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Abstract. The Ediacaran to Silurian geological interval of the Podolia Basin, southwestern Ukraine, is
associated with significant environmental change and biodiversification of morphologically complex
biota. Using a multiproxy approach, including total Nitrogen (TN), nitrogen and carbon isotopes,
total organic matter (TOC), and whole-rock geochemistry, we show that localised and transient nitrate
scarcity may have persisted in otherwise oxygenated and nitrate-replete oceans during the period of
extensive animal diversification. Bulk �15Nbulk data suggest stable partial denitrification between
the middle Ediacaran and Silurian, indicating the existence of a large seawater nitrate reservoir in
redox stratified waters that sustained the complex biota. Importantly, the switch to climate warming
combined with the nitrate-rich waters in the early Paleozoic triggered a rapid phytoplankton and
zooplankton bloom. This transition likely supported eYcient nutrient flow to higher trophic levels,
resulting in an increase in animal body size, biodiversification, and complexity during the Great
Ordovician Biodiversification Event. Nonetheless, the upper Ediacaran and upper Silurian strata

⁄Corresponding author

ISSN (electronic): 1778-7025 https://comptes-rendus.academie-sciences.fr/geoscience/

https://doi.org/10.5802/crgeos.296
https://orcid.org/0000-0001-9857-3533
https://orcid.org/0000-0002-7847-6207
https://orcid.org/0000-0001-9534-0064
https://orcid.org/0000-0003-2673-0565
https://orcid.org/0000-0001-7722-7068
https://orcid.org/0000-0002-7065-8962
https://orcid.org/0000-0002-0853-7051
https://orcid.org/0000-0002-4503-3389
https://orcid.org/0000-0001-5940-2192
https://orcid.org/0000-0001-5686-6725
https://orcid.org/0009-0002-5017-0748
https://orcid.org/0000-0001-7767-3762
https://orcid.org/0000-0001-9598-955X
mailto:abder.albani@univ-poitiers.fr
https://comptes-rendus.academie-sciences.fr/geoscience/


202 Anastasia Chupryna et al.

suggest a progressive near-quantitative denitrification with diazotrophic primary production as the
primary nitrogen source. The generated nitrate scarcity was likely transient with no significant
biological incidence since the early Paleozoic emergence and diversification of animals in the Podolia
Basin are well recorded. The shift to dominant lighter marine sedimentary �15Nbulk composition
perhaps resulted from the expansion of anoxic conditions in open marine environments during the
Silurian sea-level rises and falls.

Keywords. Geochemistry, Ediacaran, Nitrogen, Ukraine.
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1. Introduction

The Ediacaran (»635–539 Ma) to Silurian (»444–
419 Ma) periods are biologically significant because
this approximately 200 Myr time interval witnessed
unparalleled animal diversification (R. Wood et al.,
2020). The evolution of the Ediacaran biota be-
tween 575–539 Ma (Narbonne, 2005) is temporally
linked to a period of climate change characterized by
the end of the Marinoan Snowball Earth glaciation,
which saw a substantial rise in atmospheric oxygen
concentrations during the Neoproterozoic Oxygena-
tion Event—NOE (Canfield, 2005; Sahoo, Planavsky,
Kendall, et al., 2012), a dramatic rise in seawater lev-
els (Sahoo, Planavsky, Kendall, et al., 2012; Reinhard,
Planavsky, Gill, et al., 2017), and increased continen-
tal weathering (Frei et al., 2009; Bjerrum and Can-
field, 2011). The Ediacaran biota, comprised largely
of immobile soft-bodied fossils, declined or disap-
peared completely »539 Ma, and were replaced by
diverse morphologically complex multicellular algae
and animals during the Ediacaran–Cambrian tran-
sition, culminating with the subsequent Cambrian
Explosion of ancestral lineages of modern animals
at »541 to »521 Ma (Narbonne, 2005; Butterfield,
2011). Enhanced oxygenic photosynthesis by marine
phytoplankton promoted the diversification of zoo-
plankton, fish and other larger animals during the
Great Ordovician Biodiversification Event (GOBE)
(Edwards et al., 2017). However, it remains unclear
what caused the GOBE phytoplankton proliferation.

Existing evidence suggests the ensuing Silurian
Period experienced several events associated with
more expansive global oxygenation of seawater dur-
ing the so-called Paleozoic Oxygenation Event—POE
(Wallace et al., 2017; Krause et al., 2018), and corre-
lated with rising seawater levels, a wide distribution
of low continental landmass, a warm and stable cli-
mate, the diversification of fish and large-bodied an-
imals, an abundance of large-size shelly fossils, and
evidence for the appearance of the first terrestrial and

vascular plants (Dahl et al., 2010; Lenton et al., 2016;
Krause et al., 2018). This evolutionary diversifica-
tion has been widely related to increased oxygena-
tion of the ocean–atmosphere system, especially dur-
ing the Cambrian Explosion and beyond (Johnston,
Poulton, Goldberg, et al., 2012; F. Bowyer et al., 2017;
R. Wood et al., 2020). For instance, many Ediacaran
rocks containing large and diverse biota were pre-
dominantly deposited beneath shallow oxygen-rich
waters (F. Bowyer et al., 2017; F. T. Bowyer et al., 2020).
Nonetheless, it is debated whether it was oxygen that
triggered the rise of these animals or the other way
round (Cole et al., 2020).

Pervasive anoxia, characterized by ferruginous
conditions and euxinic waters, persisted in some
productive Ediacaran deep-sea settings (Canfield,
Poulton, et al., 2008; Sahoo, Planavsky, Jiang, et
al., 2016), and well into the Cambrian and beyond
(Wallace et al., 2017; Krause et al., 2018; Li et al.,
2018; Sperling et al., 2021). These deoxygenated wa-
ters likely inhibited and delayed the global radiation
and biodiversification of aerobic life forms into the
available seawater realms. Although the accessibil-
ity of bio-limiting nutrients, such as nitrogen (N),
has been suggested as significant in regulating bi-
ological productivity, the metabolic activity across
the Neoproterozoic–Paleozoic interval and their ex-
act influence on the diversification of early marine
metazoans remain disputed (Kipp and Stüeken, 2017;
Reinhard, Planavsky, Gill, et al., 2017; Cole et al.,
2020). Moreover, the scarcity of near-continuous ma-
rine sedimentary sequences formed in a single basin
across this time interval makes the coherent testing
of these hypotheses unachievable.

Nitrogen isotopes have been successfully used
for reconstructing the paleoenvironment during the
Ediacaran–Cambrian transition and into the Paleo-
zoic (Melchin et al., 2013; Luo et al., 2016; Reinhard,
Planavsky, Gill, et al., 2017; Pehr et al., 2018; X. Wang
et al., 2018; C. Chang, Hu, et al., 2019; C. Chang,
Z. Wang, et al., 2022; Kipp, Algeo, et al., 2020; Y.
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Liu et al., 2020; Yang et al., 2021). According to Al-
geo, Meyers, et al. (2014), climatic rather than redox
�uctuations would have driven the long-term nitro-
gen dynamics in the Phanerozoic. However, the re-
dox state of the Paleozoic oceans was likely not sta-
ble compared to those of the Mesozoic and Cenozoic
eras, which would have disrupted the nitrogen cycle
(Stüeken, Kipp, et al., 2016). Therefore, the in�uence
of climate- and redox-driven variations on nitrogen
cycling in the Paleozoic is yet to be determined.
For example, the Ordovician–Silurian transition is
thought to be globally marked by protracted nitro-
gen limitation resulting from quantitative denitri�-
cation (reduction of nitrate to dinitrogen) in succes-
sive icehouse and greenhouse intervals (Y. Liu et al.,
2020; Yang et al., 2021; Melchin et al., 2013). Notably,
the deep oceans in the Ordovician–Silurian transi-
tion may have been severely depleted in �xed nitro-
gen compounds, while the surface ocean remained
oxygenated (Michel et al., 2013). Complex relation-
ships among climate, eustasy, and redox changes
have therefore been inferred to explain the nitrogen
patterns during the �rst of the “Five Big” Phanerozoic
extinction events (end-Ordovician).

Here we show dynamic interplays between eu-
stacy, nitrogen bioavailability, and the evolution
of complex life across the Late Neoproterozoic–
Paleozoic transition when the �rst ancestral forms
of modern animals �rst appeared. We report on
a rare but near-continuous Ediacaran to Silurian
marine sedimentary package in the Podolia Basin
in southwestern Ukraine (Figure 1). Biological and
lithological change across the sedimentary sequence
correlate well with sea-level �uctuations and the
sequence is biostratigraphically distinguished by
the exceptional preservation of representative Edi-
acaran to Silurian animal fossils (Figures 2 and 3).
The lower series contains a unique Ediacaran fossil
assemblage composed of Podolimirus , Dickinsonia ,
Kimberella , Aspidella-type holdfasts “ Cyclomedusa
plana ”, Shaanxilithes , Intrites punctatus , Nemiana
simplex (Ivantsov et al., 2015), Hiemalora stellar-
sis, Astropolichnus sf. Hispanicus, Charniodiscus,
procerus, Finkoella ukrainica, Harlaniella podolica,
and Conomedusites lobatus, (Figure 3a–c, Figure S1).
The Ediacaran–Cambrian transition is represented
by Vendotaenia antiqua (Tyrasotaenia podolica)
(Figure 3d) and Treptichnus pedum (Figure 3e),
while abundant Ordovician–Silurian macrofossils

include crinoidea , tetracoralla, corals, bryozoan,
brachiopods, gastropods, trilobites, Eurypterus, or-
thoceras, and trace fossils (Nikiforova et al., 1972)
(Figure 3f–j). Previous studies in the Podolia Basin
have largely focused on sedimentology and bios-
tratigraphy, with limited geochemical constraints
on nutrient cycling and redox conditions across the
Ediacaran–Silurian interval. Here, we present a new,
high-resolution multiproxy dataset—combining
bulk � 15N, carbon isotopes, TOC, and whole-rock
geochemistry—that enables a more detailed recon-
struction of nitrogen cycling dynamics and their
linkage to ocean redox evolution and biodiversi�ca-
tion events. This integrated geochemical approach
has not previously been applied in this basin across
this timespan, o Vering new insights into the nutrient
constraints that may have in�uenced early animal
ecosystems.

2. Geological background

The Podolia Basin, a part of the extensive Volyn-
Podolia-Moldavia Basin (VPMB), developed along
the passive northeastern margin of the East Euro-
pean Craton (EEC; also called Baltica) and the west-
ern �ank of the Archean Ukrainian Shield (Figure 1)
(Shulga et al., 2007; Środoń et al., 2013; Poprawa et
al., 2018). Paleogeographic reconstructions and sed-
imentological studies show that the Ediacaran and
Paleozoic sedimentary successions consist of un-
metamorphosed mixed volcano-siliciclastic and car-
bonate continental shelf facies deposited during sea-
level �uctuations that at times �ooded the continent
and led to an epi-continental sea (Poprawa et al.,
2018). Sedimentation on the Archean-Proterozoic
crystalline basement rocks along the proximal mar-
gin of the Ukrainian Shield started during tectonic
extension of the ECC in the Ediacaran and continued
to the Paleozoic (ibid.). Variations in lithofacies, fossil
diversity, and surface boundaries have been used to
establish the lithostratigraphy of the Ediacaran to Sil-
urian strata in the Podolia Basin (Figure 2) (Velikanov
et al., 1983; Shulga et al., 2007).

The development of the VPMB began with rift-
ing and rapid subsidence that led to the emplace-
ment of volcanoclastic sediments, the Volynska
Group (VG), which is predominantly composed of
mainly basaltic lavas and pyroclasts during the Edi-
acaran (Poprawa et al., 2018). Further extension and
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Figure 1. Location and geological map of the Podolia Basin. (A) Geological map showing the position
of the studied outcrops in the Podolia Basin. Inset—location of the Podolia Basin in the southwestern
part of the East European Craton and the western �ank of the Archean Ukrainian Shield. (B) Geological
cross-section showing the lithostratigraphic divisions across the studied area (modi�ed after Soldatenko
et al., 2019).

subsidence resulted in the deposition of terrigenous
materials comprising a dominantly coarse-grained
conglomeratic sandstone in the lower part and al-
ternating shale-siltstone in the upper section, re-
�ecting an upward �ning and deepening sequence

as sedimentation decreased during the Ediacaran
(Poprawa et al., 2018). However, smaller scale cycles
of upward coarsening and shallowing are also ob-
served within the shale-siltstone-dominated upper
part due to �uctuating sea level during deposition.
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Figure 2. Lithostratigraphy of the Podolia Basin (modi�ed after Ivantsov et al., 2015). PR—Precambrian;
F—Formation.
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Figure 3. Microphotographs of biota distributed across the Ediacaran to Silurian succession: (a) Colony
of Nemiana simplex embedded in the Ediacaran sandstone. (b) Eoporpita medusa . (c) Arborea arborea.
(d) Vendotaenia at the Ediacaran–Cambrian Transition. (e) Cambrian burrowing animals, Treptichnus
pedum. (f) Ordovician Orthoceras. (g) Silurian Eurypterus. (h) Silurian coral embedded within mudstone
matrix. (i) Complete shells of Silurian brachiopods. (j) Silurian echinoderms. Scale bars are 1 cm.
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The terrigenous Ediacaran sediments are further
divided into the Mohyliv–Podilskyi and Kanilivska
groups (Figures 1 and 2) (Velikanov et al., 1983;
Ivantsov et al., 2015; Poprawa et al., 2018). The
Mohyliv–Podilskyi Group consists of a thin conglom-
eratic sandstone bed that grades into alternating
�ne-grained sandstones interbedded with clayey
sandstones, silty shales, thin bentonite beds, and
phosphatic nodules towards the top. The overlying
Kanilivska Group comprises fossiliferous shaly silt-
stones interbedded with thin beds of �ne-grained
sandstones, mudstones, and lenticular shaly lime-
stone in the uppermost section. The minimum age
of the Ediacaran strata in the Mohyliv–Podilskyi
Group is constrained by U–Pb zircon dating of the
interlayered tu V and thin bentonite beds to late
Ediacaran, » 553 Ma (Grazhdankin et al., 2011) and
556.78§ 0.1 Ma (Soldatenko et al., 2019).

Tectonic subsidence signi�cantly diminished dur-
ing the Cambrian and Ordovician when the basin
was interpreted to be relatively stable and passive
with a low sedimentation rate (Poprawa et al., 2018).
The greenish glauconitic calcareous Cambrian sand-
stones unconformably overlie the Ediacaran strata
with distinct levels of interlayered greenish mud-
stones rich in apatite (phosphatic horizons). These
sediments contain acritarchs and macroalgae re-
lated to Tyrasotenia podolica and Vendotenia anti-
qua, bioglyphs, and skeletal fauna like Sabelliditids
(Figure 3d,e) (Velikanov et al., 1983). The lower and
middle Ordovician strata have been eroded in the
basin (Shulga et al., 2007), and the locally preserved
» 1.5 m thick upper Ordovician sediments consist of
thin clayey calcareous �ne-grained sandstones and
shales that gradually shift to marly limestones at the
top (Radkovets, 2015; Poprawa et al., 2018). These
sediments contain macrofossils such as brachiopods,
gastropods, trilobites, and Orthoceras (Figure 3f,g).

Again, sedimentation was truncated at the end
of Ordovician due to an intense uplift and erosion
of the southwestern margin of EEC during a global
regression and glaciation (Radkovets, 2015). The
Silurian �exural bending of the craton margin re-
sulted in a rapid increase of subsiding conditions
and subsequently deposition of clayey limestones
and marlstones directly on the eroded Ordovician–
early Silurian (Llandovery Series) sediments (Rad-
kovets, 2015; Poprawa et al., 2018). Sedimentation
of carbonate-rich sediments of various Silurian ages

(Wenlock, Ludlow and Pridoli series) became more
pronounced in the shallow water shelf (lagoon and
reef; Ç100 m depth) to open shelf environments dur-
ing �uctuating transgression–regression cycles (Rad-
kovets, 2015; Poprawa et al., 2018). These sediments
preserve abundant and diverse macroscopic fossils
such as crinoidea, tetracoralla, corals, bryozoan, and
trace fossils (Figure 3h–j).

Samples were collected from an outcrop we des-
ignated as “Horaivka,” named after the nearby vil-
lage located in the southern Ukrainian Shield (Fig-
ure 1). The section encompasses a range of litholo-
gies spanning from the Ediacaran (Kalinivsca Group,
Studenytsia formation) to the Silurian. The transition
between the Ediacaran and Cambrian intervals in the
studied section is marked by an apparent greenish
silty �ne-grained sandstone at the base of the Cam-
brian unit. The Ordovician and Lower Silurian sed-
iments are highly condensed and/or eroded in the
studied section.

3. Materials and methods

3.1. Sampling and sample preparation

A total of 58 samples were collected from formations
of di Verent ages: 14 from the Silurian, 5 from the
Ordovician, 6 from the Cambrian, and 33 from the
Ediacaran. The samples were powdered using an
agate mortar for subsequent geochemical analyses
and mineralogical characterisation by X-ray di Vrac-
tion (XRD).

3.2. Petrography and mineralogy

Polished thin sections were prepared for representa-
tive samples and examined under a polarized Nikon
Eclipse E-600 optical microscope at the University of
Poitiers. The thin sections were carbon-coated and
studied using a JEOL scanning electron microscope
(SEM) equipped with energy dispersive X-ray (EDX)
for detailed textural mineral relationships and point-
chemical composition analysis in backscattered elec-
tron (BSE) mode. X-ray di Vraction (XRD) analysis of
bulk rock and clay fractions were performed with a
Bruker D8 ADVANCE di Vractometer using CuK � ra-
diation operating at 40 mA and 40 kV. For bulk min-
eral composition, samples were gently powdered in
an agate mortar and analyzed between 2 and 65° 2 µ
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angular range and step size of 0.025/s. The Ç2 � m,
Ç1 � m, and Ç0.5 � m clay-size fractions were sepa-
rated from the bulk materials after carbonate disso-
lution in acetic acid and removal of organic matter
with hydrogen peroxide, by centrifugation. The ex-
tracted suspensions were saturated with Ca for uni-
form cation exchange and repeatedly rinsed with
deionized water a minimum of three times and cen-
trifuged to remove free ions (Moore and Reynolds Jr.,
1997). The clay fractions were pipetted on glass slides
and dried at room temperature. The oriented slides
were analyzed in air-dried (AD) and after ethylene
glycol (EG) treatment at a step size of 0.01/s from 2
to 35° 2µ angular range. The clay minerals were dis-
tinguished using their basal 00l characteristic peaks
(ibid.). Semi-quanti�cation of the mineral compo-
nents was determined using area ratios of the prin-
cipal mineral peaks in decomposed bulk powder and
EG treated XRD patterns (Hiller, 2003). The XRD
patterns were decomposed using the FYTIK software
and the mixed-layer clay minerals modelled with the
NEWMOD software (Reynolds Jr., 1985).

3.3. Whole rock geochemistry

The bulk major and trace element concentrations
of 58 selected samples (Tables S1–S3) were mea-
sured with inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) and inductively coupled
plasma mass spectrometry (ICP-MS), respectively,
according to Carignan et al. (2001). About 100 mg
powdered samples were decomposed by alkali fusion
and fused with 900 mg of ultra-pure lithium metab-
orate (LiBO 2) at 980 °C to form a glass. The glass
was then digested in a mixture of 1M nitric acid, 0.5%
hydrogen peroxide, and 10% glycerol for elemental
analyses at the Service d'Analyse des Roches et des
Minéraux (SARM; CRPG-CNRS), Nancy, France. The
uncertainty for most major elements was better than
5%, 10% for Ca,È25% for P, lower than 5% for trace el-
ement concentrations È10 ppm, 15% for concentra-
tions between 1 and 10 ppm, and 25% for elemental
concentrations near the detection limits, when com-
pared with international standards and analysis of
replicate samples (ibid.).

The weathering intensity was determined using
the chemical index of alteration (CIA Æ [Al2O3/
(Al2O3 Å CaO¤ Å Na2OÅ K2O)] £ 100 in molar ratios),
where CaO¤ is the amount in the silicate fraction,

to monitor the nature and weathering intensity of
the detrital �uxes into the basin (Nesbitt and Young,
1984). Varying proportions of CaO-bearing phases in
sedimentary rocks composed of carbonate and phos-
phate minerals falsify CIA values that are reliant on
the �ne-grained siliciclastic component of sediments
for applicability. CaO is �rst corrected for that resid-
ing in apatite using P 2O5 data (CaO0ÆCaO¡ 10/3 £
P2O5). CaO0 in silicates of our samples is assumed
with CaO ¤ ÆCaO0 when the mole fraction of CaO 0

is · Na2O and CaO¤ ÆNa2O when the mole fraction
of CaO0 is ¸ Na2O (McLennan et al., 1993; Jian et al.,
2013; Johnston, Poulton, Tosca, et al., 2013). Typi-
cally, highly weathered rocks in hot and humid cli-
matic conditions have high CIA values ( È80), mod-
erately weathered rocks in wet and humid climate
have values between 60 and 80, whereas lower CIA
values (Ç60) indicate unweathered to weak chemi-
cal weathering in cold and dry climate (Nesbitt and
Young, 1984; Fedo et al., 1995).

To assess whether certain elements were enriched
or depleted due to authigenic processes, we calcu-
lated enrichment factors (EFs) relative to the average
composition of the upper continental crust (UCC),
following the approach of Tribovillard, Algeo, Lyons,
et al. (2006). The EF for an element X in siliciclastic
sediments was determined using the formula:

X¡ EFÆ(X/Al) sample /(X/Al) UCC

(McLennan, 2001).
However, interpreting EF values in carbonate-

dominated sediments is more complex due to their
typically low aluminium content, which can lead
to in�ated EF values when compared to siliciclastic
rocks. To address this issue, we also applied the con-
cept of elemental excess (Krewer et al., 2024), calcu-
lated as:

Element excessÆElement sample

¡ (Alsample £ [Element UCC/Al UCC])

ElementEF¤ Æ(Element excessÅ Element UCC)/

Element UCC.

3.4. Carbon and nitrogen isotopes

Total organic carbon (TOC), total nitrogen (TN), and
stable isotopes of organic carbon ( � 13Corg) and bulk
rock nitrogen ( � 15Nbulk ) were analyzed for 47 repre-
sentative samples spanning the Ediacaran to Silurian
(Table S4). About 300 mg of sample powders were
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treated with 6 N HCl for » 1 h at 70 °C to remove car-
bonate minerals. The insoluble residues were cen-
trifuged and repeatedly rinsed with deionized wa-
ter until the supernatants achieved a neutral pH and
dried in a clean hood overnight. Small aliquots of
the de-carbonated powdered samples were weighed
and sealed in tin capsules for isotopic analyses with
a blank placed between each measurement. The
isotope data were measured by �ash combustion
using a Thermo Scienti�c DELTA V Advantage iso-
tope ratio mass spectrometer (IRMS), operated un-
der a continuous helium �ow mode, and coupled
with a Thermo Scienti�c Flash 2000 elemental ana-
lyzer at Laboratoire Géosciences Océan, University of
Brest, France. Certi�ed standards USGS40 ( � 13Corg Æ
¡ 26.2‰, Corg Æ40.82 wt% and � 15Nbulk Æ ¡4.5‰,
N Æ 9.52 wt%) and caVeine IAEA-600 (� 13Corg Æ
¡ 27.77‰, and � 15Nbulk Æ1‰) were used for the cal-
ibration. The obtained data were reported in the
delta ( � ) notation in part per mil (‰) deviation rel-
ative to the Vienna Pee Dee Belemnite (VPDB) for
carbon ( � 13Corg) and atmospheric N 2 for nitrogen
(� 15Nbulk ). The TOC and TN concentrations were cal-
culated from peak areas of CO 2 and N 2, respectively.
We only report � 15Nbulk values of samples with TN
concentrations well above the detection limits.

4. Results

4.1. Lithology and mineralogy

Light microscopy and XRD mineralogical data
show that the Ediacaran to Silurian sediments are
composed mainly of quartz and calcite with trace
amounts of dolomite, ankerite, clay minerals, K-
feldspar, albite, with accessory apatite restricted to
the Cambrian samples (Figure 4). The bulk min-
eralogy of the siliciclastic Ediacaran and Cambrian
samples is dominated by 87–95% quartz, while the
carbonate minerals, composed of up to 90% cal-
cite, dominate the upper calcareous Ordovician
shales and Silurian limestones. The clay mineral and
feldspar abundances are higher in the Ediacaran than
the Cambrian siliciclastic samples, decreasing from
» 10% to 0.5%. The greenish glauconitic sandstones,
common in some intervals of the Cambrian, contain
moderately sorted, sub-angular to angular quartz,
while the glauconitic siltstones and shales consist
mainly of �ne-grained quartz in a clay-dominated
matrix (Figure 5a,b). Glauconite is identi�ed by their

greenish to yellowish color, �lling pores associated
with apatite in the lowermost “verdine facies”, while
that in the middle and upper levels are pale green to
yellowish-brown cement in association with carbon-
ate minerals or replacing granular grains. EDS anal-
ysis reveals that the grain-replacing and pore-�lling
greenish glauconite minerals in the Cambrian sedi-
ments have heterogeneous octahedral compositions
of glauconite–berthiérine/chamosite endmembers
of chlorite (Figure 5c,d). The Ordovician sandstones
are composed of �ne to medium, sub-angular quartz
grains dispersed in calcite-dominated matrix.

XRD analysis of the separated Ç2 � m fractions
provides the detailed mineralogy of the clay min-
erals (Figure S2). The clay mineral assemblage in-
cludes chlorite, illite, and illite–smectite (I/S) mixed
layer minerals (MLMs) throughout the section, while
kaolinite and chlorite–smectite (Ch/S) MLMs are
absent in the Silurian deposits. Chamosite is identi-
�ed in all samples by basal 00l characteristic peaks
at » 14.2, 7.1, 4.71, and 3.54 Å in AD and unaVected
in EG state. Illite is de�ned in all the samples by
the » 10, 5.0, and 3.3 Å peaks in AD samples, but re-
mained relatively unchanged in the EG state. Kaoli-
nite, present only in a few upper Ediacaran and Or-
dovician samples, is de�ned by the » 7.13 and 3.57 Å
peaks. Decomposition of the broad and asymmetry
peaks between 4 and 14° 2µ in EG patterns revealed
Ch/S and I/S MLMs. I/S MLMs are present in all
samples with a relatively decreasing abundance up-
section; Ch/S MLMs have varying abundance and
are absent in the Silurian samples. The bulk and
clay mineral assemblages across the studied section
show that mineral distribution and abundance are
lithology dependent (Figure 2).

The most pronounced distinction through the
section is the authigenic glauconite and apatite min-
erals in the interlayered Cambrian verdine sedi-
ments. Authigenic green clay consists of a wide range
of chemical and mineralogical compositions, includ-
ing glauconite, berthierine, glauconite–smectite, and
berthierine–smectite (Odin and Matter, 1981; Me-
unier and El Albani, 2007; Velde, 2014). The pre-
cipitation of authigenic glauconite has the poten-
tial to trace the redox conditions and chemistry of
the depositional environments because these miner-
als typically form at shallow depths during diagene-
sis (Odin and Matter, 1981; Velde, 2014; Banerjee et
al., 2016; Bansal et al., 2018). Authigenic glauconite
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Figure 4. Mineral composition and relative abundances of the bulk and Ç2 � m clay-size fractions
through the studied stratigraphic section. KF: K-feldspar; Pl: plagioclase; Q: quartz; Ca: calcite; Do:
dolomite; Ank: ankerite; Apt: apatite; I/Sm: illite–smectite; Ch/Sm: chlorite/smectite; Kaol: kaolinite;
Ch: chlorite. Legend of the lithology is presented in Figure 6.

typically formed under pore water suboxic (mildly
reducing and low organic matter) conditions below
the sea�oor in shallow water continental shelves,
where both Fe 2Å and Fe3Å are simultaneously avail-
able. By contrast, berthierine, owing to the pre-
dominance of Fe 2Å , precipitates in suboxic to anoxic
pore waters (with high organic matter) near river
deltas in shallower waters relative to glauconite (Me-
unier and El Albani, 2007; Bansal et al., 2018; Al-
gabri et al., 2020). The occurrence of glauconite and
berthierine/chamosite minerals primarily in intersti-
tial pore spaces of the studied Cambrian samples
demonstrate their authigenic origin. The dissolu-
tion of detrital mineral grains (Figure 5c,d), availabil-
ity of cations (K, Fe, Mg, and Al) during diagenesis,

and change in conditions of formations (Meunier
and El Albani, 2007; Velde, 2014; Tang et al., 2017)
likely controls their heterogeneous chemical compo-
sitions. Interestingly, the presence of glauconite and
berthierine in the interbedded verdine facies of the
Podolia Basin during the Cambrian is consistent with
the global occurrence of glauconite at the Ediacaran–
Cambrian boundary from » 550 Myr onward (Balder-
mann et al., 2022).

4.2. Whole rock elemental geochemistry

The concentrations of major elements mainly re�ect
lithofacies variation, with detrital tracers like SiO 2,
Al2O3, and TiO2 being comparatively more abundant
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Figure 5. (A) Photograph of the Ediacaran–Cambrian boundary. (B) Photomicrographs of pore and ma-
trix �lling amorphous glauconite minerals in Cambrian silty �ne-grained sandstone. (C) Chemographic
projection of the chemical composition of the glauconite minerals in the Cambrian sediments on the
MÅ–4Si–R2Å ternary diagram after Meunier and Velde (2004). (D) Plot of Fe/(Fe ÅMg) versus AlTot /Si of
the glauconite minerals in the Cambrian verdine facies.

in the siliciclastic sandstone and shale samples com-
pared to the carbonates (Table S1). Al 2O3 has a
strong positive correlation with SiO 2 in the Silurian
carbonate-rich rocks but a negative correlation in
the siliciclastic-rich Ediacaran to Cambrian samples
(Figure S3). The moderate to strong positive covaria-
tions of TiO 2, K2O, Fe2O3, and MgO with Al 2O3 (Fig-
ure S3b–e) in the siliciclastic and carbonate samples
are also consistent with the prevalence of aluminosil-
icate minerals, including clays and feldspars, cou-
pled with signi�cant detrital �ux to the basin. The
higher Fe concentrations in the Cambrian rocks co-
incide with the enrichment of the authigenic Fe-rich
glauconite/berthiérine. Consistent with XRD miner-
alogical analysis, CaO content is signi�cantly higher
in the carbonate-rich Silurian and Ordovician rocks

than the siliciclastic Ediacaran–Cambrian samples
(Figure S3f). MnO and P 2O5 contents are generally
low through the section, except in a few interbed-
ded Cambrian phosphate horizons with considerably
higher concentrations of P 2O5 (Table S1). The lack
of an obvious relationship between CaO, MnO, and
P2O5 with Al 2O3 (Figure S3f–h), indicates an authi-
genic and/or a primary chemical weathering origin.

The concentrations of the incompatible high �eld
strength elements (HFSE—Zr, Hf, Ta, Nb, and Th)
and compatible transition trace elements (e.g., Sc
and Cr) are signi�cantly higher in the siliciclastic-
dominated than the carbonate-rich rocks (Table S2).
Excluding a few outliers, the strong positive co-
variations of Th, Sc, and Cr with Al (Figure S4a–c)
show that they are dominantly hosted by the detrital
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