, values of mudstones range
between -31.6%o and -27.6%o0 (n = 19) being related
to the stratigraphic position and paleogeographic
location of the samples. The 3'3C,,, values of the
Sheinwoodian in the Baltic Basin are higher (from
-30.1%0 to -27.6%0; average of -28.8%o; sd = 1.1; n =
4) than coeval ones in the Lublin Basin (from -31.5%o
to -30.6%o; average of -31.0%o; sd = 0.4; n = 4) and
those of the Homerian in the Baltic (from -31.6%o to
-29.3%o; average of -30.2%o; sd = 1.1; n =4) and Lublin
(-29.0%o0) basins. The 8"3C,,, values of the Ludlow
samples are very stable and fall within a narrow range
between -30.3%o0 and -30.1%o0 (» = 6). One concre-
tion sample (Sheinwoodian, Baltic Basin) yielded the
highest 8'3C,,, value of -27.3%o.

The 8C,, values of samples collected from
microcrystalline concretion matrix are negative and
range from -23.9%o to -0.1%o (Text-fig. 11A and B).
Concretions from the Baltic Basin exhibit overall
lower 8"3C,,,, values (between -23.9%o and -3.6%o;
mean -15.7%o) than those from the Lublin Basin (be-
tween -14.3%o and -0.1%o; mean -6.7%o). A trend of
increasing 83C,,, values from the Sheinwoodian
(<-9%0) to the Ludfordian (>-6%o) occurs in the
Lublin Basin, but is not observed in the Baltic Basin,
which precludes a stratigraphic control on §3C.,y.
The 680y, values of samples collected from con-
cretion matrix are negative and range from -11.4%o
to -3.6%o (Text-fig. 11A and B). However, the range
becomes narrower (between -8.5%o0 and -3.6%o), but
still wider than that of the Lublin Basin, when the
very low and uniform 880, values (around -11%o)
from Dobryniow OU-1 well are excluded.

The 83C,,p and 8'80,,,, values differ between
concretions. Within individual specimens, 880,y
values are rather uniform (spread is <2%o), whereas
81C ap, differ by <8%o. Thirteen concretions exhibit
rather small isotopic variability. Isotopic composi-
tions of the other seven concretions show a covari-
ance between §'3C,,,;, and §'®0,,,, values. Positive
correlation (» > 0.65), is observed for Bol, Bo3 and
Bo4, whereas negative correlation (» < -0.65) is ob-
served for Bo5, Do2, Kol and Wy3 concretions (Text-
fig. 11). The 8'80,,,, values decrease from the center
to the edge of these concretions, so the positive and
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Text-fig. 11. A-B — Plots of 3'3C gy, vs. 8'80,,y, of all samples from the Baltic (A) and Lublin Basins (B). Shapes of projection points for con-

cretion matrix and mudstone samples indicate their stratigraphic position: squares — Sheinwoodian, diamonds — Homerian, circles — Ludlow,

whilst colors indicate specimens. Triangles represent septarian calcites; C-D — §'3C,q, and §'80,,, values along vertical transects across

concretions Bo3 (C) and Bo5 (D) that exemplify isotopic trends towards lighter and heavier §'3C_,, values from the centers to the edges,
respectively. Note rather uniform §'80.,, values

negative correlations are associated with decreasing
and increasing 8'°C.,y, values in the same direc-
tion, respectively (Text-fig. 11C and D). The 8"3C .,y
values of the mudstones vary between -2.7%o and
+0.6%o, whereas 5'80,,,,, values can be very different,

ranging from -11.5%o to -5.8%o (Text-fig. 11A and B).
The lowest 8'80,,, values (<-10%o) were measured in
samples from the Dobryniéw OU-1 well. Dolomite/
calcite ratio in the mudstones (up to 3; Suppl. Table 1)
is related neither to 8'3C_,, nor 880, values. All
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mudstones (except Do4m) exhibit similar or lower
8180, values than those of the associated concre-
tions. The §'3C,,4, values of the septarian cements
are similar to or higher, even by over 20%o, than those
of the concretion matrix (Text-fig. 11A and B). The
8180 4rp, values of the septarian cements can be similar
to or diverge in both directions from those of the con-
cretion matrix. SC2 always exhibits higher §'3C_,y,
and lower 8'80,,, values than those of SC1. Isotopic
composition of SCI ranges from -13.1%o to -2.2%o for
SBC o and from -6.2%o to -3.5%o for 880y, (With
one exception of -10.2%o). SC2 has §'3C,,,, values be-
tween -8.5%o and +4.1%o and §'%0,,,, values between
-12.7%0 and -10.6%o (with one exception of -5.6%o).

The S and O isotope compositions of septarian
barites in concretions Sy5 and Wy2 are different
(Suppl. Table 4). The §*4Sg;¢ and 880, values of
Sy5s3 are higher (+43%o and +17%o, respectively)
than those of Wy2s (+14%o and +14%o), respectively.
The §'®0g¢ values of these septarian barite crystals
are within the 95% confidence interval of contempo-
raneous seawater sulfate (+12%o to +17%o; Claypool
et al. 1980). Yet, Wy2s exhibits depleted S isotope
composition, whereas Sy5s3 is strongly enriched in
343 relative to the mean 8#Sy ;¢ value of contempora-
neous seawater (+23%o to +28%o, Paytan et al. 2011;
Strauss 1997). Three barite crystals occurring in the
matrix of concretions Sy4 and Sy5 are enriched in
343 as well, as their 6**Sy;r values range from +37%o
to +64%o. Both barite types (in matrix and septarian
cracks), in concretion Sy5 exhibit similar 8°*S¢ val-
ues (+44%o and +43%o, respectively).

DISCUSSION

Timing and diagenetic setting of concretionary
growth

The concretions must have at least started to form
shortly after deposition, close to the sediment-water
interface and prior to significant mechanical com-
paction of the sediments, which is indicated by the
following facts:

(I) Lamination is mostly perfectly horizontal
throughout each concretion, whereas lamination in
the surrounding mudstones is warped around the
concretions. Only three specimens exhibit insignif-
icant inclination of laminae in their outer parts, but
their angles (<15°) are far lower than those of the
surrounding mudstones (<45°). Moreover, laminae in
concretions are 2 to 3 times thicker than in the asso-
ciated mudstones.

(2) Carbonate skeletal elements of fossil fauna
have been preferentially preserved in the concretions,
although they underwent recrystallization. The spher-
ical microfossils and macrofossils bear no sign of any
compactional flattening and are often complete in
the concretions. For instance, bivalve and brachiopod
shells are usually composed of both valves in their
primary positions. In contrast, microfossils in the
surrounding mudstones, if preserved, are always flat-
tened (cf. Blome and Albert 1985; Bojanowski et al.
2014), whereas macrofossils were mostly dissolved.

(3) Concretionary calcite is very abundant (about
80%) in the concretions. It forms a continuous frame-
work, in which the detrital grains are strongly dis-
persed indicating that porosity was very high and
detrital material not yet lithified during calcite pre-
cipitation (cf. Morad and Eshete 1990; Mozley 1996;
Raiswell and Fisher 2000; Sellés-Martinez 1996). It
is also possible that this early cement precipitation
was able to displace the detrital grains. Later-stage
replacive calcite also contributed to the high carbon-
ate content.

(4) Increasing compaction causes reorientation of
platy minerals, which drives progressive anisotropy
of permeability in fine-grained sediments (Bennett et
al. 1991). When concretions form in semi-compacted
sediments, they acquire lenticular morphologies
(Sellés-Martinez 1996). As most of the concretions
examined are subspherical, permeability and, there-
fore, diffusivity of the surrounding sediments must
have been almost isotropic during their growth.

This early diagenetic calcite precipitation must
have at least started in the uppermost several centi-
meters or decimeters of sediments forming a compac-
tion-resistant framework (cf. Wetzel 1992; Mozley
1996) sheltering original textures, faunal assem-
blages and early-diagenetic barites from deformation
and dissolution. The cement content was still low, as
otherwise preferential deflection of the underlying
laminae under the load of a fully cemented concre-
tion would be expected.

Paragenetic sequence and sources of substrates
for non-concretionary mineral phases

The order of precipitation of authigenic phases
was determined on the basis of their micromorphol-
ogy, elemental composition, cathodoluminescence
and mutual textural relationships. Framboidal pyrite
and barite (except the septarian variety), presumably
also dolomite, formed prior to or partly during the
early stages of concretionary growth, so they repre-
sent early-diagenetic precipitates. The different, but
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mostly small sizes of pyrite framboids indicate that
they could have started to form already in the wa-
ter column, but their growth continued below the
seafloor as well, where they attained larger sizes
(Wignall and Newton 1998; Wilkin et al. 1996).
Therefore, framboidal pyrite formed as the first
authigenic mineral uniformly throughout freshly
deposited sediments in the bacterial sulfate reduc-
tion (BSR) zone (cf. Coleman and Raiswell 1993;
Peckmann and Thiel 2004).

Authigenic barite in marine sediments can have a
biogenic, diagenetic or hydrothermal origin (Torres et
al. 1996). The large size and euhedral habit of these
barite crystals exclude biogenic formation as such a
biogenic origin is ascribed only to oval grains about 1
pm in diameter (Dehairs et al. 1980; Bishop 1984; see
Paytan et al. 2002 for a review). S isotope analyses are
a means of deciphering the genesis of barite between
hydrothermal and diagenetic (Paytan et al. 2002). The
534S values of early barite occurring as large crystals
in the concretion matrix are well above the sulfur
isotope composition of the Late Silurian seawater sul-
fate. Such a strong 3*S enrichment can only be ex-
plained by microbial reduction of sulfate dissolved in
pore water in a semi-closed diagenetic environment,
when sulfate became already significantly depleted
(Bréhéret and Brumsack 2000; Riedinger ef al. 2006).
Bacteria preferentially utilize sulfate with 32S caus-
ing residual enrichment of 34S in the remaining sul-
fate pool in such settings (Canfield 2001). Therefore,
barite occurring in the concretionary matrix is ear-
ly-diagenetic and precipitated in the BSR zone, but
deeper than framboidal pyrite, where marine sulfate
was already strongly used up. The source of Ba>* was
probably dissolution of biogenic barite particles that
were deposited on the seafloor, but buried to the sul-
fate-free diagenetic zone extending below (Torres et
al. 1996). Ba" released into the pore water migrated
upwards (Riedinger et al. 2006) and when it reached
the sulfate-bearing zone, barite precipitated as euhe-
dral, large crystals. Dolomite precipitated at the base
of the BSR zone where sulfate became significantly
depleted or in deeper diagenetic zones (cf. Hennesy
and Knauth 1985; Compton 1988), as sulfate ions are
effective inhibitors for dolomite formation (Baker and
Kastner 1981). Thus, a late diagenetic formation post-
dating concretionary growth may not be ruled out.

The concretions grew through gradual precipita-
tion of microspar calcite. The concretionary growth
was associated with replacement of shells and barite
crystals in the concretions. At some point, the first
set of septarian cracks opened and was subsequently
filled with early septarian calcite (SC1). The second

set of septarian cracks opened after precipitation of
SC1 and was filled with late septarian calcite (SC2)
followed by septarian barite. Late carbonate cements
(calcite and saddle ankerite), often with bitumen in-
clusions, precipitated within large shells in the con-
cretions as well.

It is difficult to constrain the time relations be-
tween the diagenetic processes taking place within
the concretions and in the surrounding mudstones.
Framboidal pyrite, barite and dolomite surely pre-
cipitated in the mudstones. The silt-sized carbonate
grains in the mudstones are difficult to interpret.
Their morphology is mostly not indicative of their
origin. The high Mg and low Mn contents along with
8BCa and 880, values being close to those of
contemporaneous seawater (Azmy et al. 1998), sug-
gest that these grains may represent either intraclasts,
very early seawater-derived cements, cements pre-
cipitated from dissolution of primary carbonates, or
recrystallized micrite. It is clear that both dissolution
and precipitation of carbonates did take place after
deposition. The microspar calcite cement observed
in some mudstones exhibits contrasting properties
to those of concretionary microspar and can be re-
lated to later diagenetic stages, as suggested by its
very high Fe/Mn ratio (cf. Curtis and Coleman 1986).
Thus, we assume that at least some part of the silt-
sized calcite formed by late-diagenetic recrystalli-
zation or reprecipitation after dissolution of primary
marine carbonate grains. Yet, some calcitic grains
in the mudstones may be intraclasts, which were
more resistant to dissolution than biogenic or mi-
critic grains that were likely composed of metastable
high-Mg calcite or aragonite (e.g. gastropod shells).

Sources of substrates for concretionary calcite

Stable C and O isotope compositions of carbon-
ate material are used to reconstruct the sources of
inorganic carbon dissolved in parent pore water (DIC
— dissolved inorganic carbon) and to investigate the
sources of pore water and temperature variations
during calcite precipitation at shallow burial provided
that original isotopic ratios are preserved. Although
carbonate shells underwent secondary alteration
(including neomorphism), the concretionary micro-
spar cement was not recrystallized, as this would
have modified its original development, most of all
by increasing crystal size (Morse and Casey 1988)
and transforming its micromorphology (Saigal and
Bjerlykke 1987; Bojanowski et al. 2014), which is not
the case. Oxygen isotopes are vulnerable to second-
ary alteration, especially at increased temperatures,
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which may reset the isotopic ratios by re-equilibration
between the brines and carbonate material. Resetting
of oxygen isotopic ratios at increased temperature
results in depletion of '*O and in unification of §'%0-
carb Values of calcite concretions (Dix and Mullins
1987; Bojanowski et al. 2014). Although the concre-
tions examined exhibit a narrow range of 880,y
values within individual specimens (<2%o; Text-fig.
11A and B), their 8'%0,,,, values (mean values be-
tween -7.4%o and -4.4%o) are within or slightly lower
than the range of the Silurian seawater (-6%o to -4%o;
Azmy et al. 1998), which suggests that the original
isotopic composition was preserved, as early-diage-
netic cements are expected to precipitate at a slightly
higher temperature than that of bottom water. Only
the concretions from the Dobryniéw OU-1 well are
strongly depleted in '%0 and their §'80 values vary by
less than 1%o within a single concretion, which points
to reequilibration of O isotope ratios at an elevated
temperature. This O isotope resetting was probably
caused by an abnormally high temperature related to
maximum burial in this area, as exceptionally high
maturity of organic matter ~3% Ro was recorded in
the Silurian deposits in Lopiennik IG-1 well (Grotek
2009) that is located several kilometers away from
the Dobryniow OU-1 well.

The amount of carbonate material inherited from
the sediments is insignificant in the concretions.
Therefore, their bulk isotopic composition is chiefly
controlled by the isotopic composition of concretion-
ary cements with minor influence from sedimentary
and biogenic carbonates with 83C,,, values around
0%o, as represented by mudstone samples. The nega-
tive 8'3C,,,, values of the concretion matrix indicate
that the main source of DIC was microbial oxida-
tion of organic matter (OM) during early diagenesis
(Irwin et al. 1977; Curtis and Coleman 1986), which
transfers organic carbon to DIC without a signifi-
cant change in the C isotope composition (Cody et
al. 1999). Formation of framboidal pyrite predating
concretionary growth was related to BSR (see above),
so the negative 8'3C_,;, values of the concretions can
only be linked to BSR as the main DIC source, as
fermentation is related to fractionation of C isotopes
in the opposite direction. The C isotope composition
of OM in the associated mudstones (between -32%o
and -28%o) provides a rough estimation of the compo-
sition of the organic source for the concretions. The
original §'°C,,, values of OM deposited on the basin
floor were probably slightly higher, e.g. up to -25%o, as
post-depositional alteration of OM leads to preferential
preservation of 3C-depleted compounds (Lehmann
et al. 2002). Thus, the lowest 8'3C,,,, values of con-

cretions (between -24%o and -10%o) must be associ-
ated with the domination of BSR-derived DIC during
precipitation of concretionary microspar. The role of
BSR-derived DIC diminishes towards higher values
(between -10%o and 0%o), for which another, “heavier”
DIC source (relatively enriched in '3C) must have been
also significant. The concretions formed at least partly
by an outward growth (see below), so the tendency
of decreasing 8'®0,, values towards their margins
suggests that they grew during a period of decreasing
O isotope ratio, probably driven by a slight increase of
temperature during gradual burial. Therefore, concre-
tions with positive correlations between 83C,,, and
880,y values grew when the role of the “heavier”
DIC source, which was most likely seawater or dis-
solution of primary carbonate grains, was decreasing.
Consequently, concretions with negative correlations
grew when the role of the “heavier” DIC source, which
was probably methanogenesis (Me; Irwin et al. 1977,
Curtis and Coleman 1986) or dissolution of carbonate
grains, was increasing. Concretions without correla-
tion between §'3C,,,, and 8'80,,, values have not ex-
perienced changes either in the sources of DIC or tem-
perature while forming, probably because they were
formed in a very stable diagenetic conditions in the
BSR zone or over a relatively short period.

The septarian cements represent individual ce-
ment generations that can be sampled separately, not
a mixture of several generations of microcrystalline
cements and sedimentary carbonates, as is the situ-
ation in the concretionary matrix. The isotopic com-
position of a septarian cement provides, therefore, a
precise characterization of a particular event in the
diagenetic history. The 8'80,,,, values of the early
septarian calcite (SCI) are mostly within the range
typical for contemporaneous seawater and similar to
those of the concretionary matrix. This means that
SC1 precipitated at similar shallow depths as concre-
tionary microspar. Some SC1 exhibit §'®0,,, values
that are in fact higher than those of associated concre-
tions. This can be tentatively explained by a prolonged
precipitation of concretionary microspar and partly
pervasive concretionary growth (see below), which
resulted in the bulk §'%0,,,;, values of the concretion
body being buffered between those of early (roughly
represented by 8'%0,,, of SC1) and late microspar
generations (with 880y, values lower than those of
SC1). The fairly negative 8'3C,y, values (~ -10%o) of
SC1 are similar to those of the concretionary matrix,
which confirms that the DIC pool was composed of
a mixture of BSR-derived and a “heavier” DIC (ma-
rine DIC, liberated from dissolution of carbonates or
related to Me) during the early-concretionary stage.
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The late generation of septarian calcite (SC2) is
enriched in Mn, Fe, 13C and depleted in '*O rela-
tive to SCI. This indicates that SC2 precipitated in
a deeper diagenetic environment, in more reducing
conditions and at an elevated temperature (Curtis and
Coleman 1986). The highest 83C,,, value (+4.1%o)
noted for SC2 clearly shows that an additional source
of DIC with very high 83C., values appeared,
which was enriched in 13C relative to marine DIC or
that liberated by dissolution of carbonates. Potential
sources of '3C-enriched DIC include Me (Irwin et
al. 1977) or thermal decarboxylation (De) of already
strongly degraded and isotopically fractionated
kerogen (Galimov 1980; Whiticar et al. 1986). The
81BC up values of the rest of the SC2 samples range
from -8.5%o to -1.2%o, which may also be related to
DIC liberated by Me or De, but compromised by
an addition of DIC from dissolution of carbonates.
Me usually operates at temperatures <75°C (Wiese
and Kvenvolden 1993), whereas De operates at >50°C
(Peters et al. 2005), so both processes are likely, as
these temperature ranges can be reconciled with the
very low 880, values of these samples and the
thermal history of the host rocks.

Barite occurs in the concretions and was not
found in the surrounding mudstones, although large
barite crystals were observed in mudstones of the
Pelplin Fm in other wells. Barite is relatively insolu-
ble mineral, but it is prone to dissolution during deep
burial where sulfate becomes exhausted in pore wa-
ter (Torres ef al. 1996; Riedinger et al. 2006) and can
survive only if favorable conditions occur. Early bar-
ite is commonly corroded or even pseudomorphed by
calcite in the concretions. The degree of replacement
by calcite depends on the location within concre-
tions. Barite domains contain some unaltered barite
only when they are enveloped by large concretions.
Moreover, barites occurring in concretions along hor-
izontal planes do not extend beyond the concretions.
Therefore, barite was clearly more effectively isolated
from the sulfate-free pore water by the microcrystal-
line concretion body, whereas it was entirely leached
in the surrounding sediments. Euhedral pyrite, which
is preferentially associated with strongly altered bar-
ite crystals, must have formed as a consequence of
barite replacement, as considerable quantity of sul-
fate was liberated from dissolution of barite and sub-
sequently reduced to precipitate pyrite. This pyrite
is also associated with SC2 that predates septarian
barite. Thus, sulfate-free conditions leading to barite
dissolution occurred after SC1 and continued during
precipitation of SC2, which must have taken place in
the Me and/or De zones.

Septarian barite bears no sign of dissolution, which
suggests that it formed after the early-diagenetic barite
crystals and when favorable conditions were reestab-
lished. In concretion Sy5, the S isotope composition
of septarian barite is similar to that of early-diage-
netic barite and SC2 is associated with euhedral py-
rite, which suggests that substrates for septarian bar-
ite could have been derived from dissolution of the
early-diagenetic barite. The &**S value of septarian
barite in Wy2 is by 9—14%o lower than that of the Late
Silurian seawater sulfate. This may be related either
to oxidation of hydrothermal H,S (Paytan et al. 2002)
or oxidation of microbially formed sulfides that are
depleted in 3*S, e.g. framboidal pyrite (Bottrel et al.
2000; Raiswell et al. 2002). Moreover, euhedral pyrite
was not detected in this concretion, which suggests
that precipitation of septarian barite was not always
related to dissolution of early-diagenetic barite.

Saddle ankerite is the last carbonate cement ob-
served in the rocks examined. Formation of saddle
dolomites and ankerites is linked to precipitation from
hot basinal fluids at temperatures >100°C and typi-
cally at least coinciding with the “oil window” (Al-
Aasm 2003; Davies and Smith 2006). The Wenlock—
Ludlow series experienced maximum burial in the
Late Carboniferous, when they went through the “oil
window” and reached the “dry gas window” condi-
tions (Botor et al. 2017). Both saddle ankerite and the
preceding late calcite cements contain bitumen inclu-
sions, which can tentatively be linked to petroleum
generation and migration (Sirat ef al. 2016).

The §'3C,,,, values of the mudstones examined
are always lower than that of Silurian marine DIC
(~+2%o; Prokoph et al. 2008), which can be explained
by the addition of authigenic carbonates (mostly dolo-
mite). The most depleted §'3C,, values of mudstones
are lower by ~4%o than those of marine DIC, which
is the case for Do3m sample that is especially rich
in a late Fe-rich calcite cement. This indicates that
authigenic carbonates in mudstones exhibit slightly
negative 8'3C,,, values, which may be attributed to
BSR-derived or De-derived DIC for early and late
carbonate cements, respectively. It is evident that the
mudstones experienced dissolution of biogenic car-
bonates between these cementation events.

Concretionary growth mechanism

The lack of concentric zoning, plane-parallel lam-
ination throughout the entire concretions, as well as
uniform content, micromorphology and the elemental
composition of concretionary cement from center to
edge of the concretions may be indicative of a per-
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vasive mode of concretionary growth (Mozley 1996;
Raiswell and Fisher 2000). Concretions formed in that
way grow by simultaneous precipitation of microcrys-
talline cement within the entire space of the future
concretion. However, there is also evidence of a con-
centric outward growth of the concretions examined.
Inclination of laminae in some specimens indicates
that their outer parts were cemented by concretion-
ary calcite at a slightly later stage than their central
parts. This late stage of concretionary growth added
already slightly deflected laminae around the initial
concretion. Still, this stage took place in only slightly
compacted sediments, as the inclination of the laminae
in the outer parts of the concretions is much lower
(<15°) than that of the surrounding, fully compacted
mudstones (<45°). Therefore, the concretions were
formed by a combination of pervasive and concentric
growth mechanisms (e.g. Bojanowski and Clarkson
2012). Namely, at the stage of concretion enlargement
cements were precipitated not only beyond (concentric
end-member), but also within the limits of an exist-
ing concretion by occluding the intercrystalline pore
space (pervasive end-member). Such complex growth
mechanism makes interpretation of the bulk isotopic
composition problematic, as powdered samples for iso-
tope analyses comprise several cement generations.
This may explain the relatively low spread of §3C-
carb and 8'80,,,, values within individual concretions,
which represent a mass balance between different DIC
sources and precipitation temperatures for all cement
generations present in each sample.

Inclination of laminae developed when the concen-
tric mode prevailed during the gradual increase of the
overburden causing compaction progress. Abundant
carbonate precipitation in fine-grained sediments with
low permeability requires even several thousands
of years to form a concretion (e.g. Raiswell 1988;
Coleman and Raiswell 1993). The calculated sedimen-
tation rates for uncompacted mudstones give estimates
between 4 and 9 cm/kyrs, which shows that a concre-
tion formed over 5 thousand years would have been
buried merely by 20—-45 c¢cm during its growth. This
confirms that the concretionary growth was able to
take place in a stable diagenetic environment, i.e. en-
tirely within the BSR zone, and during an insignificant
progress of compaction of the surrounding sediments.

Paleoenvironmental implications

The mineral composition, high organic carbon
content (median TOC contents in the Baltic and
Lublin basins are 0.7 and 1.5%, respectively, with
a maximum of 9.5%) and textural characteristics

(e.g. lamination, peloids, fine grain size, distribu-
tion of pyrite framboid diameters) of mudstones in
the Pelplin Formation indicate that they were formed
predominantly by hemipelagic settling albeit inter-
rupted by periods of erosion and deposition from
fast moving suspensions in suboxic to anoxic con-
ditions (Kosakowski et al. 2015). Because carbonate
fossils are rarely preserved in the mudstones, little
is known about the paleoenvironmental conditions
that occurred in both basins during the Wenlock and
Ludlow. This work partly fills this gap, as diverse
faunal assemblages and early-diagenetic barite have
been preferentially preserved in the concretions and
much information could be recovered.

The C isotope composition of the concretions
provides evidence of a link between the accumula-
tion and microbial degradation of a large amount of
organic matter and carbonate precipitation in oxy-
gen-free diagenetic conditions. The extent of this
concretionary carbonate authigenesis in the Silurian
organic carbon-rich mudstones is extraordinary and
doubtlessly must be related to high organic input and
the low rate of detrital accumulation. High marine
productivity is confirmed by the abundance of plank-
tic microfossils (e.g. radiolarian tests) and pellets,
especially in the Baltic Basin. Early-diagenetic barite
is also typically associated with areas of high ma-
rine primary productivity where deposition of or-
ganic carbon-rich sediments takes place (Dean et al.
1997; Dehairs et al. 1980; Paytan et al. 1996). The
burial depth range which has favorable conditions for
early-diagenetic barite precipitation is small, as it is
limited to the deep parts of the BSR zone (Riedinger
et al. 2006). Continuous deposition at a relatively
stable pace would have caused a constant downward
migration of the sediments through the sulfate-meth-
ane transition zone (SMTZ), which would not have
allowed for abundant barite precipitation (Bréhéret
and Brumsack 2000). Therefore, favorable conditions
for the growth of barite domains or accumulations
of barite crystals along some layers must have de-
veloped during prolonged periods of deceleration or
breaks in sediment accumulation. Mean sedimen-
tation rates estimated for the Wenlock deposits in
both basins are indeed low (<10 mm/kyrs for un-
compacted sediments). The resultant steady diage-
netic conditions allowed abundant calcite and barite
precipitation by the stabilization of the SMTZ at a
certain depth for a longer time. Because concretions
appear in great numbers in the Wenlock and Ludlow
strata without gaps in both basins, which are about
500 km apart, the cause for such a slow sedimenta-
tion rate must have been at least regional. The extent
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of conditions favorable for abundant early-diage-
netic carbonate precipitation took place over an even
larger area, as similar concretions to those examined
in this study have been reported from the Silurian
organic carbon-rich mudrocks in various parts of the
East European Craton, e.g. Bornholm in Denmark
(Buchardt and Nielsen 1985), central Sweden (Morad
and Eshete 1990) and the Holy Cross Mountains in
Poland (Malec et al. 2016). The concretions from
Bornholm and Poland are of a Wenlock age, whereas
the Swedish ones occur in the Llandovery series. The
concretions exhibit similar stable C and O isotope
compositions and petrographic properties, although
those from Sweden are affected by strong recrystal-
lization. What is particularly pinpointing is the pres-
ence of calcite pseudomorphs apparently replacing
euhedral sulfate minerals that are associated with
euhedral late pyrite (cf. fig. 5 in Morad and Eshete
1990 and fig. 18D in Malec et al. 2006), although the
authors of the latter work proposed another explana-
tion. These features are very similar to the former
barite crystals replaced by calcite presented in this
study (see Text-fig. 10).

Our data points to some differences in paleoeco-
logical conditions between the Baltic and Lublin ba-
sins (Table 1). The occurrence of nectic fauna and
abundance of radiolarian tests, together with the ab-
sence of benthic fauna in the concretions indicate
a more basinal setting with very high marine pro-
ductivity in the Baltic Basin. On the other hand, the
appreciable quantity of benthic shelly organisms to-
gether with the scarcity of radiolarian tests is con-
sistent with offshore neritic depths and relatively
lower productivity in the Lublin Basin. A deeper en-
vironment in the Baltic Basin is also indicated by the
thin lamination and micronodular texture preserved
in the concretions. Despite its greater depth, the
Baltic Basin was closer to the detrital source, i.e. the
Caledonian orogenic front to the west, which is man-
ifested by the higher sedimentation rate and higher

quartz/clay ratio in the mudstones (Suppl. Table 1).
The shallower setting in the Lublin Basin allowed
for the occasional accumulation of storm deposits.
The size distribution of framboidal pyrites is simi-
lar and indicates common redox conditions in both
basins. Therefore, the abovementioned sedimento-
logical differences cannot be explained by different
redox conditions in the basins. The overall higher
813C i, values of concretions from the Lublin Basin
than those from the Baltic Basin probably result from
the abundance of macrofossils that contain late in-
trashell calcite with relatively heavy C isotope ratios
and should not be interpreted in terms of paleoenvi-
ronmental differences.

The stable C and O isotope composition of the
concretions indicates that Me and De operated in
the Silurian deposits, which is in line with their high
TOC content and indicates that biogenic methane and
thermogenic hydrocarbons were produced during
early and burial diagenesis, respectively. The oc-
currence of bitumen inclusions in the late carbonate
cements, e.g. saddle ankerite, confirms that thermo-
genic hydrocarbons might have migrated through the
Pelplin Fm. during deep burial stage.

CONCLUSIONS

The concretions started to grow close to the sed-
iment-water interface, prior to mechanical compac-
tion. They formed by a combination of concentric
and pervasive growth mechanisms. The initial stages
of cementation produced a compaction-resistant
framework, which protected the original sedimentary
structures, faunal assemblages and early-diagenetic
barite. The concretions formed mainly as a result
of oxidation of organic matter coupled to bacterial
sulfate reduction (BSR). Other possible sources of
dissolved inorganic carbon (DIC) were seawater,
dissolution of carbonate grains and methanogenesis

Baltic Basin

Lublin Basin

Comments/Interpretation

accumulation rate in Wenlock 23-31 mm/kyrs

13 mm/kyrs

Baltic Basin closer to orogen

mineralogical composition | the same suite of minerals, but:

quartz/2:1 layer phyll.
in mudstones

from 1.2 to 3.0; mean 1.8 | from 0.8 to 1.7; mean 1.2

higher rate of detrital input to the Baltic Basin

pellets 8/10 concretions

2/10 concretions

Radiolaria 8/10 concretions

2/10 concretions

higher plankton productivity in the Baltic Basin

benthic fauna 2/10 concretions

9/10 concretions

lamination 10/10 concretions

6/10 concretions

deeper setting in the Baltic Basin

coarse-grained laminae 0/10 concretions

4/10 concretions

storm deposits only in the shallower Lublin Basin

size of pyrite framboids

mostly <10 um, but variable up to 30 pm

similar redox conditions

Table 1. Comparison of sedimentological and biotic indicators of sedimentary environment between the basins
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(Me) or thermal decarboxylation of kerogen (De).
The concretions experienced two stages of septar-
ian fracturing. Early septarian calcite formed still
close to the sediment-water interface mainly due to
BSR. Late septarian calcite precipitated at an already
elevated temperature during deeper burial and be-
came progressively enriched in Me- and De-derived
DIC. These diagenetic conditions and the bitumen
inclusions in the late carbonate cements suggest that
biogenic methane and thermogenic hydrocarbons
were liberated from the Pelplin mudstones during the
early-diagenetic and burial stages, respectively.

The calcite concretions have revealed paleoeco-
logic information about the Wenlock—Ludlow period
in the Baltic and Lublin basins, which was obscured
in the surrounding mudstones. The co-occurrence of
early-diagenetic barite and calcite concretions with
isotopic signatures indicating formation close to the
sulfate-methane transition zone provides evidence
of a deceleration in sedimentation during enhanced
accumulation of organic matter in the basins, proba-
bly related to increased primary productivity coupled
with decreased terrigenous supply. The mudstones
were formed mainly by hemipelagic sedimentation
in both basins, but the Lublin Basin was shallower,
as indicated by the abundance of benthic fauna in
concretions from this basin. Some of these conclu-
sions may be useful for the evaluation of potential
petroleum production within the interval examined,
which shows that carbonate concretions are valuable
sources of information not only about the diagenetic
environment and pore water, but also about the major
characteristics of a sedimentary basin.
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Suppl. Tab. 1. Results of XRD analyses depicting the mineral composition of mudstones and concretions with contents of minerals given in wt%

. . . . . 2:1 layer .. . . . Dolomite/ Quartz/
Basin Sample Material Calcite  Dolomite Quartz Albite  Ortoclase hvil Kaolinite Chlorite  Pyrite  Gypsum  Barite calcite 2:1 layer
phytl phyl.
Belm mudstone 7.3 16.6 23.7 12.7 213 15.7 2.6 2.3 11
Bele concretion matrix 78.1 3.7 13.8 1.9 23 0.2 0.0
Belg concretion matrix 85.1 33 7.1 15 2.8 0.2 0.0
Dolm mudstone 0.7 0.3 28.6 15.1 20.3 211 13.9 0.4 1.4
Dolb concretion matrix 72.8 16.3 4.8 3.7 25 0.0
Dole concretion matrix 89.2 6.6 2.3 0.4 1.2 0.3 0.0
Do2m mudstone 6.7 0.3 27.3 13.8 5.2 19.4 19.7 7.6 0.0 14
L Do2d concretion matrix 84.6 9.6 3.9 0.3 13 0.4 0.0
Do2e concretion matrix 75.5 11.6 5.7 35 2.0 1.7 0.0
U Do2f concretion matrix 81.3 9.9 3.9 0.5 25 1.9 0.0
Do2g concretion matrix, edge 67.7 13.7 6.5 6.9 3.9 1.3 0.0
Do3m mudstone 431 15 11.3 8.4 6.6 13.6 14.0 15 0.0 0.8
B Do3e concretion matrix 80.0 35 9.8 3.7 24 0.7 0.0
Do4m mudstone 5.0 13.1 24.1 11.6 6.1 14.2 7.6 14.8 3.6 2.6 1.7
L Do4d  concretion matrix with barite domain 82.6 2.2 5.1 0.9 0.7 1.4 7.1 0.0
Do4g concretion matrix 78.8 2.5 11.3 41 3.0 0.3 0.0
Sylm mudstone 10.4 0.7 28.1 10.7 6.8 19.9 19.1 4.4 0.1 14
I Sylb concretion matrix 91.3 0.1 7.8 0.8 0.0
Syle concretion matrix 88.8 6.6 0.9 2.0 1.7 0.0
N Sy2m mudstone 0.7 1.0 27.6 10.0 6.1 321 12.2 8.2 21 15 0.9
Sy2e concretion matrix 75.8 11.3 2.7 4.1 4.5 1.7 0.0
Sy3m mudstone 5.8 0.8 29.5 13.0 7.9 18.3 20.8 4.0 0.1 1.6
Sy3c concretion matrix 86.6 1.2 8.2 1.3 1.0 1.4 0.4 0.0
Sydm mudstone 3.4 10.0 26.9 9.1 8.4 25.8 13.9 25 2.9 1.0
Sy4b concretion matrix 77.8 33 9.7 1.0 4.0 3.9 0.3 0.0
Sy5m mudstone 6.8 9.4 22.9 9.4 8.5 22.2 17.6 3.3 14 1.0
Sybe concretion matrix 85.2 1.4 9.9 0.4 2.5 0.6 0.0
average 1.2
Bolm mudstone 15 1.2 38.7 12.8 23.2 19.5 31 0.8 1.7
Bolg concretion matrix 81.0 2.0 104 18 4.5 0.5 0.0
Bo2m mudstone 8.6 5.1 39.1 9.4 4.8 13.1 2.8 145 2.7 0.6 3.0
B Bo2b concretion matrix 775 3.8 12.4 1.3 4.4 0.6 0.0
Bo3m mudstone 5.7 3.7 34.7 11.0 5.8 17.4 18.3 35 0.6 2.0
Bo3b concretion matrix 74.2 3.1 11.8 1.8 5.0 3.8 0.4 0.0
A Bo4b concretion matrix 77.8 2.2 10.9 1.6 6.6 0.9 0.0
Bo5m mudstone 8.3 4.4 33.6 10.6 19.1 19.6 44 0.5 18
L Bo5f concretion matrix 78.8 0.7 12.0 0.9 6.0 15 0.0
Kolm mudstone 9.1 8.4 35.0 8.2 4.8 20.0 12.0 25 0.9 1.7
Kole concretion matrix 73.2 15 11.7 24 6.4 4.1 0.7 0.0
T Oplm mudstone 4.8 6.9 30.4 10.2 5.1 253 15.0 24 14 1.2
Oplc concretion matrix 729 15 12.8 2.8 6.2 3.8 0.0
| Opld concretion matrix 80.8 0.9 9.3 2.6 3.3 25 0.5 0.0
Wylm mudstone 0.6 1.7 29.3 12.4 6.1 24.3 20.3 5.3 29 1.2
c Wylf concretion matrix 83.0 1.2 1.7 2.0 3.0 2.1 1.0 0.0
Wy2m mudstone 2.7 7.7 31.0 8.9 6.7 26.8 12.8 34 2.9 12
Wy2b concretion matrix 80.9 24 9.2 15 4.3 15 0.3 0.0
Wy3m mudstone 9.8 5.2 37.4 10.2 18.4 14.7 44 0.5 2.0
Wya3i concretion matrix 80.5 2.5 10.8 1.2 1.3 2.7 1.0 0.0
average 1.8



Suppl. Tab. 2. Composition of concretions based on microscopic observations and cathodoluminoscopy performed on thin sections

Micro- Bivalves / Tubular Biogenic
Basin Thin section Lamin. Pellets Barite Septaria  fossils  Radiol. Brachiop. Gastrop. shells Spicules  Nautil.  Echinod. Trilob. phosphates
Bel-1 X X ?
Bel-2 X X X X
Dol-1 X ? X X X ?
Dol-2 X X
Do1-3 X X X X X
L Do2-1 X X
Do2-2 X X X X X X X
Do3-1 X XXX X
U Do3-2 X X XXX X
Do3-3 oval domain X X XXX X X
B Do4-1 oval domain X XXX X X
Do4-2 X X XXX X X
Do4-3 X XXX X X X X X
L Syl-1 X X X ? ?
Syl-2 X XXX X X X
| Sy2-1 X X XXX X X X X
Sy2-2 X X
N Sy3-1 X X X X X
Sy3-2 X X X X
Sy4-1 along two layers X X X
Sy4-2 along a layer X XXX X X
Sy5-1 in septaria X X X X
Sy5-2 in septaria X
Sy5-3 oval domain X
Bol-1 X X X XXX X
Bol-2 X X X XXX
B Bo2-1 (mudst.) X X
Bo2-2 X X X XXX X
Bo3-1 X X X XXX X ? X
A Bo3-2 X X X XXX
Bo4 X X X XXX ?
L Bo5 X X X X X X ? X
Kol-1 X ? X ? X X
Kol-2 X X X X X X
T Op1-1 X X X X X X X
Op1-2 X oval domain X X X X X X X X
| Wyl-1 X X along a layer X
Wyl-2 X X X X X
Wy2-1 X X X XXX
c Wy2-2 X X in septaria X X XXX
Wy3-1 X X XXX X
Wy3-2 X X X XXX




Suppl. Tab. 3. Results of SEM-EDS analyses depicting the elemental composition of carbonate components

CaCO; [mol%o] MgCO; [mol%o] MnCO; [mol%] FeCOj3; [mol%o]
Rock type Material n mean sd min  max mean sd min  max mean sd min  max mean sd min  max
silt-sized calcite (intraclasts?) in mudstones 6 89.7 1.3 879 911 6.6 1.2 54 8.2 b.d. - b.d. b.d. 3.7 0.2 3.3 4.0
Mudstones _ dolomi_te 8 62.2 4.2 554 672 352 4.0 304 405 0.0 0.1 b.d. 0.2 25 0.8 1.6 4.1
microspar cement in mudstones 11 92.7 0.9 914 937 4.9 0.7 4.0 5.9 0.2 0.1 b.d. 0.3 2.3 0.3 1.9 2.8
cement in microfossils in mudstones 3 924 0.2 923 927 5.1 0.2 4.9 5.3 0.3 0.0 0.3 0.4 2.1 0.1 2.0 2.1
cement In microfossils in concretions 6 96.8 0.7 96.0 97.7 2.2 0.6 1.4 3.0 0.5 0.3 b.d. 0.7 0.6 0.2 0.3 0.9
c shells of benthic macrofossils 26 96.5 0.8 946 982 24 0.7 11 3.7 0.3 0.1 b.d. 0.4 0.8 0.3 0.3 1.3
0 shells of nectic macrofossils 11 96.9 0.9 957 981 2.2 0.6 1.2 2.9 0.2 0.1 b.d. 0.4 0.7 0.3 0.4 11
n calcified spicules 10 96.0 0.9 949 976 2.8 0.9 1.2 39 0.3 0.2 b.d. 05 0.9 0.2 0.7 12
c tubular shells 2 95.0 0.1 949 95.1 3.6 0.1 3.6 37 0.4 0.0 0.4 04 1.0 0.0 1.0 1.0
r echinoderm fragments 2 94.2 1.4 932 952 35 1.0 29 4.2 0.5 0.1 0.4 0.6 1.8 0.4 1.6 2.1
e intrashell calcite cement 68 96.5 1.3 93.4 988 2.7 1.3 0.9 5.6 0.3 0.2 b.d. 0.6 0.5 0.4 b.d. 1.8
t saddle ankerite 2 50.1 24 574 608 25.0 0.7 245 255 21 0.2 2.0 2.2 13.8 15 128 149
i intergranular sparite 5 97.4 0.7 96.4 98.1 1.9 0.2 1.7 2.2 0.2 0.3 b.d. 0.7 0.5 0.4 b.d. 11
o concretionary microspar 69 94.9 1.3 924 978 3.9 1.2 1.2 5.9 0.2 0.2 b.d. 0.6 0.9 0.3 0.4 1.9
n septarian calcite - 1st generation 16 96.6 0.9 954  98.0 2.7 1.3 0.9 4.2 0.6 0.5 b.d. 1.6 0.1 0.1 b.d. 0.3
s septarian calcite - 2nd generation 6 96.6 0.8 96.0 981 2.4 0.6 1.2 2.7 0.4 0.2 0.2 0.6 0.6 0.2 0.5 0.9
calcite replacing barite 27 95.4 0.8 942 973 3.0 11 1.3 5.0 0.5 0.4 b.d. 15 1.0 0.4 0.5 2.3

b.d. - below detection



Suppl. Tab. 4. Results of isotopic measurements. O isotope values of mudstones were corrected for dolomite fractionation effect proportionally to dolomite/calcite ratio.

LUBLIN BASIN

61:“'Ccarb 818Ocarb 613Corg 634Ssulf 618Osulf

BALTIC BASIN

613Ccarb 5laocarb 5lSCorg 6348sulf 61805qu

Sample Material Age
[%o] [%o] [%o] [%o]
Belm mudstone -0.4 -6.5 -29.0 Homerian
Bela concretion matrix -6.5 -3.6
Belb concretion matrix -6.9 -3.9
Belc concretion matrix -7.5 -4.0
Beld concretion matrix -7.8 -4.1
Bele concretion matrix -7.0 -5.7
Belf concretion matrix -7.8 -4.2
Belg concretion matrix -7.3 -3.9
Belh concretion matrix -1.7 -4.6
Beli concretion matrix -12.2 -5.3
Belsl 1% qen. of septarian calcite -9.6 -6.0
Bels2 2" gen. of septarian calcite -8.5 -12.4
r 0.51
Dolm mudstone 0.6 -10.4 -30.3 Ludfordian
Dola concretion matrix -2.6 -10.9
Dolb concretion matrix -4.7 -10.5
Dolc  matrix with coarse-grained material -5.6 -9.2
Dold concretion matrix -5.9 -10.7
Dole concretion matrix -4.9 -10.6
Doif concretion matrix -5.4 -10.5
Dolg concretion matrix -5.8 -10.4
Dolh concretion matrix -3.8 -10.8
Doli concretion matrix -1.2 -11.1
Dols 2" gen. of septarian calcite -5.3 -10.6
r -0.56
Do2m mudstone -2.2 -11.5 -30.2 Ludfordian
Do2a concretion matrix -1.3 -11.4
Do2b concretion matrix -2.6 -10.5
Do2c concretion matrix -5.1 -10.4
Do2d concretion matrix -5.3 -10.7
Do2e concretion matrix -5.0 -10.6
Do2f concretion matrix 2.1 -11.1
Do2g concretion matrix -1.3 -11.4
Do2s 1% gen. of septarian calcite -2.2 -5.6
r -0.84
Do3m mudstone -2.1 -10.5 -30.9 Sheinwoodian
Do3a concretion matrix -14.3 -10.3
Do3b concretion matrix -12.8 -10.1
Do3c concretion matrix -12.6 -10.1
Do3d concretion matrix -12.8 -10.2
Do3e concretion matrix -13.0 -10.1
Do3s 1% aen. of septarian calcite -6.9 -6.2
r 0.65
Do4m mudstone -0.7 -1.7 -30.6 Sheinwoodian
Doda concretion matrix -10.9 -9.9
Do4b concretion matrix -11.1 -10.1
Do4c concretion matrix -11.2 -10.2
Do4d matrix with barite domain -11.7 -10.2
Dode concretion matrix -11.8 -10.3
Do4f concretion matrix -11.7 -10.2
Do4g concretion matrix -11.8 -10.0
Do4h concretion matrix -11.6 -10.0
Dod4s 1% gen. of septarian calcite 9.2 45
r 0.48
Sylm mudstone 0.5 -85 -30.1 Ludfordian
Syla concretion matrix -3.3 -5.9
Sylb concretion matrix -1.4 -5.8
Sylc matrix with coarse-grained material -1.2 -4.4
Syld concretion matrix -3.7 -6.3
Syle concretion matrix -3.5 -6.5
Sylf concretion matrix -1.9 -7.3
r 0.45
Sy2m mudstone -1.1 -9.6 -30.1 Ludfordian
Sy2a concretion matrix -0.5 -7.6
Sy2b concretion matrix -1.2 1.7
Sy2c matrix with coarse-grained material -2.6 -5.5
Sy2d concretion matrix -2.4 7.4
Sy2e concretion matrix -0.6 -7.3
Sy2f concretion matrix -0.9 -7.8
Sy2g concretion matrix -0.9 -8.5
r -0.65
Sy3m mudstone -1.1 -9.3 -30.1 Ludfordian
Sy3a concretion matrix -0.5 -7.0
Sy3b concretion matrix -0.5 -7.0
Sy3c concretion matrix -0.1 7.1
Sy3d concretion matrix -0.6 -7.2
Sy3e concretion matrix -0.5 -7.0
r -0.16
Sy4m mudstone -0.9 -6.2 -315 Sheinwoodian
Syda barite crystals 36.7
Sy4b concretion matrix -10.2 -6.9
Sy4c concretion matrix -9.2 -7.1
Sy4d concretion matrix -8.9 -7.1
Syde concretion matrix 9.1 -7.1
Sy4f concretion matrix -10.4 -6.6
Sy4qg barite crystals 63.7
Sy4h concretion matrix -12.7 -6.6
Sydi concretion matrix -13.7 -7.3
r -0.07
Sy5m mudstone -0.4 -7.3 -30.8 Sheinwoodian
Syba concretion matrix -9.4 -6.6
Sy5b concretion matrix -11.7 -6.7
Sy5c concretion matrix -11.7 -6.9
Sy5d concretion matrix -11.4 -7.0
Sybe concretion matrix -11.1 -6.9
Sy5f concretion matrix -10.9 -6.5
Sy5g concretion matrix -9.9 -6.9
Sy5h concretion matrix -9.4 -6.6
Sy5i concretion matrix -9.5 -6.8
Sy5ij barite domain 43.8
Syb5sl 1% gen. of septarian calcite -10.0 -35
Sy5s2 2" gen. of septarian calcite -2.7 -5.6
Sy5s3 septarian barite 42.7
r 0.33

7 - correlation coefficient between 6 > C and 6 O calculated for matrix samples of each concretion

average

-6.7

-8.0

Sample Material Age
[%o] [%o] [%o] [%o] [%o]
Bolm mudstone -1.1 -8.2 -30.2 Gorstian
Bola concretion matrix -19.4 -5.7
Bolb concretion matrix -18.8 -5.5
Bolc concretion matrix -17.6 -5.4
Bold concretion matrix -17.9 -5.6
Bole concretion matrix -18.9 -5.7
Bolf concretion matrix -16.5 -5.4
Bolg concretion matrix -14.2 -5.2
Bolh concretion matrix -12.6 -5.0
Boli concretion matrix -11.4 -4.7
r 0.97
Bo2m mudstone 2.7 -8.2 -30.4 Homerian
Bo2a concretion matrix -20.2 -6.6
Bo2b concretion matrix -20.5 -6.5
Bo2c concretion matrix -20.7 -6.6
Bo2d concretion matrix -20.6 -6.7
Bo2e concretion matrix -20.7 -6.8
Bo2f concretion matrix -20.9 -7.0
Bo2g concretion matrix -20.2 -7.2
r -0.04
Bo3m mudstone -1.2 -75 -30.1 Sheinwoodian
Bo3a concretion matrix -20.1 -6.1
Bo3b concretion matrix -19.5 -6.0
Bo3c concretion matrix -18.6 -5.7
Bo3d concretion matrix -18.2 -5.7
Bo3e concretion matrix -17.4 -5.6
Bo3f concretion matrix -17.3 -5.6
Bo3g concretion matrix -17.9 -5.7
Bo3h concretion matrix -18.2 -5.8
Bo3i concretion matrix -18.2 -5.8
r 0.90
Bo4a concretion matrix -20.9 -5.8 -21.3 Sheinwoodian
Bo4b concretion matrix -20.8 -5.8
Bo4c concretion matrix -20.9 -5.8
Bo4d concretion matrix -20.4 -5.6
Bo4e concretion matrix -20.6 -5.4
Boaf concretion matrix -20.4 -5.5
Bo4g concretion matrix -20.5 -5.5
Bo4h concretion matrix -20.7 -5.6
Bodi concretion matrix -20.9 -5.7
r 0.76
Bo5m mudstone -0.5 -8.0 -28.4 Sheinwoodian
Boba concretion matrix -3.6 -5.1
Bo5b concretion matrix -6.5 -5.0
Bo5c concretion matrix -7.0 -4.9
Bo5d concretion matrix -8.2 -4.8
Bob5e concretion matrix -8.5 -4.7
Bo5f concretion matrix -8.5 -4.8
Bo5g concretion matrix -1.2 -5.0
Bo5h concretion matrix -6.5 -5.0
Bob5i concretion matrix -4.0 -5.5
r -0.88
Kolm mudstone -1.2 -1.4 -31.6 Homerian
Kola concretion matrix -20.3 -7.0
Kolb concretion matrix -21.4 -6.8
Kolc concretion matrix -22.3 -6.9
Kold concretion matrix -235 -6.8
Kole concretion matrix -23.9 -6.7
Kolf concretion matrix -22.5 -6.7
Kolg concretion matrix -21.2 -6.8
Kolh concretion matrix -20.0 -7.0
Koli concretion matrix -18.5 -7.5
r -0.86
Oplm mudstone -0.6 -6.5 -29.3 Homerian
Opla concretion matrix -18.7 -5.6
Oplb concretion matrix -19.0 -5.4
Opld concretion matrix -19.2 -5.2
Oplc concretion matrix -17.2 -4.7
Ople concretion matrix -18.0 5.1
Opilf concretion matrix -18.9 -5.3
Oplg concretion matrix -18.5 5.4
Oplh concretion matrix -12.4 -5.5
Oplsl 1% gen. of septarian calcite ~ -13.1 5.0
Opls2 2" qen. of sentarian calcite -35 -12.7
r -0.18
Wylm mudstone -0.8 -7.3 -29.4 Homerian
Wyla concretion matrix -12.3 -5.9
Wylb concretion matrix -9.3 -5.9
Wylc concretion matrix -9.7 -6.1
Wyld concretion matrix -8.9 -6.0
Wyle concretion matrix -9.6 -6.1
Wylf concretion matrix -8.9 -5.9
Wylg concretion matrix -11.8 -5.9
Wylsl 1% gen. of sentarian calcite -7.0 -10.2
Wyls2 2" gen. of septarian calcite 4.1 -115
r -0.42
Wy2m mudstone -0.2 -5.8 -29.0 Sheinwoodian
Wy2a concretion matrix -16.3 -6.0
Wy2b concretion matrix -15.2 -6.3
Wy2c concretion matrix -15.8 -6.2
Wy2d concretion matrix -15.4 -5.8
Wy2e concretion matrix -15.3 -5.9
Wy2f concretion matrix -15.8 -5.8
Wy2g concretion matrix -15.3 -6.8
Wy2s septarian barite 13.7 135
r -0.32
Wy3m mudstone -0.7 -7.8 -271.6 Sheinwoodian
Wy3a concretion matrix -8.5 -6.4
Wy3b concretion matrix -9.2 -6.6
Wy3c concretion matrix -10.1 -6.2
Wy3d concretion matrix -11.4 -6.0
Wy3e concretion matrix -12.6 -6.0
Wy3f concretion matrix -13.1 -6.1
Wy3g concretion matrix -12.3 -6.0
Wy3h concretion matrix -11.8 -6.1
Wys3i concretion matrix -11.0 -6.1
Wy3j concretion matrix -10.7 -6.4
Wy3k concretion matrix -10.4 -6.4
r -0.84
average -15.7 -5.9



