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ABSTRACT OF THE DISSERTATION 
 

Salinity, Redox and Oligotrophy: What Environmental Factors  
Contributed to the Late Ediacaran “Kotlin Crisis”? 

 
 

by 
 
 

Adam Hoffmann 
 
 

Doctor of Philosophy, Graduate Program in Earth and Planetary Sciences 
University of California, Riverside, September 2024 

Dr. Gordon Love, Chairperson 
 
 
 

 The Ediacaran (635 – 539 Ma) on Baltica is marked by oligotrophic conditions 

concurrent with the emergence of the Ediacaran Biota. This study analyzes rocks 

collected from various localities around Baltica with the intent of understanding the 

extent of oligotrophic conditions, the nutrient limitation that allowed these conditions to 

persist for millions of years. To answer these questions, samples from across Baltica were 

measured for Fe-speciation and P-phase partitioning, lipid biomarkers, C- and N-

isotopes, major and trace elements analyses, and detrital zircon age dating. C26/C25 

tricyclic terpane ratios, S contents and Fe-speciation indicate two salinity and redox states 

on Baltica with the Redkino being deposited under predominantly ferruginous, normal- 



 viii 

marine conditions and the Kotlin horizon being deposited under dominantly oxic, low 

salinity coastal brackish conditions. Further evidence for these distinct environments can 

be observed in the relative abundance of hopanes and steranes which indicate strong 

bacterial contributions to primary productivity in the Redkino horizon. Conversely, lower 

hopane/sterane ratios in the Kotlin suggest increased algal contributions.  

Compound specific C-isotope measurements were made to determine the 

composition of individual extracted lipids from rocks across Baltica. Samples from the 

Utkina Zavod drillcore have bulk d13CTOC that are heavier by ~10‰ compared to other 

localities across Baltica. d13C from individual hopanes and C29 steranes from all sites are 

within 2‰ of each other, suggesting that Bacteria were likely utilizing the RubisCO-CBB 

pathway. 13C enrichment in these lipids in Utkina Zavod samples shows that either C-

isotope fractionation was muted, or it was reflecting composition of the DIC pool. During 

Kotlin time, significant environmental heterogeneity existed on Baltica.  

U–Pb geochronology of detrital zircons from successions in northeast Estonia and 

the Volyn region of Ukraine was studied to understand sediment provenance and 

compare it with that for other areas on Baltica. These analyses provide insights into 

sediment transport and deposition processes, as well as the tectonic settings that 

influenced Baltica's sedimentary record during the late Ediacaran to early Cambrian. The 

sedimentary basins across Baltica show a transition during the Late Ediacaran – 

Cambrian interval from a passive continental margin to a collisional setting. 
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CHAPTER ONE 

Introduction 

 

1.1. The Late Ediacaran  

 

The Ediacaran Period (~635 – 539 Ma) was a time of innovation and 

environmental expansion for early multicellular organisms, often linked with a purported 

rise of atmospheric and oceanic oxygen. In particular, the Middle-to-Late Ediacaran (575 

– 539 Ma) captures the first appearance of macroscopic multicellular organisms known as 

the Ediacaran biota, and their appearance has been linked to a post-Gaskiers secondary 

rise in atmospheric oxygen at approximately 580 Ma (Fike et al., 2006; Canfield et al., 

2008; Shields-Zhou and Och, 2011; Johnston et al., 2012). Following two distinct 

Snowball Earth glaciation events, progressive oxygenation of marine surface waters 

within the Ediacaran ocean system paved the way for subsequent oxygenation of deep 

waters becoming more prevalent following the termination of the Gaskiers glaciation at 

ca. 580 Ma (Fike et al., 2006; Canfield et al., 2008; Wood et al., 2015). Sedimentary 

strata from Baltica (comprising modern day Ukraine, Western Russia, Belorussia, 

Moldova, and Fennoscandia) preserved geochemical signals and fossils, which provide a 

unique perspective on environmental and biological community structure within largely 

shallow, epeiric seaways. Lipid biomarker analysis of immature Ediacaran sedimentary 

rocks suggests nutrient-limited marine ecosystems were sustained across Baltica (Duda et 

al., 2016; Goryl et al., 2018; Pehr et al., 2018, 2023), with biomarker assemblages 
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dominated by bacterial inputs and with distinct sedimentary intervals in the Redkino 

regional stage (ca. 560-550 Ma) occasionally containing abundant Ediacaran Biota fossils 

(Grazhdankin, 2014a; Ivantsov et al., 2015a). Previous lipid biomarker and carbon 

isotope studies were performed on contemporaneous organic matter-rich Ediacaran strata 

from the Huqf Supergroup in the South Oman Salt basin (Grosjean et al., 2009; Love et 

al., 2009;  Lee et al., 2013). Overall, the variations in lipid biomarker distributions 

suggest that significant regional ocean heterogeneity existed in the late Ediacaran ocean 

system from location to location (Pehr et al., 2018), in terms of the amount and 

composition of primary productivity available for heterotrophy. The sedimentary rocks 

and oils sourced from South Oman are rich in C27-C30 sterane biomarkers, indicating high 

eukaryotic source contributions with certain sterane compounds interpreted to be sourced 

by green algae and early demosponges (Love et al., 2009; Zumberge et al., 2018). Yet, 

the sedimentary rocks from age-equivalent rocks sampled in outcrops in northern Oman 

have not revealed any significant fossil occurrences of Ediacaran Biota. With the 

preservation of abundant soft-bodied macro-fauna in certain intervals, combined with low 

thermal maturity of sedimentary units, and preservation of bentonite deposits, the ancient 

rocks from Baltica allow us the unique opportunity to combine results from organic and 

inorganic geochemistry, isotope chemostratigraphy, paleontology, and radiometric 

dating.  
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1.2. Geochemical analyses 

 

 Various types of geochemical analyses can help answer important questions about 

ancient sedimentary settings. In this dissertation, we used a variety of these techniques 

such as lipid biomarkers, stable C and N isotopes, P- and Fe-mineral speciations, major 

and trace elements, and U-Pb geochronology to investigate the environmental, tectonic, 

and ogeographic settings that were critical to the survival and evolution of the Ediacara 

biota on Baltica.  

 

Some of these analyses require suitable samples to produce reliable data. As deep-

time organic geochemists, we consider thermal maturity and organic contamination to be 

important factors when analyzing samples from over 500 million years ago. To produce 

reliable data, we screen samples to ensure they contain significant source biota 

information and have not been thermally cracked through catagenesis when buried. Our 

screening process includes, but is not limited to: systematic drill core sampling to 

establish downcore authentic maturity trends, rock eval pyrolysis to determine the extent 

of thermal maturity of a given sample and in some cases, catalytic hydropyrolysis to free 

kerogen bound biomarkers that are insulated from external contamination. In chapters 

one and two of this dissertation, screening measures showed that these samples are some 

of the most immature biomarker analyzed from the late Ediacaran along with those 

previously published by Pehr et al., (2018, 2023). This low thermal maturity suggests our 
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samples have not exceed a temperature above 60° C and are suitable for various types of 

geochemical analyses that are sensitive to thermal alteration. 

 

1.3. Summary of dissertation chapters 

  

Chapter Two of this dissertation investigates the influence of environmental 

salinity on late Ediacaran marine communities on Baltica, focusing on the decline in 

faunal diversity observed between the Redkino and Kotlin stages. The late Ediacaran 

period, approximately 575 to 540 million years ago, was a crucial time for the evolution 

of complex life, marked by the appearance of the Ediacara biota. A significant decline in 

the diversity and abundance of the Ediacara biota was observed across the transition from 

the Redkino Stage (ca. 560-550 Ma) to the Kotlin Stage (ca. 550-540 Ma). Detailed 

chemo-stratigraphic records, including lipid biomarkers, isotope trend (δ13Corg and δ15N), 

Fe- and P-mineral speciation, and trace metal analyses from drill cores in Russia, 

Ukraine, and Estonia, revealed an environmental changes that coincided with this decline.  

 

The shift between the Redkino and Kotlin stages was characterized by 

fundamental changes in aquatic salinity, with evidence of the development of coastal 

deltaic conditions. These environmental changes imposed significant selection pressures 

on marine communities, likely influencing the structure and extinction dynamics of the 

Ediacara biota. This suggests that the reduction in salinity and the persistence of 
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oligotrophic conditions (nutrient-poor waters) played a crucial role in the observed 

decline in biological diversity. 

Chapter Three focuses on the compound-specific carbon isotope analyses (CSIA) 

of individual lipid biomarkers extracted from immature Ediacaran rocks in the Baltica 

region. Using a newly developed picomolar-scale CSIA (pico-CSIA) method, we 

measured the carbon isotope compositions of various compounds, including n-alkanes, 

hopanes, C29 sterane, pristane, and phytane. These data revealed that the total organic 

carbon (TOC) from the Kotlin Regional Horizon, particularly in low-salinity deltaic 

environments from the Utkina Zavod drill core, are 13C-enriched by up to 10‰ compared 

to marine rocks from other locations during on Baltica. This significant 13C-enrichment is 

also reflected in the n-alkanes, hopanes, phytane, and C29 steranes. In every location all 

δ13C for C29 steranes are within 2‰ of δ13Corg bacterial hopanes. The lack of variation 

between the carbon isotopic composition of bacterially derived hopanes and green algal 

derived C29 steranes also suggests that the abundant hopanes within these sediments may 

derive from bacteria utilizing the RuBisCO-CBB pathway. 

Chapter Four addresses the U–Pb geochronology of detrital zircons from the 

Ediacaran and Cambrian sedimentary successions in Northeast Estonia and the Volyn 

region of Ukraine. The chapter aims to understand the provenance of these sedimentary 

successions and to compare them with other regions previously studied around Baltica. 

This involved comprehensive U–Pb dating of detrital zircon grains to determine their 

ages and source regions. This geochronological analysis helped reconstruct the 
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depositional history and the tectonic and geographic evolution of Baltica during the late 

Ediacaran to early Cambrian periods.  

Chapter Five is a synthesis of the dissertation and sums up concluding thoughts 

presented in the previous three chapters. 
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CHAPTER TWO 

 

Environmental salinity severely impacted late Ediacaran marine communities across 

Baltica prior to the Cambrian Period 

 

Adam Hoffmann1, Kelden Pehr1, Leonid Shumlyanskyy2, Tetyana Sokur3, Alvar Soesoo4,5, Andrey 

Bekker1, and Gordon Love1 

 

1Department of Earth and Planetary Sciences, University of California, Riverside, 900 University Avenue, 

Riverside CA 92521, USA. 2Institute of Geological Sciences, Polish Academy of Sciences (ING PAN), 

Research Centre in Kraków, Senacka 1, PL–31002 Kraków, Poland. 3Institute of Geological Sciences, 

National Academy of Sciences of Ukraine, Olesya Honchara Str., 55-b, Kiev 01054, Ukraine. 4Institute of 

Geology, Tallinn University of Technology, Tallinn, 19086, Estonia. 5Geological Survey of Estonia, 

Rakvere, 44314, Estonia 

 

Abstract 

The late Ediacaran sedimentary successions preserve fossils of the earliest known 

macroscopic multicellular organisms, known as the Ediacara biota, during an important 

transitionary period in the evolution of complex life prior to the Precambrian-Cambrian 

boundary. The late Ediacaran interval preserved on Baltica is divided into two regional 

stages, comprising the older Redkino Stage (ca. 560-550 Ma) and the younger Kotlin 

Stage (ca. 550-540 Ma). Although nutrient limitation gave rise to widespread marine 

oligotrophic conditions across Baltica, which persisted through both stages and into the 

Early Cambrian, a sharp decline in diversity and abundance of the Ediacara biota has 
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been observed across the boundary between the Redkino and Kotlin horizons. This 

boundary, which has been considered the first major mass extinction event on Earth, 

marks the disappearance of both the Avalon and White Sea assemblages with only Nama-

type organisms persisting through to the Kotlin Stage on Baltica. Using a combination of 

organic and stable isotope geochemistry, we have compiled detailed chemo-stratigraphic 

records using lipid biomarkers, stable isotopes (d13Corg and d15N), Fe- and P-phase 

partitioning, and major and trace metals from multiple drill cores located in Russia, 

Ukraine, and Estonia. These records strongly suggest that an abrupt environmental shift 

between the Redkino and Kotlin stages coincided with the decrease in faunal diversity. 

This ecological perturbation beginning near the Redkino-Kotlin boundary and persisting 

through the Kotlin Stage was associated with fundamental changes in the aquatic salinity 

recorded for shallow shelf waters of epicontinental basins across the breadth of Baltica. 

The development of coastal brackish waters in multiple locations was likely a response to 

decreasing sea level from tectonic and/or climatic changes during the late Ediacaran. We 

propose that environmental selection pressure may have played a major role in 

influencing the community structure and extinction dynamics of macroscopic Ediacara 

biota.  

 

1.0 Introduction 

 

The Ediacaran Period (~635 – 539 Ma (Knoll et al., 2004; Linnemann et al., 

2018) is widely regarded as a key interval in Earth history with the appearance of early 



 11 

macroscopic multicellular organisms known as the Ediacara biota. The Ediacara biota 

characterize the second half of the Ediacaran Period and their radiation  has been linked 

to environmental factors, such as a post-Gaskiers rise in atmospheric and marine oxygen 

concentrations at ~580 Ma (Zhang et al., 2019). The Ediacara biota are divided into three 

temporally distinct assemblages known as the Avalon (ca. 575–560 Ma), White Sea (ca. 

560–550 Ma), and Nama (550–539 Ma), with a noticeable decline in diversity globally 

from the White Sea to Nama assemblages. There is currently no apparent consensus for 

the cause(s) of the decline in diversity of the Ediacara biota although changes in 

environmental conditions, seawater chemistry, food sources, and increased competition 

from evolving predators have all been implicated  (Johnston et al., 2012; Grazhdankin, 

2014b; Pehr et al., 2018). A major challenge in understanding the decline in the Ediacara 

biota is the limited number of well-preserved sedimentary rocks containing sufficient and 

thermally well-preserved organic matter and fossils of Ediacara biota (Duda et al., 2014). 

Thus, the stability and nature of the environmental settings that the Ediacara biota 

inhabited is currently poorly constrained by biogeochemical proxies. 

 

Thermally immature sedimentary rocks deposited in multiple locations offshore 

of Baltica provide a unique opportunity to explore how both environmental aquatic 

conditions and biological communities changed during the late Ediacaran. For Baltica, 

the late Ediacaran is divided into two distinct biostratigraphic horizons, the Redkino and 

the younger Kotlin. The Redkino horizon is typically associated with containing  more 

diverse faunal assemblages, as gauged from body fossil contents, as compared to the 
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Figure 2.1. Paleogeography with known Ediacaran Biota fossils. a. Map Numbered 
regions correspond to drillcores and outcrop samples used in this study (1 - Utkina 
Zavod, 2 - Lugovoe, 3 - Gavrilov-Yam, 4 –  Volyn Basin (4504, 4529, and  4592 drill 
cores), 5 - 3628 drill core from the Podoliya Basin, 6 - Outcrops 16 -PL, Ty-16, Ber, 
and Qua from the Podoliya Basin, 7 – F-169 drill core from Eastern Estonia,  8 – 
White Sea outcrop samples with abundant Ediacaran Biota fossils studied by 
Bobrovskiy et al. (2020) 9 – F-169 drillcore from Narva, Estonia., 9 – Kelt’ma drill 
core studied by Johnston et al. (2012) from Western Russia in the Mezen Basin. b. 
Reconstruction of Laurentia and Baltica during the late Ediacaran from Merdith et al. 
(2017). White boxes are sites of previous lipid biomarker studies, the green box is the 
site of a previous Fe mineral speciation study. 
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Kotlin horizon. The Redkino sedimentary strata has been described as having hosted 

Avalon-, White Sea-, and Nama-type Ediacaran biofacies contemporaneously 

(Grazhdankin, 2004; Duda et al., 2014; Ivantsov et al., 2015a, 2015b). Conversely, the 

Kotlin horizon is a period that reflects a significant reduction in biodiversity with 

predominantly Nama-type biofacies persisting (Grazhdankin et al., 2011; Kolesnikov et 

al., 2015). This dramatic decrease in faunal diversity, referred to as the “Kotlin Crisis”, is 

found in Podillya and Volyn, Ukraine, and White Sea and the South Urals, Russia 

(Grazhdankin, 2003, 2014b; Grazhdankin et al., 2011; Kolesnikov et al., 2015). This 

change coincides with the onset of a proposed global-scale extinction of the Ediacara 

biota suggested Evans et al., 2022. 

 

In addition to the sites in Baltica preserving diverse and abundant Ediacaran body 

fossils, these sedimentary rocks are generally thermally immature, which makes Baltica 

an excellent target to perform organic geochemistry of lipid biomarkers that have not 

been extensively modified from burial. Biomarkers, molecular fossils, can yield valuable 

information pertaining to biological origins, the thermal maturity of the host rocks, and 

the paleoenvironmental conditions (redox, salinity, etc.), which prevailed in the water 

column and at the sediment surface during deposition. 

 

Previous organic geochemical analysis of Ediacaran rocks from the Redkino and 

Kotlin horizons on Baltica has demonstrated that the basins surrounding Baltica were 

typically low-productivity marine settings that were oligotrophic (nutrient-depleted) and, 
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as a consequence, bacterially dominated (Goryl et al., 2018; Pehr et al., 2018, 2023; 

Bobrovskiy et al., 2020). The decrease in diversity of Ediacara biota across Baltica 

between the Redkino and Kotlin regional stages has been attributed to a shift to higher 

energy environmental conditions (deltas and distributary channels) where Nama-type 

organisms survived compared to White Sea-type and Avalon-type organisms due in part 

to their burrowing abilities (Grazhdankin, 2014b).  

In this study we examined well preserved thermally immature sedimentary rocks, 

from mainly well preserved drillcores, collected in Estonia, Ukraine and Russia. Samples 

were collected from the Volyn’-Podillya basin and the Baltic Monocline where abundant 

Ediacara biota have been characterized (Grazhdankin, 2003; Ivantsov et al., 2015b, 

2015a). This is one of the first studies to perform organic geochemistry on a 

comprehensive set of Ediacaran rocks (following Goryl et al., 2018; Pehr et al., 2018, 

2023), but with the added benefit of having parallel geochemical data from iron mineral 

speciation and stable isotopic (C, N) analyses for the same samples. Here, we aim to 

better understand the ancient oceanic conditions and environmental fluctuations that 

drove the decrease in Ediacara biota across Baltica.  

 

2.0 Geologic Setting and Stratigraphy 

 

Ediacaran strata of Baltica were deposited on top of the acrreted Archean and 

Paleoproterozoic basement rocks and portions of the Volyn’ Large Igneous Provence 

(Grazhdankin et al., 2011). These Ediacaran strata are composed of fine-grained 
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siliciclastic rocks including argillites, mudstones, and shales as well as fine-grained 

sandstones and minor amounts of diagenetic carbonate nodules. Outcrop sampling sites 

containing Ediacara biota were also included, along with samples from multiple 

drillcores, to investigate the local environmental conditions directly related to these 

fossils. Specific Redkino regional horizon sites in Moldova and southwestern Ukraine 

contain various Ediacaran body fossils including Charniodiscus, Beltanella, and 

Dickinsonia (Grazhdankin et al., 2011; Ivantsov et al., 2014, 2015a; Grazhdankin and 

Maslov, 2015). 

 This study examines rocks from both drillcore, and outcrop collected in Estonia, 

Ukraine, Russia, and Moldova (Fig. 2.1). Samples were collected from stratigraphic units 

on Baltica encompassing a wide spatial and temporal scale (Grazhdankin, 2014a; 

Ivantsov et al., 2015a). Stratigraphic units on Baltica are divided into two regional stages 

based on Ediacaran fossil assemblages: the Redkino regional horizon and the Kotlin 

regional horizon. The older Redkino strata are interpreted to be deposited under normal to 

elevated salinity, oligotrophic conditions. Redkino strata contain abundant and diverse 

Nama-type, White Sea-type and Avalon-type Ediacaran fossil assemblages (Ivantsov et 

al., 2015a; Merdith et al., 2017; Bobrovskiy et al., 2020). The younger Kotlin strata in 

western Russia (site 1 in Fig. 2.1) are interpreted to be deposited under mainly lower 

salinity, oxic, oligotrophic conditions (Pehr et al., 2018). The Kotlin crisis is the onset of 

the Kotlin regional stage and is described by a stark decrease in diversity of the Ediacara 

biota with only Nama-type fossils being preserved. This sudden drop in diversity has 

been speculated as the first extinction event marking the eventual demise of the Ediacara 
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biota leading to the Cambrian (Grazhdankin et al., 2011; Evans et al., 2022). Lack of 

suitable environments for ensuring good taphonomic preservation, changes in 

environmental conditions, as well as increased competition and evolution of predators 

have been proposed as causes for the disappearance of many types of the biota of the 

White Sea and Nama Assemblages (Laflamme et al., 2013; Kolesnikov et al., 2015). 

  

Although the rocks in this study have undergone sedimentary diagenesis and very 

early catagenesis, most have not exceeded 60° C as their maximum burial temperature 

making them highly immature rocks which are good targets to perform organic 

geochemistry since primary structural features of lipid biomarkers are well preserved. 

Additionally, the limited exposure to high temperature burial regimes greatly decreases 

the chance that d13Corg and d15Ntotal have been significantly altered through thermal 

cracking and loss of volatiles. Here, we aim to understand chemical and biological 

heterogeneity in the ancient ocean that drove the decrease in Ediacara biota across 

Baltica.  

 

The  sedimentary rock samples used are younger than ca. 560 Ma, based on 

established correlations with the well-dated (U=Pb volcanic zircon) strata of White Sea 

and Ural Mountains, Russia and Podillya, Ukraine (Grazhdankin, 2014a; Grazhdankin 

and Maslov, 2015) and thus were deposited during the time interval when shallow-marine 

waters were redox-stabilized with oxic conditions commonly found on Baltica (Johnston 

et al., 2012). 
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2.1. Volyn’-Podillya basin (Ukraine) 

 

The Volyn’-Podillya basin is located on the southwestern margin of Baltica 

covering modern day Western Ukraine and North-Eastern Moldova (region of Sites 4-6 

in Figure 2.1). Outcrop samples collected are Ediacaran strata that are exposed in the 

basin carved by the Dniester River and some of its larger tributaries with additional 

sampling localities exposed by mining operations for the Dnestrovskaya Hydroelectric 

Power Station at the Novodnistrovsky quarry. Figure 2.2a shows the stratigraphy of 

drillcore 3628 which records the Redkino and Kotlin horizons from the Podillya basin. A 

disconformity is present between 

the Nagoryany and Danilovka 

formations, marking the end of the 

Redkino regional stage and the 

beginning of the Kotlin regional 

stage.  

 

2.2. Baltic Monocline (Estonia) 

 

The Baltic Monocline is 

located on the northern margin of 

Baltica covering modern-day 

northwestern Russia and Estonia. 

Figure 2.2. a. Generalized stratigraphic column 
for the Podillya Region of Ukraine (modified 
from Ivantsov et al., 2015). b. Generalized 
stratigraphic column for F-169 drill core from 
Narva, Estonia (modified from Francovschi et al., 
2023). 
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Drillcore F-169 (Baltic Monocline, Estonia) records the latest portion of the Ediacaran 

and the early portion the Cambrian. An unconformity exists between the Kaanuka 

Member of the upper Kotlin regional stage and the Sämi Member of the lower Cambrian. 

The F-169 drillcore (Site 9 in Figure 2.1), collected near Narva, Estonia, contains 

siltstones and very fine-grained sandstones interbedded with green-grey mudstones. 

Samples collected are from the upper portion of the Kotlin Regional Stage and extend 

through to the lowermost portion of the Cambrian. 

 

Rocks from the Kotlin Regional Stage in drillcore F-169 are siltstones and argillites 

interbedded with fine-grained sandstones. Rocks from the Cambrian section are siltstones 

and argillites interbedded with fine- to very-fine-grained sandstones. Our sampling 

priority was focused on fine-grained rocks with the best potential for biomarker 

preservation. Figure 2.2b shows the detailed stratigraphy of drillcore F-169. 

 

The exceptionally low thermal maturity of these sedimentary rocks is highlighted 

by the excellent preservation of structural and stereochemical features of biomarkers. 

Thus, the F-169 rocks are ideal targets for lipid biomarker and stable isotope analysis (C, 

N), despite most intervals being lean in organic matter content, since the rocks have not 

experienced maximum burial temperatures exceeding ~ 60°C. F-169 samples allow an 

interesting comparison with lipid biomarker assemblages reported from Utkina Zavod 

(Site 1 in Figure 2.1) and Lugovoe (Site 2 in Figure 2.1) cores from northwestern Russia 

(Pehr et al., 2018) using the same instrumentation and methodologies optimized for deep- 
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time lipid biomarker analysis used routinely in the organic geochemical laboratories in 

the Love Research Group at UCR. 

 

3.0. Materials and Methods 

Samples were collected from various localities across Baltica including Estonia, 

Western Russia, West and Southwestern Ukraine and Eastern Moldova (Fig. 2.1). 

Samples collected represent both proximal and distal marine facies. Distal samples 

included shales containing diagenetic phosphorite nodules, mudstones, and argillites that 

represent deepest water facies in this sample set. Proximal samples were represented by 

fine-grained-crossbedded sandstones and very-fine-to-fine-grained, fossiliferous 

sandstones with impressions of Beltanelliformis. 

 

 Samples were prepared by cutting away the outer portion leaving the clean 

interior of the sample for analyses. Interiors were sonicated for 2 minutes each in 

deionized (DI) water, hexanes, dichloromethane (DCM), and methanol. Once dried, 

samples were crushed using a SPEX 8515 shatterbox using a zirconia puck mill. Between 

samples, the dish was fully cleaned with multiple rounds of combusted quartz sand 

(800°C overnight) followed by rinsing with hexane, DCM, and methanol. A full 

procedural blank of combusted quartz sand was then crushed and collected prior to the 

sample being crushed. Samples were collected into cleaned, combusted scintillation vials 

and capped with combusted aluminum foil for storage. 
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3.1. Total organic carbon d 13Corg and  d 15N analyses 

 

Total organic carbon isotope and total nitrogen isotope analyses (d13Corg and d 

15N) were performed using a Costech ECS 4010 Elemental Analyzer coupled to a 

Thermo Scientific Delta V Advantage isotope-ratio mass-spectrometer via a Thermo 

Scientific Conflo IV open-split gas interface system at the SAFIR at UCR. 50-100 mg 

sample powders were acidified overnight for at least 12 hours using 6 N HCl in 50 mL 

centrifuge tubes; tubes were periodically vortexed. The tubes were then centrifuged at 

3000 rpm for two minutes; acid was decanted and powders were washed with deionized 

water. The process was repeated four times per sample, until pH strips registered neutral 

to ensure complete removal of residual acid. Decarbonated and dried insoluble residues 

of ~5-10 mg were weighed into 9 x 10 mm tin weight boats for organic carbon isotope 

analysis. Combustion was achieved using a pulse of O2 set for 60s. The combustion and 

reduction columns were set to 1100°C and 650°C, respectively, with helium as the carrier 

gas at a flow rate of 100 ml/min.  Carbon isotope ratios are reported in standard (d) delta 

notation relative to Vienna Pee Dee Belemnite where d13Corg = [[(13C/12C) 

sample/(13C/12C)VPDB] - 1] * 1000. Nitrogen isotope ratios are also reported in standard 

(d) delta notation relative to Air where d13Norg = [[(15N/14N) sample/(15N/14N)Air] - 1] * 

1000. Average Analytical precision of standard laboratory reference materials 

(Acetanilide, Hawaii glycine, and USGS SDO-1) used during analytical sessions was 

better than ±0.10‰ for d13Corg (1s) and ±0.2‰ for d15N (1s). 
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3.2. Major and Trace Metal Analyses and Fe-mineral speciation 

  

As a complement organic and stable isotope geochemical data, samples were 

powdered for whole rock trace metal analysis. Approximately 400 mg of powdered 

sample were ashed at 850 °C for 12 h and then dissolved using standard procedures 

through a three acid (HNO3, HF, HCl) total digestion. Samples were analyzed using a 

quadrupole ICP-MS (Varian 820MS) by Simon Poulton at the University of Leeds. 

Quantitative data for Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Mo, Ba, Re, Pb, and U were 

acquired, and mean reproducibility of sample solution analyses (repeat measurement of 

the same solution) over the full range of concentration encountered was± 11%. 

 

Highly reactive iron (FeHR) was calculated as the sum of Fe as pyrite, carbonate, 

and oxides—Fepy, Fecarb, and Feox, respectively. Pyrite sulfur concentrations from 

standard chromium reduction methods (Canfield et al., 1986) were used to calculate Fepy 

assuming a stoichiometry of FeS2. Fecarb and Feox were extracted sequentially as 

described by Poulton and Canfield (2005). Specifically, approximately 100 mg from 64 

samples were extracted sequentially: 1 M sodium acetate extraction adjusted to pH= 4.5 

for 48 h with constant shaking (Fecarb) followed by extraction of the sample residue for its 

iron oxide content (Feox) using 50 g/L sodium dithionite buffered to pH =4.8 for 2 h 

while shaking. All extracts were diluted 100-fold in 2% HNO3 and analyzed for Fe 

concentrations using ICP-MS at the University of Leeds.  
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3.3. P-phase partitioning 

 

P-phase partitioning was performed at the University of Leeds. Selected samples 

were subjected to a separate sequential P extraction following the modified SEDEX 

methodology after Ruttenberg, 1992, adjusted for use on ancient sediments (Thompson et 

al., 2019). This method isolates operationally-defined P pools including P bound to 

Fe(oxyhydr)oxide minerals (PFe), organic matter (Porg), authigenic carbonate fluorapatite, 

biogenic apatite and CaCO3 (Pauth), and detrital apatite (Pcryst). Reactive P (Preac) equates 

to the sum of PFe, Pauth and Porg (Ingall et al., 1994). The concentrations of P in Porg, Pauth 

and Pcryst leachates were measured spectrophotometrically using the molybdate-blue 

method on a Spectonic GENESYS 6 at a wavelength of 880 nm, whereas P 

concentrations in the PFe leachates (including PFe and Pmag) were measured by ICP-OES 

(Thompson et al., 2019). A mean P recovery of 89% of PTot (as measured by ICP-OES 

after total digestion) was achieved by the sequential extraction protocol. Replicate 

analyses of the Fe speciation standard (WHIT, n=9) gave a relative standard deviation of 

<7% for all extraction steps. 

 

3.4. Major elements and trace metals 

 Major element and trace metal analyses were performed at the University of 

Leeds. Samples were prepared for major element and trace metal analyses via total 

digestion, which comprised ashing at 550°C for 8h, followed by dissolution using a 

combination of concentrated HNO3, HF, and HClO4, with boric acid used to prevent the 
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formation of Al complexes. Major elements were quantified via inductively coupled 

plasma (ICP-OES) – optical emission spectroscopy and trace metals via inductively 

coupled plasma – mass spectrometry (ICP-MS). All data were within 10% of verified 

values. 

 

3.5. Total and pyrite sulfur 

Total sulfur (TS) for all samples from drillcore F-169 were measured using an 

ELTRA carbon and sulfur analyzer at UCR. Total S was determined through combustion 

of samples at 1350°C, with quantification of evolved gasses by infrared absorption. 

Pyrite Sulfur was determined by calculating the stoichiometric ratio from extracted pyrite 

resulting from (Canfield et al., 1986). 

 

3.6. Solvent extraction and silica gel chromatography of rock bitumens  

 

Typically, 5–20 g of rock powder per sample was extracted in organic solvent-

cleaned Teflon vessels on a CEM microwave accelerated reaction system (MARS5) in 30 

ml of 9:1 (v/v) DCM/MeOH. Samples were heated to 100°C for 15 mins with constant 

magnetic bar stirring. Procedural blanks were performed with combusted silica. Rock 

bitumens were recovered from vacuum filtration and elemental sulfur was removed with 

solvent-cleaned and HCl-activated copper granules. Saturated hydrocarbon, aromatic 

hydrocarbon, and polar (N, S, O) fractions were obtained through separation of rock 

bitumen on dry packed silica gel (Fisher, 60 grit) microcolumns. The silica gel was 
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combusted in a muffle furnace at 450°C for at least 9 h to remove any moisture and trace 

organic residue prior to adsorption of whole rock extracts and use in column 

chromatography. The saturated hydrocarbon fraction was eluted with n-hexane, aromatic 

hydrocarbons with 1:1 (v/v) n-hexane:DCM, and the polar hydrocarbons with  3:1 (v/v) 

DCM:MeOH, respectively.  

 

3.7. Gas chromatography–mass spectrometry (GC–MS)  

 

The saturated fractions were run in full scan mode (m/z 50–800 Dalton) on an 

Agilent 7890A gas chromatograph (GC) system coupled to an Agilent 5975C inert MSD 

mass spectrometer. Samples were injected as hexane solutions in splitless injection mode 

with a programmable temperature vaporizing (PTV) inlet and using He as the carrier gas. 

The GC was equipped with a DB1-MS capillary column (60 m ×0.32 mm, 0.25 µm film 

thickness). The GC temperature program used for full scan analysis was 60°C (held for 2 

min), heated to 150°C at 20°C/ min, then to 325°C at 2°C/min, and held at 325°C for 20 

mins.  

 

3.8. Metastable reaction monitoring GC–MRM-MS 

 

The polycyclic alkane constituents of saturated hydrocarbon fractions were 

analyzed in detail by metastable reaction monitoring GC–MRM-MS using a Waters 

AutoSpec Premier mass spectrometer equipped with an Agilent 7890A GC. The GC was 
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equipped with a DB1- MS capillary column (60 m ×0.25 mm, 0.25 μm film thickness) 

with He used as the carrier gas. The samples were injected as hexane solutions in splitless 

mode using an inlet temperature of 320°C. The GC temperature program used for 

compound separation consisted of an initial hold at 60°C for 2 min, then heated to 150 ◦C 

at 10 ◦C/min, then to 320°C at 3°C/min and finally held isothermally for 22 mins. 

Analyses were performed in electron impact mode with 70 eV ionization energy and 8 

kV accelerating voltage. MRM transitions for C27–C35 hopanes, C31–C36 

methylhopanes, C21–C22 and C26–C30 steranes, C30 methylsteranes and C19–C26 

tricyclics were selectively monitored in the method used. Procedural blanks with pre-

combusted sand yielded <0.1 ng of individual hopane and sterane isomers per gram of 

combusted sand. Polycyclic biomarker alkanes (tricyclic terpanes, hopanes, steranes, etc.) 

were quantified by addition of 50 ng of deuterated C29 sterane standard [d4- ααα-24-

ethylcholestane (20R), Chiron Laboratories] to saturated hydrocarbon fractions and by 

comparison of relative peak areas. GC–MRM- MS was used to determine accurate 

biomarker abundance ratios for all the polycyclic biomarkers plotted in Figs. 2.2, 2.4, and 

2.5. Analytical error for individual hopane and sterane concentrations are estimated to be 

±30%. Average uncertainties in hopane and sterane biomarker ratios are ±8% as 
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Figure 2.3. Geochemical plots vs depth for drillcore 3628. a. TOC (wt%), b. d13Corg 
reported in standard delta notation (‰ VPDB) c. FeTot/FeHR, area between dashed lines 
represents the anoxic equivocal zone (0.22 – 0.38). d. FePy/FeHR, area between dashed 
lines represents euxinic equivocal zone (0.7 – 0.8). e. FeTot/Al and Fe concentration, 
dashed line represents average shale ratio and concentration (0.60/4.7 wt %). f. V/Ti and 
V concentration, dashed line represents average shale ratio and concentration 
(0.0028/130 ppm). g. U/Al and U concentration, dashed line represents average shale 
ratio and concentration (0.00005/3.7 ppm). h. Mn/Al and Mn concentration, dashed line 
represents average shale ratio and concentration (0.01/850 ppm). For e - h, boxes 
represent concentration and grey circles represent normalized values. Red horizontal 
line indicates the transition from the Redkino horizon to the Kotlin horizon. 
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calculated from multiple analyses of saturated hydrocarbon fractions from in-house oil 

standards. 

 

4.0 Results 

 

4.1. Total organic carbon (TOC) content and d13Corg values 

 

As has been previously reported by several groups, TOC content in samples from 

across Baltica are typically low (Goryl et al., 2018; Pehr et al., 2023), especially 

compared with petroleum source rocks deposited in eutrophic basins l from other 

Ediacaran locales including South Oman, Siberia, and India (Johnston et al., 2012; Dutta 

et al., 2013; Lee et al., 2013; Duda et al., 2016). All data for total organic carbon are 

reported in Table 2.1. TOC content for the Redkino Horizon ranges from 0.01 – 0.62 

wt% with an average of 0.19 wt% (n=42). TOC content for the Kotlin Horizon ranges 

from 0.02 – 0.9 wt% with an average of 0.28% (n=50). d13Corg measurements from 

Baltica have been reported previously by Pehr at al. 2018 and Johnston et al. 2012. Their 

data for the Redkino horizon show lighter d13Corg values compared to the younger Kotlin 

horizon.  

 

Redkino Horizon d13Corg values have a range of -36.4‰ to -24.4‰ with an 

average d13Corg = -30.2‰ (n=42). Redkino Horizon samples have the lightest values in 

the Lomozov and Yampol beds of the Mogilev Formation, with d13Corg values 
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progressively increasing toward the boundary with the Kotlin Horizon. Kotlin Horizon 

d13Corg values have a range of -33.9‰ to -22.6‰ with an average d13Corg = -26.9‰ 

(n=50). d13Corg values for all samples are reported in Table 2.1 and values for drillcore 

3628 are plotted in Figure 2.3.  

 

4.1.1. δ13Corg results for drillcore 3628 (Ukraine) 

 

Total organic carbon isotope ratios for the 3628 drillcore are shown in Figure 2.3. 

This is sample set shows a positive carbon isotope excursion of ~10‰ that occurs at the 

boundary of the Redkino and Kotlin horizons. Samples from the lower part of the 

Redkino Horizon of the 3628 drillcore are depleted in 13C (d13Corg = -36‰ to -28‰, 

mean = -31.2‰) relative to other basins of Baltica (Johnston et al., 2012; Pehr et al., 

2018), but are similar to the range of values for marine sedimentary organic matter for 

source rocks from South Oman (Grosjean et al., 2009; Lee et al., 2011). Previously 

reported C isotope compositions for the Redkino Horizon for the samples closer to the 

Redkino-Kotlin Horizon boundary in the 3628 drillcore shift towards more 13C-enriched 

values (-30‰ to -24‰), in agreement with those previously reported by Johnston et al., 

(2012). The Kotlin Horizon samples show substantial 13C-enrichment compared to the 

underlying Redkino Horizon samples ((d13Corg = -27‰ to -23‰, mean = -24.9‰). 
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4.1.2. δ13Corg results for drillcore F-169 (Estonia) 

 

Total organic carbon isotope ratios for the F-169 drillcore are shown in Figure 

2.4. These samples are stratigraphically above the drillcore 3628 and show consistent 

enrichment in 13C and have similar values to the Kotlin portion of 3628. Across an 

unconformity in drillcore F-169, Cambrian samples show an approximate ~-6‰ shift, 

consistent with the negative carbon isotope excursion observed at the Precambrian/ 

Cambrian boundary (Margaritz et al., 1991; Kouchinsky et al., 2007; Wang et al., 2014). 

Samples from the Kotlin section of drillcore are enriched in 13C (d13Corg = -26.8‰ to -

Figure 2.4. a. d13Corg reported in standard delta notation (‰ VPDB) b. d15N reported 
in standard delta notation (‰Air) 
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22.9‰, mean = -24.7‰) compared to Redkino values and consistent with other basins of 

Baltica (Johnston et al., 2012; Pehr et al., 2018). Cambrian samples are 13C-depleted 

(d13Corg = -26.6‰ to -31.7‰, mean = -30.0‰) compared to the underlying Kotlin rocks 

and are on average of 6‰ lighter 

 

4.2. d15N results for F-169 (Estonia) 

  

d15N was measured 

on samples from drillcore 

F-169 and are reported in 

Table 2.1 and plotted in 

Figure 2.4. d15N from both 

the Kotlin and Cambrian 

portions of this core exhibit 

a small positive range (d15N 

= +3.3‰ to +5.2‰, mean = 

+4.6‰). These values are 

consistent with N-isotope 

valuess published by Pehr et 

al., (2018). In the lower 

Kotlin portion of the F-169 

drillcore, d15N is relatively lighter (d15N = +3.3‰ to +4.6‰‚ average = +4.1‰). The 

Figure 2.5. Crossplot of FePy/FeHR vs FeTot/FeHR with 
sectioned regions indicating Oxic, Ferruginous, and Euxinic 
conditions with equivocal zones separating each region. Red 
diamonds represent Redkino outcrop samples with fossils of 
the Ediacaran Biota from the Podoliya region of Ukraine; 
Black diamonds represent Redkino drillcore and outcrop 
samples without fossils from Ukraine and Russia; and Blue 
circles represent Kotlin drillcore samples without fossils from 
Ukraine and Russia. The anoxic equivocal zone is between 
FeHR/FeTot -0.22 - 0.38, The Euxinic equivocal zone is 
between FePy/FeHR - 0.7 – 0.8. 
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upper portion of the Kotlin and the Cambrian do not vary as widely (d15N = +4.7‰ to 

+5.2‰‚ average = +4.7‰).  

 

4.3. Iron Speciation 

 

Fe speciation analyses were performed on 65 powdered rock samples from 

various locations, which represent the majority of the stratigraphical range of the 

Ediacaran preserved on Baltica. Fe speciation values are reported in Table 2.2 and the 

drillcore 3628 geochemistry is shown in Figure 2.3. The Mogilev Formation in the 

drillcore 3628 contains FeHR/FeT > 0.4 and up to 0.76, indicating anoxic/ferruginous 

depositional conditions. There is a trend to decreasing FeHR/FeT values moving 

stratigraphically up towards the Nagoryany Formation that has values as low as 0.33 

immediately below the boundary between the Kotlin and Redkino Horizons. FeHR/FeT 

values further decrease in the Kotlin Horizon with a limited range between 0.24-0.30, 

most likely indicating oxic depositional conditions. 

 

FeHR/FeT values for the Redkino Horizon range from 0.16 to 0.74. The majority of 

Redkino Horizon samples are either ferruginous or equivocal In contrast, the nine 

samples from the Dniester hydroelectric are oxic with values between 0.14 and 0.34. All 

samples from the Lugovoe drill core have relatively high FeHR/FeT values of 0.55-0.92 

compared to the rest of the Kotlin Horizon samples, which plot either in the oxic or 

equivocal zones.   
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Fepy/FeHR values for the Kotlin Horizon range from 0.00 to 0.53. All samples are 

below 0.20 except for one outlier of 0.53. Fepy/FeHR values for the Redkino Horizon 

range from 0.00 to 0.70. The 3628 drillcore ranges between 0.00 and 0.70 and the 

Lugovoe drill core has a range between 0.46 and 0.60. Fe speciation cross plots are 

shown in Figure 2.5. 

 Elevated FeT/Al values suggest Fe enrichment in our samples when compared to 

average (oxic) Phanerozoic shale. Redkino Horizon samples yield values between 0.39 

and 2.1 with a single outlier of 5.01. The mean FeT/Al value for the Redkino Horizon 

samples, excluding the outlier, is 0.93 ± 0.43. All but three Redkino Horizon samples 

have elevated FeT/Al relative to the average continental crust (0.5; Taylor and McLennan, 

1985). Kotlin Horizon samples range between 0.32 and 0.98 with a single outlier of 8.78. 

The mean FeT/Al value for the Kotlin Horizon samples, excluding the single outlier, is 

0.53 ± 0.19. Of the 22 samples included in the Kotlin Horizon mean, 14 are lower than 

average continental crust composition, indicating deposition in an oxic water column.  

 

 Mn/Al ratios are reported in Table 2.2 and are plotted in Figure 2.3. Mn/Al ratios 

for most of the Redkino Horizon samples are at or below the that of average continental 

crust (0.008) with enrichments being observed in the lower part of the Redkino Horizon. 

Three samples from the Lomozov beds are enriched in Mn with Mn/Al values of 0.5, 

0.16, and 0.12; one sample from the Lyadova beds has a value of 0.1, and the two Kalyus 

samples have values of 0.22 and 0.05. 
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4.4. Major and Trace Element signals of intermittent ferruginous conditions 

 

 Major and trace element concentrations were analyzed to constrain redox 

conditions across Baltica. Trace elements  (e.g, V, Mo, Cr, U) have proven to be valuable 

markers for anoxic and euxinic conditions in the water column (Krishnaswami, 1976; 

Emerson and Huested, 1991; Calvert and Pedersen, 1996; Clarkson et al., 2014, 2021; 

Haddad et al., 2016; Han et al., 2018). Mo requires the presence of free H2S to be 

deposited within the sediment while U and V are sensitive to anoxia and can be used as a 

tracer for dysoxic and anoxic settings (Bennett and Canfield, 2020; Dahl et al., 2021). 

Our samples show no enrichment in Mo or U and thus suggests that the water column in 

the epicontinental seas surrounding Baltica did not have significant sulfide (Scott and 

Lyons, 2012). Average shale ratios were calculated using data from Turekian and 

Wedepohl, (1961) All major and trace element data are reported in Table 2.2. 

 

 4.4.1. Vanadium 

 

Across our sample set, vanadium concentrations in Redkino samples are highly 

variable with slight enrichments compared to average shale (V/Ti = 0.28) with values 

ranging from 0.015 to 0.57 (V/Ti average = 0.31). Kotlin samples also exhibit slight 

enrichment in some samples with most other samples being near crustal levels with 

values ranging from 0.22 to 0.45 (V/Ti average = 0.28). Drillcore 3638 shows enrichment 
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in the 

Figure 2.6.. Crossplots of molar concentrations of (a.) Preac vs Corg and (b.) 
Porg vs Corg. Diamonds represent oxic conditions, circles represent ferruginous 
conditions. Diamonds represent non-ferruginous conditions, circles represent 
ferruginous conditions. Blue points are samples from the Redkino horizon, 
black points are samples from the Kotlin Horizon. The black line in each plot 
represents the Redfield ratio (106:1 C:P). 
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lower portion of the Redkino with values returning to near or below crustal levels just 

below the Redkino-Kotlin boundary (Fig 2.3). For the 16 samples below 281 m V/Ti 

ratios range from 0.0024-0.0056 (V/Ti average = 0.32). For the 6 Redkino samples above 

281 m, V/Ti ratios range from 0.015 to 0.056 (V/Ti average = 0.23). For the six Kotlin 

samples values range from 0.23 to 0.31 with an average that is at crustal levels (V/Ti 

average = 0.28).  

 

 4.4.2. Manganese as a tracer for intermittent oxic conditions 

 

Manganese can play an important role in understanding the presence of oxygen 

during deposition of sediment. In particular, enrichments in manganese can help 

determine that oxygen was present at the time of deposition (Schaller and Wehrli, 1997; 

Sundby’ et al.). Mn/Al ratios in our Redkino samples range from 0.0 to 0.74 (Mn/Al 

average = 0.05). Of the 42 Redkino samples measured, 31 are below average shale 

(Mn/Al = 0.01). The ten samples that are above crustal level have a range from 0.05 to 

0.74 (Mn/Al average = 0.20). Mn/Al ratios in our Kotlin samples range from 0 to 0.15 

(Mn/Al average = 0.004). Of the 20 Kotlin samples measured, 16 are below average 

shale. The four samples that are above average crustal level range from 0.4 to 0.15 

(Mn/Al average = 0.06). The sporadic enrichment of Mn in both the Redkino and Kotlin 

suggests intermittent oxygenation. 
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4.5. P-phase partitioning 

 

To evaluate P limitation, we assessed variations in molar Corg/Porg and Corg/Preac 

ratios (Fig 2.6).  Corg/Preac ratios (where Preac represents potentially mobile P during 

deposition and early diagenesis; calculated as Porg + Pauth + PFe) also provide useful 

insight into controls on P cycling (Thompson et al., 2019; Guilbaud et al., 2020). In 

Redkino samples, Corg/Preac values generally plot below the Redfield ratio. Although they 

plot below the Redfield ratio, most samples with a ferruginous signal plot further below 

than samples with a non-ferruginous signal indicating drawdown of phosphorus under 

ferruginous conditions. In Kotlin samples, Corg/Preac plot below the Redfield ration but are 

generally closer than Redkino samples with ferruginous samples from Lugovoe plotting 

the furthest below. Kotlin samples did not experience as much drawdown since 

ferruginous conditions were not as widespread as during deposition of Redkino samples.  

 

Both Redkino and Kotlin samples plot close to the Redfield ration. Redkino 

samples have more variability, but plot at or below the Redfield ratio while Kotlin 

samples have a tighter grouping and also plot above the Redfield Ratio. This indicates 

Porg was likely not remineralized and released during deposition and diagenesis (Guilbaud 

et al., 2020). 
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4.6. Total and pyrite sulfur 

 

 Pyrite sulfur contents was measured for 64 samples across Baltica and total S 

contents were measured on 28 samples from Estonia. Pyrite sulfur contents measured in 

rocks from both the Redkino and Kotlin portions of Lugovoe (Russia) and the Redkino 

portion of 3628 (Ukraine) have a wide range from 0.0 to 9.0%. Pyrite sulfur from the 

overlying Kotlin rocks from Utkina Zavod (Russia) and 3628 (Ukraine) range from 0.0 to 

0.12%. Total sulfur contents from F-169 (Estonia) is low like for other Kotlin rocks and 

range from 0.0 to 0.15%. Our Kotlin Data are like that of Johnston et al., 2012 and 

Figure 2.7. Total ion Chromatogram (TIC) for extracted aliphatic hydrocarbons for 
F-169 126.51 m from the Kotlin horizon. Labeled compounds include n-alkanes, 
pristane (pr), phytane (ph) and C27(including Tm) - C34 hopanes. Stereochemistry is 
denoted and represents the C-17, C-21, and C-22 positions (e.g., C31abR = 
C3117a 21b 22R). 
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Figure 2.8. Selected Ion Chromatograms for (a.) C32 hopanes at varying depths 
from drillcore 3628 and (b.) C31 hopanes at varying depths from drillcore F-169. 
MRM transitions for F-169 show C31ab, ba and bb hopane isomers. Each are 
labeled and aligned with green and blue dashed lines. MRM transitions for 3628 
show C31ab and ba hopane isomers. Each are labeled and aligned with blue and 
green dashed lines. 
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suggest a local muted sulfate concentrations in near-shore settings. Low %S contents in 

these local settings suggest inputs were from brackish nearshore coastal waters. 

 

4.7. Lipid biomarker assemblage patterns 

 

4.7.1. Thermal Maturity 

 

Thermal maturity is a critical component to consider when analyzing the quality 

of organic matter in ancient sedimentary rocks since biomarkers are susceptible to 

structural and stereochemical alteration with increasing burial temperatures. Rocks in this 

study were systematically collected from drill cores at varying depths. Multiple 

stereoisomer ratios using both hopanes and steranes were calculated to assess thermal 

maturity. These values are plotted in Table 2.1 and show a systematic increase in both the 

C29aaa (20S/S+R), C31ab (22S/S+R), and C27 TS/TM. The systematic increase in these 

ratios suggest that our samples are not contaminated by drilling fluid. The samples in this 

study are pre-oil window except for Kalyus and Bernashevka outcrop samples that are in 

the early oil window making them still suitable for biomarker analyses. Most of these 
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samples have likely not been exposed to burial temperatures more than 60° C. Figure 2.7 

is the total ion chromatogram (TIC) for sample F-169 126.51 m depth and shows a 

dominance of cyclic biomarker over n-alkanes, suggesting low thermal maturity. Further 

evidence in Figure 2.8 confirms low thermal maturity in our samples due to the presence 

of resolvable 17b, 21b - Hopanes from major 17b, 21a - Hopanes and 17a, 

21b - Hopanes. 

 

4.7.2. C26/C25 Tricyclic 

terpenoids 

 

An abundance ratio between 

C26 to C25 tricyclic terpenoids is a 

proxy widely used in petroleum 

geochemistry to determine whether 

deposition occurred in marine or 

(low salinity) non-marine 

conditions (Peters et al., 2005). The 

ratios of C26/C25 tricyclic terpenoids 

are plotted against d13CTOC and are 

presented in Figure 2.9. When the 

C26/C25 tricyclic ratio value is 

above 1.2, the depositional setting 

- Redkino - Cambrian- Kotlin
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Equivocal

Marine

3.0
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Figure 2.9. Crossplot of 26/25 Tetracyclic-
Tricyclic terpane ratios vs d13C. Black diamonds 
represent samples from the Redkino horizon, blue 
circles represent samples from the Kotlin horizon 
and yellow boxes represent Cambrian samples. 
The area between dashed lines (1.0 – 1.2) 
represents the equivocal zone between marine 
(below 1.0) and nonmarine settings (above 1.2). 
Black oval represents samples grouped together 
with heavy d13C and high 26/25 TT ratios. 
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was likely non-marine (brackish or freshwater) and if it is below 1.0, the samples are 

interpreted as being deposited under normal-salinity, marine conditions (Zumberge, 

1987; De Grande et al., 1993). Values between 1.0 and 1.2 are equivocal for informing us 

about the salinity of the water column. All but two Redkino horizon samples generally 

plot below 1.2, averaging 0.92 (n=19), with a range of 0.55 to 1.44, indicating normal-

salinity, marine conditions. Kotlin Horizon samples plot above 1.2 with an average of 

1.47 (n=28), but have a much larger range of 0.44 to 2.78, indicating deposition in 

settings with variable salinity from brackish to normal marine. Cambrian samples plot 

below 1.2 and return to values similar to open-marine conditions in the Redkino horizon. 

 

Kotlin values cluster in three distinct groups as seen in Figure 2.9. One group of 14 

samples plots as non-marine with C26/C25 signals above 1.2 threshold (with an average of 

1.87). These samples also exhibit 13C-enrichment (average d13Corg = -24.5‰). The second 

group of five samples plots in the marine field with 25/26 TT signals below 1.2 (with an 

average of 0.75) combined with the 13C-enrichment (average d13Corg = -26.4‰). The third 

group clusters at the 1.2 threshold (with the average of 1.26) with d13Corg values more 

negative than the Kotlin Horizon average (average d13Corg = -32.24‰). 
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4.7.3. Hopane/Sterane  

 

The ratio of major (C27–C35) hopanes to major (C27–C29) steranes is often used to 

assess the balance of bacterial versus eukaryotic contributions to primary productivity. 

Hopanes are fossil membrane lipids derived from hopanoids, which are synthesized by a 

wide variety of bacterial groups. 

Similarly, steranes are derived 

from sterols, which are produced 

almost exclusively by eukaryotes 

(Summons et al., 2006). The ratio 

between hopanes and steranes 

(H/St) for our samples ranges 

from 5.6 to 90.7, which covers a 

similar range to previous organic 

geochemical studies performed 

on late Ediacaran rocks from 

Baltica (Table 2.1) (Goryl et al., 

2018; Pehr et al., 2018, 2023). 

For context, H/St ratios from 

organic-rich Neoproterozoic rocks and oils typically fall in a narrow range from 0.5 to 2.0 

(Grosjean et al., 2009; Dutta et al., 2013; Lee et al., 2013). While there is a clear 

difference in the values from the younger Kotlin Horizon (average H/St of 13.5) and the 

Figure 2.10. Plot hopane/sterane ratio vs depth 
for drill core 3628 from the Podillya basin in 
southwest Ukraine. Red horizontal line 
indicates the boundary between the Redkino 
and Kotlin horizons. 
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older Redkino Horizon (average H/St of 33.6), the values for most samples are unusually 

high and suggest anomalously elevated contributions of bacteria. H/St ratios are plotted 

vs depth for drillcore 3628 in Figure 2.10 which shows a trend of significantly higher 

ratios in the lower portion of the Redkino decreasing to lower H/St in the Kotlin. This 

suggests stronger input of eukaryotic organisms to primary production upsection. 

 

5.0. Discussion 

 

5.1. Nutrient limitation 

 

 Development of strongly oligotrophic conditions across Baltica has been 

previously reported ny Goryl et al., (2018) and Pehr et al., (2018) but assessment of the 

nutrient limitation has not been examined fully. Additional H/St data from our study has 

added to the number of locations that are observed to have higher contribution of bacteria 

to primary productivity on Baltica. Our H/St ratios for Redkino samples have an average 

of 33.6 while Kotlin samples have an average of 13.6. Fe, P and N were assessed to 

determine their potential role as a limiting nutrient for primary producers.  
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5.1.1. N as a limiting nutrient 

 

N-isotopes are a useful tool to provide insight into the balance of the nitrogen 

cycle. When nitrogen is fixed by nitrogen-fixing bacteria, sedimentary nitrogen isotopes 

cluster around 0‰ (Bauersachs et al., 2009). Previous Neoproterozoic N-isotope studies 

showed a positive range of +2 to +10‰ from multiple sites around the globe (Ader et al., 

2008) and an average of +6‰ from south China for Late Ediacaran to Cambrian rocks 

(Kikumoto et al., 2014). A small range of positive N-isotope values (+3.5 to +6.5‰) 

reported by Pehr et al., (2018) suggested nitrate as the dominant dissolved inorganic 

nitrogen species in the epicontinental seas across Baltica. In our sample set, d15N values 

from F-169 align with previously reported values and have a small positive range from 

+3.3 to +5.2‰. These N-isotope data suggest that nitrogen was not limiting, thus making 

it unlikely to be responsible for the long-lived oligotrophic conditions across Baltica. 

 

5.1.2. Fe as a limiting nutrient 

 

Iron based proteins play a key role in various cellular processes such as 

photosynthesis and nitrogen fixation for two. Due to its importance in cellular growth in 

primary producers it has been observed as a biolimiting nutrient in modern oceanic 

settings like the Pacific and Southern Oceans (Moore et al., 2001; Tagliabue et al., 2017; 

Birchill et al., 2019; Paine et al., 2023). Most our samples have FeT/FeHR above 0.22 and 

many are above 0.38, indicating their deposition under suboxic to dysoxic settings in both 
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the Redkino and Kotlin. This excess suggests that the presence of free Fe (III) in the 

water column eliminates it as being responsible for nutrient limitation on Baltica.  

 

5.1.3. P as a limiting Nutrient 

 

Phosphorus has been suggested as the primary biolimiting nutrient through much 

of Earth’s history and has played a key role in the persistence of oligotrophic condition in 

many settings in both the ancient and modern oceans (Guildford and Hecky, 2000; Paytan 

and McLaughlin, 2007; Reinhard et al., 2017). Previous P speciation studies indicate 

ferruginous conditions during the early Neoproterozoic that could have led to enhanced 

drawdown of P, ultimately limiting its bioavailability in the water column (Guilbaud et 

al., 2015, 2020). Our samples from Baltica show a similar trend for the Redkino and the 

Kotlin section of the Lugovoe drillcore. Figure 2.6 shows that Corg/Preac values for most 

ferruginous samples plot significantly lower than the Redfield ratio indicating efficient 

drawdown by adsorption to Fe-bearing minerals. This contrasts with Kotlin samples 

(excluding the Lugovoe drillcore) where most samples are closer to the Redfield ratio. 

The combination of shallow-water ferruginous conditions and high Corg/Preac highly 

suggests that P limitation was responsible for the long-lived oligotrophic conditions 

during the late Ediacaran on Baltica. 
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5.2. Environmental heterogeneity across Baltica 

 

Our dataset suggests that the Redkino Regional Stage on Baltica is characterized 

by a more complex redox history with marine conditions fluctuating between oxic and 

ferruginous, but with no evidence for euxinic conditions. In particular, Fe speciation and 

Mn data suggest intermittent dysoxic to ferruginous conditions in deeper-water settings 

along Baltica’s margins concurrently with the most biodiverse time during deposition of 

the Redkino Horizon. Lugovoe samples from the Kotlin horizon have FeHR/FeT values 

above 0.38 and C26/C25 tricyclic terpane ratios below 1.0, indicating deposition in an 

anoxic, normal marine salinity environment. Kotlin samples from Utkina Zavod have 

FeHR/FeT values below 0.38 and C26/C25 tricyclic terpane ratios values between 1.2 and 

2.8 indicating deposition in fresh to brackish water conditions.   

 

Contemporaneous marine settings may provide insight to the mechanism allowing 

ferruginous bottom waters with intermittent pulses of Mn. Previous studies of the Nama 

Group deposited during a slightly younger (by 5-10 Ma) time period have shown that the 

Ediacara Biota established itself during intervals of of oxic conditions (Bowyer et al., 

2017). Furthermore, Bowyer et al. (2017) have shown that the Ediacara biota thrived 

during the last few million years of the Ediacaran when significant ocean redox 

heterogeneity characterized the seas of Baltica. Wave mixing in nearshore environments, 

provided a stable oxic ecosystem for these organisms to survive. C26/C25 tricyclic terpane 

ratios and Fe speciation values show a transition from deeper marine to marginal marine 
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conditions where wave mixing allowed oxygen to be more abundant at the Kotlin stage 

horizons where. Our Fe speciation data for the two horizons in the Podillya basin show a 

consistently decreasing trend from ~0.50 before the transition to ~0.26. These data and 

the 14‰ C isotope excursion in the same samples suggests a relative drop in sea level. 

 

Fe-mineral speciation of the Redkino samples containing Ediacara biota indicates 

oxic conditions at the sediment-water interface, while deeper-water facies during the 

same time suggest ferruginous or dysoxic redox conditions. Samples taken near the 

boundary with the Kotlin Horizon indicate an overall decrease in the FeHR/FeT ratios 

reflecting transition to conditions more akin to those of oxygenated waters described in 

previous studies of the late Ediacaran (Canfield et al., 2007; Johnston et al., 2012; 

Bowyer et al., 2017). Redox proxies indicate that during the late part of the Redkino 

Regional Stage redox conditions were similar to those inferred for the slightly younger, 

shallow-marine Nama Group that hosts the Ediacara biota (Bowyer et al., 2017). 

Importantly, deeper-water settings of the late Ediacaran Nama Group with ferruginous 

conditions do not host the Ediacara biota (Bowyer et al., 2017). 

 

FeHR/FeT ratios from drillcore 3628 show that the depositional conditions for th 

Redkino Horizon sample were primarily dysoxic/anoxic and shift toward oxic condition 

closer to the boundary between the Redkino and Kotlin Horizons. The Redkino Horizon 

samples close to the boundary are equivocal and show a trend toward oxic conditions 

captured in the Kotlin horizon. Kotlin samples in this core all plot as equivocal and trend 
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toward oxic 

conditions. Generally, 

the Redkino Horizon 

samples from our 

dataset are ferruginous 

aside from quarry 

samples containing 

abundant fossils of the 

Ediacara biota. Fig. 

2.3 shows that all the 

Redkino Horizon 

quarry samples plot as 

oxic or equivocal. 

When combined with 

the Mn data, the drill 

core 3628 samples 

show intermittent Mn-

enrichment associated 

with ferruginous 

conditions during the Redkino. These data suggest that intermittently ferruginous 

conditions were developed close to the sediment-water interface during deposition of the 

Figure 2.11. Cross section showing the change in redox, salinity 
and biodiversity between the Redkino (b) and Kotlin (a) 
Regional Horizons. Red color represent ferruginous waters and 
light blue to dark blue gradient represents oxic, low salinity 
environmental conditions to oxic, normal marine environmental 
conditions. 
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Redkino Horizon. The oxic nature of the quarry samples indicate that the Ediacara biota 

likely preferred oxic waters and likely lived in environments above the chemocline. 

 

5.3. Environmental Transition 

 

In addition to the transition from ferruginous to oxic conditions from the Redkino 

to Kotlin Horizon, d13Corg values increase from -36.0 to -22.8‰, which could signify a 

transition from open marine to brackish water (Pehr et al., 2023). The positive d13Corg 

excursion observed through the 3628 drillcore (Figure 2.3) coincides with the Fe-mineral 

speciation data reflecting 

transition from dysoxic and 

ferruginous to oxic conditions 

potentially coinciding with a 

fall in regional sea-level. 

Further, biomarker evidence 

in addition to iron-mineral 

speciation data and carbon 

isotope data add additional 

evidence suggesting a sea-

level drop. 25/26 TT ratios 

combined with the associated 

d13Corg values indicate that the 

Figure 2.12. Updated paleogeographic reconstruction 
presented in Figure 2.1 with environmental conditions 
labeled for Kotlin aged samples. Teal circles exhibit 
oxic, low salinity conditions, the pink circle is 
ferruginous, normal marine during the Kotlin, and the 
orange circle is transitional between low salinity and 
normal marine. 
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Redkino Horizon samples are marine with light d13Corg values. The Redkino Horizon 

25/26 TT values range from 0.44 to 1.44 and have C isotope values that range between -

36.4 to -24.4‰. The Kotlin Horizon 25/26 TT values range from 0.54 to 2.78 and have C 

isotope values that range between -33.9 to -22.8‰. Although the ranges for each horizon 

are strikingly similar, the average d13Corg shows a difference between the two time 

periods. Redkino samples have an average d13Corg of -30.2‰ while Kotlin samples are 

significantly heavier on average at -26.9‰. 

 

A significant decrease in relative sea level inferred here could be a potential 

mechanistic driver of the major environmental changes observed, which likely 

contributed to the decrease in faunal diversity across the boundary between the Redkino 

and Kotlin horizons (Fig 2.11). Along with the environmental change, the shallower 

water would have had higher water-energy conditions. This transition coincides with the 

advent of bioturbation in low-energy environments as well as burrowing abilities in 

higher energy, wave-dominated settings (Grazhdankin, 2014b). Changes in salinity and 

redox conditions in nearshore marine environments likely contributed to changes in 

ecological structure of marine communities during the Kotlin Crisis, though the nature of 

the major driving forces would have depended on the environmental conditions 

prevailing at different locations. 
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6.0. Conclusions 

 

Our stratigraphic records of lipid biomarker, stable carbon/nitrogen isotope ratios, 

Fe and P-mineral speciation, and trace metal analyses suggest a major environmental 

shift occurred during deposition of sedimentary strata in the late Ediacaran across Baltica.  

The upper Redkino regional horizon indicates a shift from typical marine salinity to 

coastal brackish (such as deltaic) conditions in the younger Kotlin regional horizon. An 

updated map of Baltica plots the extent of lower salinity condition across Baltica based 

on C26/C25 tricyclic terpane and sulfur data (Fig 2.12). Trace element geochemistry and 

Fe-mineral speciation further indicate that mildly reducing aquatic conditions, most likely 

a stratified water column with ferruginous conditions persisting at the sediment-water 

interface for the Redkino Regional Horizon, gave way to redox conditions that were more 

predominantly oxic and brackish through the Kotlin Regional Horizon. Sustained 

changes in aquatic environmental conditions, especially major changes in aquatic salinity 

and redox conditions in nearshore marine settings, provided metabolic challenges 

affecting the survival of benthic macroscopic organisms in nearshore marine settings 

during the late Ediacaran across the breadth of Baltica.  

 

 

 

 

 



 52 

References 

 

Ader, M., Chaudhuri, S., Coates, J.D., and Coleman, M., 2008, Microbial perchlorate 
reduction: A precise laboratory determination of the chlorine isotope fractionation 
and its possible biochemical basis: Earth and Planetary Science Letters, v. 269, p. 
605–613, doi:10.1016/j.epsl.2008.03.023. 

Bauersachs, T., Schouten, S., Compaoré, J., Wollenzien, U., Stal, L.J., and Sinninghe 
Damsteé, J.S., 2009, Nitrogen isotopic fractionation associated with growth on 
dinitrogen gas and nitrate by cyanobacteria: Limnology and Oceanography, v. 54, 
p. 1403–1411, doi:10.4319/lo.2009.54.4.1403. 

Bennett, W.W., and Canfield, D.E., 2020, Redox-sensitive trace metals as paleoredox 
proxies: A review and analysis of data from modern sediments: Earth-Science 
Reviews, v. 204, p. 103175, doi:10.1016/j.earscirev.2020.103175. 

Birchill, A.J. et al., 2019, The eastern extent of seasonal iron limitation in the high 
latitude North Atlantic Ocean: Scientific Reports, v. 9, p. 1435, 
doi:10.1038/s41598-018-37436-3. 

Bobrovskiy, I., Hope, J.M., Golubkova, E., and Brocks, J.J., 2020, Food sources for the 
Ediacara biota communities: Nature Communications, v. 11, p. 1261, 
doi:10.1038/s41467-020-15063-9. 

Bowyer, F., Wood, R.A., and Poulton, S.W., 2017, Controls on the evolution of 
Ediacaran metazoan ecosystems: A redox perspective: Geobiology, v. 15, p. 516–
551, doi:10.1111/gbi.12232. 

Calvert, S.E., and Pedersen, T.F., 1996, Sedimentary geochemistry of manganese; 
implications for the environment of formation of manganiferous black shales: 
Economic Geology, v. 91, p. 36–47, doi:10.2113/gsecongeo.91.1.36. 

Canfield, D.E., Poulton, S.W., Knoll, A.H., Narbonne, G.M., Ross, G., Goldberg, T., and 
Strauss, H., 2008, Ferruginous Conditions Dominated Later Neoproterozoic 
Deep-Water Chemistry: Science, v. 321, p. 949–952, 
doi:10.1126/science.1154499. 

Canfield, D.E., Poulton, S.W., and Narbonne, G.M., 2007, Late-Neoproterozoic Deep-
Ocean Oxygenation and the Rise of Animal Life: Science, v. 315, p. 92–95, 
doi:10.1126/science.1135013. 

Clarkson, M.O., Lenton, T.M., Andersen, M.B., Bagard, M.-L., Dickson, A.J., and 
Vance, D., 2021, Upper limits on the extent of seafloor anoxia during the PETM 



 53 

from uranium isotopes: Nature Communications, v. 12, p. 399, 
doi:10.1038/s41467-020-20486-5. 

Clarkson, M.O., Poulton, S.W., Guilbaud, R., and Wood, R.A., 2014, Assessing the 
utility of Fe/Al and Fe-speciation to record water column redox conditions in 
carbonate-rich sediments: Chemical Geology, v. 382, p. 111–122, 
doi:10.1016/j.chemgeo.2014.05.031. 

Dahl, T.W., Hammarlund, E.U., Rasmussen, C.M.Ø., Bond, D.P.G., and Canfield, D.E., 
2021, Sulfidic anoxia in the oceans during the Late Ordovician mass extinctions – 
insights from molybdenum and uranium isotopic global redox proxies: Earth-
Science Reviews, v. 220, p. 103748, doi:10.1016/j.earscirev.2021.103748. 

De Grande, S.M.B., Aquino Neto, F.R., and Mello, M.R., 1993, Extended tricyclic 
terpanes in sediments and petroleums: Organic Geochemistry, v. 20, p. 1039–
1047, doi:10.1016/0146-6380(93)90112-O. 

Duda, J.-P., Blumenberg, M., Thiel, V., Simon, K., Zhu, M., and Reitner, J., 2014, 
Geobiology of a palaeoecosystem with Ediacara-type fossils: The Shibantan 
Member (Dengying Formation, South China): Precambrian Research, v. 255, p. 
48–62, doi:10.1016/j.precamres.2014.09.012. 

Duda, J.-P., Thiel, V., Reitner, J., and Grazhdankin, D., 2016, Opening up a window into 
ecosystems with Ediacara-type organisms: preservation of molecular fossils in the 
Khatyspyt Lagerstätte (Arctic Siberia): PalZ, v. 90, p. 659–671, 
doi:10.1007/s12542-016-0317-5. 

Dutta, S., Bhattacharya, S., and Raju, S.V., 2013, Biomarker signatures from 
Neoproterozoic–Early Cambrian oil, western India: Organic Geochemistry, v. 56, 
p. 68–80, doi:10.1016/j.orggeochem.2012.12.007. 

Emerson, S.R., and Huested, S.S., 1991, Ocean anoxia and the concentrations of 
molybdenum and vanadium in seawater: Marine Chemistry, v. 34, p. 177–196, 
doi:10.1016/0304-4203(91)90002-E. 

Evans, S.D., Tu, C., Rizzo, A., Suprenant, R.L., Boan, P.C., McCandless, H., Marshall, 
N., Xiao, S., and Droser, M.L., 2022, Environmental drivers of the first major 
animal extinction across the Ediacaran White Sea-Nama transition: Proceedings 
of the National Academy of Sciences, v. 119. 

Fedorova, N.M., Levashova, N.M., Bazhenov, M.L., Meert, J.G., Sergeeva, N.D., 
Golovanova, I.V., Danukalov, K.N., Kuznetsov, N.B., Kadyrov, A.F., and 
Khidiyatov, M.M., 2013, The East European Platform in the late Ediacaran: new 
paleomagnetic and geochronological data: Russian Geology and Geophysics, v. 
54, p. 1392–1401, doi:10.1016/j.rgg.2013.10.003. 



 54 

Fike, D.A., Grotzinger, J.P., Pratt, L.M., and Summons, R.E., 2006, Oxidation of the 
Ediacaran Ocean: Nature, v. 444, p. 744–747, doi:10.1038/nature05345. 

Goryl, M., Marynowski, L., Brocks, J.J., Bobrovskiy, I., and Derkowski, A., 2018, 
Exceptional preservation of hopanoid and steroid biomarkers in Ediacaran 
sedimentary rocks of the East European Craton: Precambrian Research, v. 316, p. 
38–47, doi:10.1016/j.precamres.2018.07.026. 

Grazhdankin, D.V., 2004, Patterns of Distribution in the Ediacaran Biotas: Facies versus 
Biogeography and Evolution: Paleobiology, v. 30, p. 203–221. 

Grazhdankin, D., 2014a, Patterns of Evolution of the Ediacaran Soft-Bodied Biota: 
Journal of Paleontology, v. 88, p. 269–283, doi:10.1666/13-072. 

Grazhdankin, D., 2014b, Patterns of Evolution of the Ediacaran Soft-Bodied Biota: 
Journal of Paleontology, v. 88, p. 269–283, doi:10.1666/13-072. 

Grazhdankin, D.V., 2003, Structure and Depositional Environment of the Vendian 
Complex in the Southeastern White Sea Area: v. 11, p. 19. 

Grazhdankin, D.V., Marusin, V.V., Meert, J., Krupenin, M.T., and Maslov, A.V., 2011, 
Kotlin regional stage in the South Urals: Doklady Earth Sciences, v. 440, p. 
1222–1226, doi:10.1134/S1028334X11090170. 

Grazhdankin, D.V., and Maslov, A.V., 2015, The room for the Vendian in the 
International Chronostratigraphic Chart: Russian Geology and Geophysics, v. 56, 
p. 549–559, doi:10.1016/j.rgg.2015.03.007. 

Grosjean, E., Love, G.D., Stalvies, C., Fike, D.A., and Summons, R.E., 2009, Origin of 
petroleum in the Neoproterozoic–Cambrian South Oman Salt Basin: Organic 
Geochemistry, v. 40, p. 87–110, doi:10.1016/j.orggeochem.2008.09.011. 

Guilbaud, R., Poulton, S.W., Butterfield, N.J., Zhu, M., and Shields-Zhou, G.A., 2015, A 
global transition to ferruginous conditions in the early Neoproterozoic oceans: 
Nature Geoscience, v. 8, p. 466–470, doi:10.1038/ngeo2434. 

Guilbaud, R., Poulton, S.W., Thompson, J., Husband, K.F., Zhu, M., Zhou, Y., Shields, 
G.A., and Lenton, T.M., 2020, Phosphorus-limited conditions in the early 
Neoproterozoic ocean maintained low levels of atmospheric oxygen: Nature 
Geoscience, v. 13, p. 296–301, doi:10.1038/s41561-020-0548-7. 

Guildford, S.J., and Hecky, R.E., 2000, Total nitrogen, total phosphorus, and nutrient 
limitation in lakes and oceans: Is there a common relationship? Limnology and 
Oceanography, v. 45, p. 1213–1223, doi:10.4319/lo.2000.45.6.1213. 



 55 

Haddad, E.E., Tuite, M.L., Martinez, A.M., Williford, K., Boyer, D.L., Droser, M.L., and 
Love, G.D., 2016, Lipid biomarker stratigraphic records through the Late 
Devonian Frasnian/Famennian boundary: Comparison of high- and low-latitude 
epicontinental marine settings: Organic Geochemistry, v. 98, p. 38–53, 
doi:10.1016/j.orggeochem.2016.05.007. 

Han, T., Fan, H., and Wen, H., 2018, Dwindling vanadium in seawater during the early 
Cambrian, South China: Chemical Geology, v. 492, p. 20–29, 
doi:10.1016/j.chemgeo.2018.05.022. 

Ivantsov, A.Yu., Gritsenko, V.P., Konstantinenko, L.I., and Zakrevskaya, M.A., 2014, 
Revision of the problematic Vendian macrofossil Beltanelliformis 
(=Beltanelloides, Nemiana): Paleontological Journal, v. 48, p. 1415–1440, 
doi:10.1134/S0031030114130036. 

Ivantsov, A.Yu., Grytsenko, V., Fedonkin, M.A., Zakrevskaya, M.A., Paliy, V.M., 
Velikanov, V.A., Konstantinenko, L.I., Menasova, A.Sh., and Serezhnikova, E.A., 
2015a, Upper Vendian macrofossils of Eastern Europe. Middle Dniester area and 
Volhynia.: Mosco PIN RAS. 

Ivantsov, A.Yu., Razumovskiy, A.A., and Zakrevskaya, M.A., 2015b, Upper Vendian 
macrofossils of Eastern Europe. Middle and South Urals.: Moscow: PIN RAN. 

Johnston, D.T., Poulton, S.W., Goldberg, T., Sergeev, V.N., Podkovyrov, V., Vorob’eva, 
N.G., Bekker, A., and Knoll, A.H., 2012, Late Ediacaran redox stability and 
metazoan evolution: Earth and Planetary Science Letters, v. 335–336, p. 25–35, 
doi:10.1016/j.epsl.2012.05.010. 

Kikumoto, R., Tahata, M., Nishizawa, M., Sawaki, Y., Maruyama, S., Shu, D., Han, J., 
Komiya, T., Takai, K., and Ueno, Y., 2014, Nitrogen isotope chemostratigraphy 
of the Ediacaran and Early Cambrian platform sequence at Three Gorges, South 
China: Gondwana Research, v. 25, p. 1057–1069, doi:10.1016/j.gr.2013.06.002. 

Knoll, A.H., Walter, M.R., Narbonne, G.M., and Christie-Blick, N., 2004, Three “First 
Places” for Ediacaran Period:, doi:10.7916/D8697DK7. 

Kolesnikov, A.V., Marusin, V.V., Nagovitsin, K.E., Maslov, A.V., and Grazhdankin, 
D.V., 2015, Ediacaran biota in the aftermath of the Kotlinian Crisis: Asha Group 
of the South Urals: Precambrian Research, v. 263, p. 59–78, 
doi:10.1016/j.precamres.2015.03.011. 

Kouchinsky, A., Bengtson, S., Pavlov, V., Runnegar, B., Torssander, P., Young, E., and 
Ziegler, K., 2007, Carbon isotope stratigraphy of the Precambrian–Cambrian 
Sukharikha River section, northwestern Siberian platform: Geological Magazine, 
v. 144, p. 609–618, doi:10.1017/S0016756807003354. 



 56 

Krishnaswami, S., 1976, Authigenic transition elements in Pacific pelagic clays: 
Geochimica et Cosmochimica Acta, v. 40, p. 425–434, doi:10.1016/0016-
7037(76)90007-7. 

Laflamme, M., Darroch, S.A.F., Tweedt, S.M., Peterson, K.J., and Erwin, D.H., 2013, 
The end of the Ediacara biota: Extinction, biotic replacement, or Cheshire Cat? 
Gondwana Research, v. 23, p. 558–573, doi:10.1016/j.gr.2012.11.004. 

Lee, C., Fike, D.A., Love, G.D., Sessions, A.L., Grotzinger, J.P., Summons, R.E., and 
Fischer, W.W., 2013, Carbon isotopes and lipid biomarkers from organic-rich 
facies of the Shuram Formation, Sultanate of Oman: Geobiology, v. 11, p. 406–
419, doi:10.1111/gbi.12045. 

Linnemann, U. et al., 2018, A ~565 Ma old glaciation in the Ediacaran of peri-
Gondwanan West Africa: International Journal of Earth Sciences, v. 107, p. 885–
911, doi:10.1007/s00531-017-1520-7. 

Love, G.D. et al., 2009, Fossil steroids record the appearance of Demospongiae during 
the Cryogenian period: Nature, v. 457, p. 718–721, doi:10.1038/nature07673. 

Margaritz, M., Kirshvink, J.L., Latham, A.J., Zhuravlev, A.Yu., and Rozanov, A.Yu., 
1991, Precambrian/Cambrian boundary problem: Carbon isotope correlations for 
Vendian and Tommotion time between Siberia and Morocco: v. 19, p. 847–850. 

Merdith, A.S. et al., 2017, A full-plate global reconstruction of the Neoproterozoic: 
Gondwana Research, v. 50, p. 84–134, doi:10.1016/j.gr.2017.04.001. 

Moore, J.K., Doney, S.C., Glover, D.M., and Fung, I.Y., 2001, Iron cycling and nutrient-
limitation patterns in surface waters of the World Ocean: Deep Sea Research Part 
II: Topical Studies in Oceanography, v. 49, p. 463–507, doi:10.1016/S0967-
0645(01)00109-6. 

Paine, E.R., Boyd, P.W., Strzepek, R.F., Ellwood, M., Brewer, E.A., Diaz-Pulido, G., 
Schmid, M., and Hurd, C.L., 2023, Iron limitation of kelp growth may prevent 
ocean afforestation: Communications Biology, v. 6, p. 607, doi:10.1038/s42003-
023-04962-4. 

Paytan, A., and McLaughlin, K., 2007, The Oceanic Phosphorus Cycle: Chemical 
Reviews, v. 107, p. 563–576, doi:10.1021/cr0503613. 

Pehr, K., Baczynski, A.A., Bekker, A., Hoffmann, A., Freeman, K.H., Poulton, S.W., and 
Love, G.D., 2023, Compound-specific carbon isotope measurements of individual 
lipid biomarkers from immature Ediacaran rocks of Baltica: Organic 
Geochemistry, v. 182, p. 104641, doi:10.1016/j.orggeochem.2023.104641. 



 57 

Pehr, K., Love, G.D., Kuznetsov, A., Podkovyrov, V., Junium, C.K., Shumlyanskyy, L., 
Sokur, T., and Bekker, A., 2018, Ediacara biota flourished in oligotrophic and 
bacterially dominated marine environments across Baltica: Nature 
Communications, v. 9, doi:10.1038/s41467-018-04195-8. 

Peters, K.E., Walters, C.C., and Moldowan, J.M., 2005, The biomarker guide: 
Cambridge, UK, Cambridge University Press. 

Reinhard, C.T., Planavsky, N.J., Gill, B.C., Ozaki, K., Robbins, L.J., Lyons, T.W., 
Fischer, W.W., Wang, C., Cole, D.B., and Konhauser, K.O., 2017, Evolution of 
the global phosphorus cycle: Nature, v. 541, p. 386–389, 
doi:10.1038/nature20772. 

Schaller, T., and Wehrli, B., 1997, Geochemical-focusing of manganese in lake 
sediments ? An indicator of deep-water oxygen conditions: Aquatic 
Geochemistry, v. 2, p. 359–378, doi:10.1007/BF00115977. 

Scott, C., and Lyons, T.W., 2012, Contrasting molybdenum cycling and isotopic 
properties in euxinic versus non-euxinic sediments and sedimentary rocks: 
Refining the paleoproxies: Chemical Geology, v. 324–325, p. 19–27, 
doi:10.1016/j.chemgeo.2012.05.012. 

Shields-Zhou, G., and Och, L., 2011, The case for a Neoproterozoic Oxygenation Event: 
Geochemical evidence and biological consequences: GSA Today, v. 21, p. 4–11, 
doi:10.1130/GSATG102A.1. 

Sundby’, B., Anderson, L.G., and Hall, J. The effect of oxygen on release and uptake of 
cobalt, manganese, iron and phosphate at the sediment-water interface: 

Tagliabue, A., Bowie, A.R., Boyd, P.W., Buck, K.N., Johnson, K.S., and Saito, M.A., 
2017, The integral role of iron in ocean biogeochemistry: Nature, v. 543, p. 51–
59, doi:10.1038/nature21058. 

Thompson, J., Poulton, S.W., Guilbaud, R., Doyle, K.A., Reid, S., and Krom, M.D., 
2019, Development of a modified SEDEX phosphorus speciation method for 
ancient rocks and modern iron-rich sediments: Chemical Geology, v. 524, p. 383–
393, doi:10.1016/j.chemgeo.2019.07.003. 

Turekian, K.K., and Wedepohl, K.H., 1961, Distribution of the Elements in Some Major 
Units of the Earth’s Crust: Geological Society of America Bulletin, v. 72, p. 175, 
doi:10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2. 

Wang, X., Shi, X., Jiang, G., and Tang, D., 2014, Organic carbon isotope gradient and 
ocean stratification across the late Ediacaran-Early Cambrian Yangtze Platform: 



 58 

Science China Earth Sciences, v. 57, p. 919–929, doi:10.1007/s11430-013-4732-
0. 

Wood, R.A. et al., 2015, Dynamic redox conditions control late Ediacaran metazoan 
ecosystems in the Nama Group, Namibia: Precambrian Research, v. 261, p. 252–
271, doi:10.1016/j.precamres.2015.02.004. 

Zhang, F. et al., 2019, Global marine redox changes drove the rise and fall of the 
Ediacara biota: Geobiology, v. 17, p. 594–610, doi:10.1111/gbi.12359. 

Zumberge, J.E., 1987, Prediction of source rock characteristics based on terpane 
biomarkers in crude oils: A multivariate statistical approach: Geochimica et 
Cosmochimica Acta, v. 51, p. 1625–1637, doi:10.1016/0016-7037(87)90343-7. 

Zumberge, J.A., Love, G.D., Cárdenas, P., Sperling, E.A., Gunasekera, S., Rohrssen, M., 
Grosjean, E., Grotzinger, J.P., and Summons, R.E., 2018, Demosponge steroid 
biomarker 26-methylstigmastane provides evidence for Neoproterozoic animals: 
Nature Ecology & Evolution, v. 2, p. 1709–1714, doi:10.1038/s41559-018-0676-
2. 

 

 

 

 

 

 

 

 

 

 

 

 



 59 

Table 2.1. Selected biomarker abundance ratios, bulk organic carbon and nitrogen 
isotope values, and total and pyrite sulfur measurements that provide environmental 
constraints. 
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3628-
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Kotlin Drill 
Core 

Podolia 
Basin 

159.3 0.07 -
26.99 

14 - - - - - - - - - - - 

3628-163 Kotlin Drill 
Core 

Podolia 
Basin 

163 0.17 -
26.84 

- - - - - - - - - - - - 

3628-
171.1 

Kotlin Drill 
Core 

Podolia 
Basin 

171.1 0.17 -
24.07 

- - - - - - - - - - - - 

3628-183 Kotlin Drill 
Core 

Podolia 
Basin 

183 0.22 -
22.80 

- - 5.6 1.6 0.01 0.02 0.50 0.11 0.00 5.4 7.0 1.3 

3628-
185.5 

Kotlin Drill 
Core 

Podolia 
Basin 

185.5 0.16 -
24.29 

- - - - - - - - - - - - 

3628-194 Kotlin Drill 
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Podolia 
Basin 

194 0.39 -
24.58 

- - 7.0 1.38 0.01 0.02 0.50 0.13 0.00 4.5 8.1 1.8 

3628-210 Redkino Drill 
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210 0.07 -
30.60 

- - - - - - - - - - - - 

3628-213 Redkino Drill 
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213 0.53 -
27.46 

139 429 47.4 0.67 0.05 0.02 0.51 0.13 0.00 3.7 4.6 1.3 
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221.7 0.15 -
30.00 

- - - - - - - - - - - - 
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226.5 0.30 -
29.00 

113 425 16.1 1.03 0.01 0.05 0.49 0.16 0.00 2.1 5.1 2.4 
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27.20 
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246 0.36 -
32.49 

- - - - - - - - - - - - 

3628-281 Redkino Drill 
Core 

Podolia 
Basin 

281 0.05 -
31.10 

97 - - - - - - - - - - - 

3628-286 Redkino Drill 
Core 

Podolia 
Basin 

286 0.21 -
30.67 

- - - - - - - - - - - - 

3628-291 Redkino Drill 
Core 

Podolia 
Basin 

291 0.43 -
30.90 

67 426 36.9 1.29 0.01 0.02 0.56 0.22 0.00 0.3 0.7 2.7 

3628-
296.9 

Redkino Drill 
Core 

Podolia 
Basin 

298.5 0.62 -
30.90 

- - 28.9 0.99 0.00 0.03 0.55 0.19 0.00 0.5 0.9 2.1 

3628-
298.5 

Redkino Drill 
Core 

Podolia 
Basin 

305 0.25 -
32.93 

- - 37.1 0.62 0.00 0.03 0.58 0.21 0.00 1.1 0.9 0.8 

3628-305 Redkino Drill 
Core 

Podolia 
Basin 

306.8 0.15 -
32.88 

- - - - - - - - - - - - 

3628-
306.8 

Redkino Drill 
Core 

Podolia 
Basin 

307.5 0.16 -
35.56 

- - 59.0 0.67 0.02 0.03 0.60 0.13 0.00 1.2 0.6 0.5 

3628-
307.5 

Redkino Drill 
Core 

Podolia 
Basin 

308.2 0.16 -
30.58 

- - 90.7 0.55 0.01 0.02 0.60 0.29 0.00 0.9 0.5 0.5 

3628-
308.2 

Redkino Drill 
Core 

Podolia 
Basin 

316.5 0.23 -
34.41 

- - - - - - - - - - - - 

3628-
316.5 

Redkino Drill 
Core 

Podolia 
Basin 

318.3 0.06 -
29.32 

- - - - - - - - - - - - 

3628-
318.3 

Redkino Drill 
Core 

Podolia 
Basin 

319 0.09 -
29.41 

- - - - - - - - - - - - 

3628-319 Redkino Drill 
Core 

Podolia 
Basin 

326.4 0.20 -
28.44 

- - - - - - - - - - - - 

3628-
326.4 

Redkino Drill 
Core 

Podolia 
Basin 

328 0.09 -
31.71 

- - - - - - - - - - - - 

3628-328 Redkino Drill 
Core 

Podolia 
Basin 

329 0.09 -
30.04 

- - - - - - - - - - - - 

3628-329 Redkino Drill 
Core 

Podolia 
Basin 

332 0.25 -
35.96 

- - - - - - - - - - - - 

3628-332 Redkino Drill 
Core 

Podolia 
Basin 

332 0.18 -
33.10 

44 n/a 87.9 0.66 0.04 0.01 0.59 0.22 0.00 1.5 0.3 0.2 

3628-
342.3 

Redkino Drill 
Core 

Podolia 
Basin 

342.3 0.07 -
32.17 

14 - - - - - - - - - - - 

L-13-41 Kotlin Drill 
Core 

Baltic 
Monocline 

41 0.48 -
29.95 

76 424 7.2 1.24 0.03 0.09 0.20 0.10 0.04 0.7 1.5 2.1 

L-13-44 Kotlin Drill 
Core 

Baltic 
Monocline 

44 0.44 -
32.91 

95 427 8.3 1.09 0.02 0.09 0.19 0.07 0.02 0.0 0.2 3.7 

L-13-47 Kotlin Drill 
Core 

Baltic 
Monocline 

47 0.51 -
33.86 

80 425 2.0 1.46 0.03 0.09 0.17 0.09 0.03 0.1 0.3 3.9 

L-13-71 Redkino Drill 
Core 

Baltic 
Monocline 

71 1.06 -
33.06 

85 417 35.3 1.04 0.01 0.08 0.17 0.12 0.04 0.1 0.1 0.9 

L-13-73 Redkino Drill 
Core 

Baltic 
Monocline 

73 0.85 -
32.82 

112 417 73.4 0.97 0.01 0.09 0.18 0.15 0.04 0.1 0.1 0.8 

L-13-75 Redkino Drill 
Core 

Baltic 
Monocline 

75 0.49 -
29.57 

28 n/a 29.5 0.54 0.02 0.13 0.27 0.11 0.03 0.7 0.4 0.7 

UZ 1-9 Kotlin Drill 
Core 

Baltic 
Monocline 

64.15 0.42 -
23.79 

143 431 3.4 2.32 0.03 0.09 0.13 0.06 0.11 5.2 8.1 1.7 

UZ 1-10 Kotlin Drill 
Core 

Baltic 
Monocline 

71.67 0.34 -
25.86 

131 428 1.6 2.15 0.03 0.14 0.15 0.06 0.11 1.7 5.1 3.1 

UZ 1-14 Kotlin Drill 
Core 

Baltic 
Monocline 

87 0.27 -
26.03 

219 427 3.9 1.9 0.03 0.16 0.19 0.07 0.05 1.3 7.0 5.5 

UZ 1-20 Kotlin Drill 
Core 

Baltic 
Monocline 

111.6 0.67 -
22.95 

199 419 3.2 2.78 0.05 0.15 0.16 0.06 0.10 1.8 7.3 4.1 

UZ 1-21 Kotlin Drill 
Core 

Baltic 
Monocline 

119.9 0.40 -
23.65 

172 425 7.7 1.79 0.02 0.13 0.15 0.06 0.06 3.8 5.7 1.6 

UZ 1-22 
(1-22a) 

Kotlin Drill 
Core 

Baltic 
Monocline 

124.6 0.52 -
24.06 

118 426 3.6 2.28 0.03 0.17 0.17 0.06 0.08 2.6 8.2 3.3 

UZ 1-
26x (1-

26a) 

Kotlin Drill 
Core 

Baltic 
Monocline 

152.8 0.31 -
25.41 

190 428 4.8 1.56 0.04 0.16 0.24 0.08 0.04 4.4 7.1 1.7 

UZ 1-26 
(1-26b) 

Kotlin Drill 
Core 

Baltic 
Monocline 

153.5 0.27 -
24.20 

170 426 5.0 1.71 0.04 0.15 0.25 0.05 0.04 4.4 8.2 2.0 

UZ 1-27 Kotlin Drill 
Core 

Baltic 
Monocline 

162.1 0.44 -
25.20 

195 427 5.0 1.63 0.04 0.11 0.21 0.06 0.05 3.3 5.9 1.9 

UZ 1-28 Kotlin Drill 
Core 

Baltic 
Monocline 

171.4 0.21 -
24.95 

157 426 4.0 2.1 0.04 0.08 0.22 0.08 0.06 3.1 9.9 3.4 
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87- 25 Kotlin Drill 
Core 

Mosco 
Syneclise 

2018 0.26 -
25.16 

218 433 22.2 0.44 0.01 0.02 0.58 0.18 0.01 2.7 3.9 1.5 

87-13 Cambrian Drill 
Core 

Mosco 
Syneclise 

1860 0.23 -
31.20 

217 433 27.8 0.66 0.00 0.02 0.47 0.13 0.01 6.4 4.2 0.7 

3-13 
(4592-

13) 

Redkino Drill 
Core 

Volyn 
Basin 

~166 0.47 -
31.58 

57 421 119.2 1.44 0.01 0.01 0.35 0.10 0.01 1.5 0.4 0.2 

4-15 
(4529-

15) 

Kotlin Drill 
Core 

Volyn 
Basin 

~195 0.12 -
27.49 

83 n/a 22.8 1.03 0.02 0.07 0.16 0.04 0.14 15.8 9.9 0.7 

4-24 
(4504-

24) 

Kotlin Drill 
Core 

Volyn 
Basin 

~200 0.13 -
27.57 

148 n/a 22.5 0.61 0.00 0.03 0.31 0.07 0.03 9.1 7.2 0.8 

4-13 
(4529-

13) 

Kotlin Drill 
Core 

Volyn 
Basin 

~207 0.09 -
26.99 

114 n/a 25.9 0.67 0.00 0.05 0.18 0.05 0.11 13.0 7.3 0.6 

16PL-11 Redkino Outcrop Podolia 
Basin 

- 0.21 -
26.80 

10 n/a 11.5 0.75 0.13 0.26 0.60 0.38 0.00 2.3 5.9 2.7 

16PL-18 Redkino Outcrop Podolia 
Basin 

- 0.23 -
27.00 

22 n/a 11.1 1.13 0.09 0.20 0.60 0.33 0.00 2.3 5.6 2.5 

16PL-22 Redkino Outcrop Podolia 
Basin 

- 0.50 -
24.00 

94 443 8.1 1.11 0.10 0.25 0.62 0.40 0.00 2.2 5.4 2.6 

Ty-16-
1/+5 p 

Redkino Outcrop Podolia 
Basin 

- 0.28 - - - 7.9 1.01 0.15 0.41 0.58 0.50 0.00 - - - 

Ty-16-
1/+5 s 

Redkino Outcrop Podolia 
Basin 

- 0.61 - - - 9.3 1.04 0.08 0.21 0.58 0.54 0.00 - - - 

Bel001 Redkino Outcrop Podolia 
Basin 

- 0.01 -
28.90 

- - - - - - - - - - - - 

Bel002 Redkino Outcrop Podolia 
Basin 

- 0.01 -
28.70 

- - - - - - - - - - - - 

Bel003 Redkino Outcrop Podolia 
Basin 

- 0.01 -
28.90 

- - - - - - - - - - - - 

Ber003 Redkino Outcrop Podolia 
Basin 

- 0.37 -
33.70 

- - 9.9 0.72 0.77 0.61 0.61 0.43 0.00 - - - 

Qua002 Redkino Outcrop Podolia 
Basin 

- 0.09 -
30.90 

- - - - - - - - - - - - 

Qua003 Redkino Outcrop Podolia 
Basin 

- 0.02 -
32.30 

- - - - - - - - - - - - 

Qua004 Redkino Outcrop Podolia 
Basin 

- 0.4 -
33.20 

- - - - - - - - - - - - 

Qua005 Redkino Outcrop Podolia 
Basin 

- 0.01 -
31.00 

- - - - - - - - - - - - 

Qua006 Redkino Outcrop Podolia 
Basin 

- 0.07 -
32.70 

- - - - - - - - - - - - 

Tym003c Redkino Outcrop Podolia 
Basin 

- 0.28 -
24.40 

18 - 11.8 1.21 0.07 0.60 0.59 0.40 0.00 - - - 

F-169 - 
60.54 

Cambrian Drill 
Core 

Baltic 
Monocline 

-29.6 0.05 -29.6 - - - - - - - - - - - - 

F-169 - 
64.9 

Cambrian Drill 
Core 

Baltic 
Monocline 

-30.8 0.06 -30.8 - - - - - - - - - - - - 

F-169 - 
65.75 

Cambrian Drill 
Core 

Baltic 
Monocline 

-31.5 0.06 -31.5 - - 9.4 0.82 0.07 0.04 0.11 0.11 0.02 0.3 1.0 3.0 

F-169 - 
68.1 

Cambrian Drill 
Core 

Baltic 
Monocline 

-30.5 0.06 -30.5 - - - - - - - - - - - - 

F-169 - 
68.5 

Cambrian Drill 
Core 

Baltic 
Monocline 

-29.6 0.05 -29.6 - - - - - - - - - - - - 

F-169 - 
70.72 

Cambrian Drill 
Core 

Baltic 
Monocline 

-29.9 0.04 -29.9 - - - - - - - - - - - - 

F-169 - 
71.22 

Cambrian Drill 
Core 

Baltic 
Monocline 

-30.0 0.03 -30.0 - - - - - - - - - - - - 

F-169 - 
71.5 

Cambrian Drill 
Core 

Baltic 
Monocline 

-30.8 0.05 -30.8 - - 17.9 0.50 0.05 0.03 0.23 0.15 0.03 0.2 0.6 3.4 

F-169 - 
74 

Cambrian Drill 
Core 

Baltic 
Monocline 

-30.5 0.05 -30.5 - - - - - - - - - - - - 

F-169 - 
78.4 

Cambrian Drill 
Core 

Baltic 
Monocline 

-31.2 0.05 -31.2 - - - - - - - - - - - - 

F-169 - 
80.6 

Cambrian Drill 
Core 

Baltic 
Monocline 

-26.6 0.01 -26.6 - - - - - - - - - - - - 

F-169 - 
81.5 

Cambrian Drill 
Core 

Baltic 
Monocline 

-26.9 0.01 -26.9 - - - - - - - - - - - - 

F-169 - 
84.7 

Cambrian Drill 
Core 

Baltic 
Monocline 

-31.7 0.09 -31.7 - - - - - - - - - - - - 

F-169 - 
88.1 

Cambrian Drill 
Core 

Baltic 
Monocline 

-28.5 0.01 -28.5 - - - - - - - - - - - - 

F-169 - 
90.9 

Cambrian Drill 
Core 

Baltic 
Monocline 

-31.4 0.14 -31.4 - - - - - - - - - - - - 

F-169 - 
103.4 

Kotlin Drill 
Core 

Baltic 
Monocline 

-25.2 0.00 -25.2 - - - - - - - - - - - - 

F-169 - 
104 

Kotlin Drill 
Core 

Baltic 
Monocline 

-25.3 0.01 -25.3 - - - - - - - - - - - - 

F-169 - 
106 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.6 0.01 -24.6 - - - - - - - - - - - - 

F-169 - 
109.8 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.2 0.65 -24.2 - - 15.1 1.10 0.02 0.03 0.11 0.05 0.14 2.3 7.4 3.3 

F-169 - 
110.85 

Kotlin Drill 
Core 

Baltic 
Monocline 

-23.2 0.04 -23.2 - - - - - - - - - - - - 

F-169 - 
111.25 

Kotlin Drill 
Core 

Baltic 
Monocline 

-22.9 0.18 -22.9 - - - - - - - - - - - - 

F-169 - 
115 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.7 0.34 -24.7 - - 13.1 1.31 0.03 0.04 0.12 0.04 0.09 2.6 10.2 3.9 

F-169 - 
116.8 

Kotlin Drill 
Core 

Baltic 
Monocline 

-26.1 0.53 -26.1 - - 10.7 1.30 0.01 0.03 0.12 0.05 0.08 3.6 7.7 2.1 

F-169 - 
117.25 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.7 0.46 -24.7 - - 7.7 1.55 0.02 0.03 0.13 0.06 0.03 4.2 9.2 2.2 

F-169 - 
117.5 

Kotlin Drill 
Core 

Baltic 
Monocline 

-25.7 0.47 -25.7 - - 12.2 1.47 0.02 0.03 0.12 0.09 0.09 2.1 8.3 3.9 

F-169 - 
126.51 

Kotlin Drill 
Core 

Baltic 
Monocline 

-26.6 0.73 -26.6 - - 13.9 1.12 0.00 0.03 0.11 0.27 0.08 2.8 8.2 3.0 

F-169 - 
134.62 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.3 0.25 -24.3 - - - - - - - - - - - - 

F-169 - 
135.05 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.5 0.03 -24.5 - - - - - - - - - - - - 

F-169 - 
135.25 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.9 0.01 -24.9 - - - - - - - - - - - - 

F-169 - 
138.05 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.5 0.29 -24.5 - - 27.7 - 0.00 0.03 0.32 0.28 0.04 4.3 8.8 2.0 

F-169 - 
140.55 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.8 0.46 -24.8 - - 16.4 1.11 0.01 0.02 0.11 0.23 0.04 4.6 8.0 1.8 
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F-169 - 
141.48 

Kotlin Drill 
Core 

Baltic 
Monocline 

-23.8 0.46 -23.8 - - 12.9 1.02 0.01 0.01 0.15 0.06 0.04 4.7 7.6 1.6 

F-169 - 
146.4 

Kotlin Drill 
Core 

Baltic 
Monocline 

-23.3 0.02 -23.3 - - 11.6 - 0.00 0.03 0.17 0.08 0.05 6.1 7.8 1.3 

F-169 - 
150.6 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.2 0.02 -24.2 - - - - - - - - - - - - 

F-169 - 
156.75 

Kotlin Drill 
Core 

Baltic 
Monocline 

-23.8 0.02 -23.8 - - - - - - - - - - - - 

F-169 - 
161.7 

Kotlin Drill 
Core 

Baltic 
Monocline 

-25.0 0.02 -25.0 - - - - - - - - - - - - 

F-169 - 
170.28 

Kotlin Drill 
Core 

Baltic 
Monocline 

-24.8 0.01 -24.8 - - - - - - - - - - - - 

F-169 - 
173.23 

Kotlin Drill 
Core 

Baltic 
Monocline 

-26.8 0.04 -26.8 - - - - - - - - - - - - 

F-169 - 
181.14 

Kotlin Drill 
Core 

Baltic 
Monocline 

-25.3 0.25 -25.3 - - - - - - - - - - - - 

F-169 - 
183.7 

Kotlin Drill 
Core 

Baltic 
Monocline 

-23.9 0.90 -23.9 - - 21.6 1.34 0.02 0.03 0.23 0.08 0.04 4.4 10.6 2.4 

F-169 - 
185.85 

Kotlin Drill 
Core 

Baltic 
Monocline 

-25.2 0.05 -25.2 - - - - - - - - - - - - 

F-169 - 
188.62 

Kotlin Drill 
Core 

Baltic 
Monocline 

-25.6 0.03 -25.6 - - - - - - - - - - - - 

             
1Hop/Ster is the ratio of major C27 - C35 hopane isomers/ C27 - C30 diasteranes and 
regular steranes 

             

226/25 TT is the ratio of C26 tricyclic terpanes/C25 tricyclic terpanes 
                  

Boxes highlighted blue are data from Pehr et al., (2018) and Pehr et al., (2023) 
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Table 2.2. Selected concentrations for various major and trace elements, Fe- and P-
mineral speciation for context on redox conditions during deposition. 
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3628-
159.3 K C Podolia 

Basin 159.3 7.4 0.3 0.0 87.4 2.2 4.3 1.1 0.0 0.2 0.0 0.0 222.8 16.1 

3628-163 K C Podolia 
Basin 163.0 9.1 0.5 0.1 105.7 2.1 6.2 1.7 0.0 0.3 0.0 0.1 495.7 16.2 

3628-
171.1 K C Podolia 

Basin 171.1 8.7 0.3 0.0 108.0 3.7 3.2 0.8 0.1 0.3 0.1 0.0 31.6 21.2 

3628-183 K C Podolia 
Basin 183.0 9.1 0.4 0.0 108.5 2.6 3.8 1.1 0.0 0.3 0.0 0.0 58.8 32.5 

3628-
185.5 K C Podolia 

Basin 185.5 6.3 0.2 0.0 60.3 1.4 2.4 0.7 0.0 0.3 0.0 0.0 64.0 11.0 

3628-194 K C Podolia 
Basin 194.0 8.3 0.3 0.0 92.8 2.7 3.6 1.1 0.1 0.3 0.1 0.0 41.8 24.5 

3628-210 R C Podolia 
Basin 210.0 7.6 0.5 0.0 102.2 0.9 6.8 2.5 0.2 0.4 0.1 0.0 148.1 42.5 

3628-213 R C Podolia 
Basin 213.0 10.6 0.5 0.0 132.3 3.3 5.2 1.7 0.0 0.3 0.0 0.0 87.0 52.4 

3628-
221.7 R C Podolia 

Basin 221.7 7.3 0.6 0.4 93.5 4.8 2.9 1.4 0.1 0.5 0.1 0.0 47.7 24.5 

3628-
226.5 R C Podolia 

Basin 226.5 6.6 0.4 1.4 112.4 1.7 10.2 6.0 0.0 0.6 0.0 0.1 83.5 14.7 

3628-
231.2 R C Podolia 

Basin 231.2 9.2 0.6 0.2 199.2 2.2 9.1 4.7 0.0 0.5 0.0 0.4 1189.4 43.4 

3628-246 R C Podolia 
Basin 246.0 8.0 0.7 0.0 121.3 2.5 4.6 2.2 0.8 0.5 0.4 0.1 825.1 22.4 

3628-281 R C Podolia 
Basin 281.0 7.5 0.4 0.0 102.3 0.9 8.3 3.2 0.0 0.4 0.0 0.0 80.0 25.7 

3628-286 R C Podolia 
Basin 286.0 10.2 0.8 0.0 252.5 0.6 10.4 5.7 0.0 0.5 0.0 0.1 350.6 116.7 

3628-
296.9 R C Podolia 

Basin 298.5 4.3 0.3 0.4 147.0 3.3 7.3 4.7 1.3 0.6 0.3 3.0 1955.2 45.3 

3628-
298.5 R C Podolia 

Basin 305.0 7.0 0.4 0.1 163.9 1.2 14.7 11.3 7.8 0.8 0.7 0.0 74.4 38.7 

3628-305 R C Podolia 
Basin 306.8 4.6 0.5 0.8 146.1 1.8 5.3 3.6 0.1 0.7 0.0 1.6 1524.2 26.0 

3628-
306.8 R C Podolia 

Basin 307.5 11.6 1.3 0.1 305.8 1.5 9.7 5.7 1.0 0.6 0.2 0.0 63.3 35.0 

3628-
307.5 R C Podolia 

Basin 308.2 11.0 1.0 0.0 352.9 1.1 12.3 8.4 2.8 0.7 0.3 0.0 115.1 48.3 

3628-
308.2 R C Podolia 

Basin 316.5 2.9 0.2 1.5 118.0 3.2 14.6 9.6 0.2 0.7 0.0 1.9 1274.8 13.8 

3628-
316.5 R C Podolia 

Basin 318.3 11.6 0.7 0.0 252.3 1.0 11.6 7.2 0.0 0.6 0.0 0.1 425.7 73.8 

3628-
318.3 R C Podolia 

Basin 319.0 9.7 1.1 0.0 263.0 1.1 11.1 6.5 0.0 0.6 0.0 0.1 332.3 78.1 

3628-319 R C Podolia 
Basin 326.4 10.8 1.1 0.1 287.9 1.7 6.4 3.0 0.0 0.5 0.0 0.0 139.6 72.5 

3628-
326.4 R C Podolia 

Basin 328.0 5.4 0.6 0.6 188.2 1.8 7.1 4.9 1.2 0.7 0.2 2.1 1773.9 29.3 

3628-328 R C Podolia 
Basin 329.0 11.0 1.1 0.0 299.3 1.2 6.7 3.4 0.2 0.5 0.1 0.0 117.4 69.6 

3628-329 R C Podolia 
Basin 332.0 10.2 0.7 0.1 168.1 2.1 8.5 6.2 2.7 0.7 0.4 0.0 75.1 37.1 

3628-332 R C Podolia 
Basin 332.0 11.3 0.7 0.0 219.4 2.0 7.8 4.7 1.4 0.6 0.3 0.0 77.2 49.1 

3628-
342.3 R C Podolia 

Basin 342.3 10.7 1.0 0.1 287.0 2.4 10.0 5.0 0.4 0.5 0.1 0.0 45.7 17.0 

L-13-41 K C Baltic 
Monocline 41.0 11.6 0.5 0.0 124.2 3.6 4.7 4.3 2.3 0.9 0.5 0.0 106.9 93.2 

L-13-44 K C Baltic 
Monocline 44.0 5.0 0.2   99.9 2.8 4.6 3.0 0.5 0.6 0.2 0.0 100.9 66.7 
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L-13-47 K C Baltic 
Monocline 47.0 10.7 0.5 0.1 100.0 2.9 4.7 2.6 0.5 0.6 0.2 0.0 106.7 75.9 

L-13-71 R C Baltic 
Monocline 71.0 12.2 0.5 0.0 293.1 3.6 7.2 5.0 3.0 0.7 0.6 0.0 105.7 82.7 

L-13-73 R C Baltic 
Monocline 73.0 12.0 0.5 0.0 186.1 4.2 6.5 5.1 2.8 0.8 0.6 0.0 94.3 77.6 

L-13-75 R C Baltic 
Monocline 75.0 12.3 0.6 0.0 181.5 15.2 5.4 3.4 1.6 0.6 0.5 0.2 1739.6 108.6 

UZ 1-9 K C Baltic 
Monocline 64.2 9.9 0.4 0.0 128.4 4.7 4.0 1.1 0.1 0.3 0.1 0.0 60.6 45.4 

UZ 1-10 K C Baltic 
Monocline 71.7 10.0 0.4 0.0 130.7 2.5 4.7 1.4 0.1 0.3 0.1 0.0 176.9 49.9 

UZ 1-14 K C Baltic 
Monocline 87.0 8.6 0.4 0.0 111.0 2.6 4.2 1.1 0.0 0.3 0.0 0.0 48.5 36.4 

UZ 1-20 K C Baltic 
Monocline 111.6 9.3 0.4 0.4 134.7 2.6 8.5 3.9 0.0 0.5 0.0 0.1 167.0 55.8 

UZ 1-21 K C Baltic 
Monocline 119.9 10.3 0.5   142.5 2.8 4.2 0.7 0.0 0.2 0.0 0.0 63.7 58.2 

UZ 1-22 K C Baltic 
Monocline 124.6 9.6 0.4 0.0 128.3 2.6 4.0 0.9 0.0 0.2 0.0 0.0 60.3 51.5 

UZ 1-26 K C Baltic 
Monocline 153.5 3.6 0.1 2.3 79.6 2.8 31.6 20.7 0.0 0.7 0.0 0.1 68.2 12.9 

UZ 1-27 K C Baltic 
Monocline 162.1 9.2 0.4 0.0 115.7 3.6 3.0 0.5 0.0 0.2 0.1 0.0 66.3 57.7 

UZ 1-28 K C Baltic 
Monocline 171.4 8.4 0.4 0.2 97.7 2.8 5.6 1.3 0.0 0.2 0.0 0.0 90.4 51.0 

87- 25 K C Mosco 
Syneclise 2018.0 9.8 0.4 0.1 126.4 2.3 4.7 1.0 0.0 0.2 0.0 0.0 177.4 32.1 

3-13 R C Volyn 
Basin ~166 9.0 1.0 0.0 330.1 1.6 8.8 5.5 1.4 0.6 0.3 0.0 116.3 86.4 

4-15 K C Volyn 
Basin ~195 5.0 0.3 0.8 60.3 4.8 3.2 1.9 0.0 0.6 0.0 0.4 407.5 12.2 

4-24 K C Volyn 
Basin ~200 8.8 0.4 0.0 110.3 2.4 4.6 1.5 0.0 0.3 0.0 0.0 57.2 50.4 

4-13 K C Volyn 
Basin ~207 7.3 0.3 0.1 84.4 2.6 3.8 1.3 0.1 0.3 0.1 0.0 33.9 22.5 

16PL-11 R OC Podolia 
Basin - 8.3 0.4 0.0 128.3 4.0 7.0 4.1 0.0 0.6 0.0 0.8 2955.3 51.3 

16PL-18 R OC Podolia 
Basin - 9.3 0.4 0.0 120.7 2.5 8.6 2.8 0.0 0.3 0.0 0.0 84.2 33.6 

16PL-22 R OC Podolia 
Basin - 10.5 0.4 0.0 69.5 1.8 7.0 2.4 0.0 0.3 0.0 0.0 200.7 66.3 

Ty-16-
1/+5 p R OC Podolia 

Basin - 0.7 0.0 0.1 9.9 0.4 1.3 0.6 0.0 0.4 0.0 15.7 7231.3 92.9 

Ty-16-
1/+5 s R OC Podolia 

Basin - 10.1 0.5 0.0 148.9 3.2 5.7 2.5 0.0 0.4 0.0 0.0 124.1 72.0 

Bel001 R OC Podolia 
Basin - 5.7 - 0.0 22.8 1.6 1.3 0.3 0.1 0.3 0.2 - - - 

Bel002 R OC Podolia 
Basin - 6.5 - 0.0 29.8 1.9 1.6 0.3 0.0 0.2 0.1 - - - 

Bel003 R OC Podolia 
Basin - 7.3 - 0.0 38.4 0.9 2.1 0.4 0.0 0.2 0.1 - - - 

Ber003 R OC Podolia 
Basin - 9.9 - 0.0 224.5 4.2 2.4 0.3 0.0 0.1 0.0 - - - 

Qua002 R OC Podolia 
Basin - 10.7 - 0.0 102.5 5.7 5.0 1.3 0.1 0.3 0.1 - - - 

Qua003 R OC Podolia 
Basin - 8.3 - 0.0 28.3 9.0 1.2 0.4 0.2 0.3 0.5 - - - 

Qua004 R OC Podolia 
Basin - 9.7 - 0.0 76.4 3.8 4.0 0.8 0.0 0.2 0.0 - - - 

Qua005 R OC Podolia 
Basin - 9.2 - 0.0 38.1 2.6 1.5 0.3 0.0 0.2 0.0 - - - 

Qua006 R OC Podolia 
Basin - 11.0 - 0.1 109.8 3.1 6.5 1.6 0.0 0.2 0.0 - - - 

Tym003c R OC Podolia 
Basin - 2.5 - 1.8 42.7 0.7 1.9 1.3 0.0 0.7 0.0 - - - 
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ABSTRACT  

Compound-specific carbon isotope ratios (CSIA) were measured for a suite of lipid 

biomarker compounds extracted from immature, late Ediacaran sedimentary rocks from 

drill cores sampled across Baltica. Using a newly developed picomolar-scale CSIA (pico-

CSIA) method, we measured carbon isotope compositions of the abundant n-alkanes and 

hopanes, as well as C29 sterane, pristane, and phytane. Total organic carbon (TOC) of the 

Kotlin Regional Horizon in Baltica (Saint Petersburg area, Utkina Zavod drill core), from 
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a low-salinity coastal environment, is consistently enriched in 13C by up to 10‰, 

compared to that for Redkino and Kotlin marine rocks from other locations in Baltica. 

This 13C enrichment is also recorded by the n-alkanes, hopanes, phytane, and C29 sterane. 

In all locations, the δ13C values of the C29 sterane are within 2‰ of the bacterial hopane 

δ13C values and within 0.7‰ of δ13CTOC, suggesting that the abundant hopanes within 

these sediments could be derived from RuBisCO Calvin-Benson-Bassham pathway-

utilizing organisms, as well as from bacterial heterotrophs. Since δ13Clipid signature tracks 

δ13CTOC values for the Kotlin Regional Horizon samples from Utkina Zavod location, the 

significant 13C enrichments in this interval reflect either the δ13C composition of DIC 

used for autotrophy or a muted magnitude of carbon isotope fractionation during lipid 

biosynthesis, but are not due to enhanced preservation of organic compounds and 

geopolymers derived from 13C-enriched biochemicals. Pico-CSIA and biomarker data 

provide evidence for both regional environmental heterogeneity and secular changes in 

carbon cycling during deposition of sediments of the Kotlin and Redkino Regional 

Horizon intervals. 

 

1. INTRODUCTION 

The total organic carbon (TOC) isotope composition (d13CTOC) of ancient sedimentary 

rocks reflects the overall balance of the organic matter (OM) contributions from source 

organisms, the taphonomy of molecular preservation during diagenesis and long-term 

burial (e.g., selective preservation under oxic versus more reducing redox conditions), 

and the carbon isotope composition of the dissolved inorganic carbon (DIC) pool within 
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the local depositional setting (Hayes et al., 1990; Freeman, 2001). While broad changes 

in d13CTOC over geological time can represent global perturbations to the carbon cycle, 

including changes to the fraction of organic carbon burial and atmospheric pCO2 

concentrations, ecological and environmental factors pertinent to the local depositional 

setting often have a greater influence (Pagani et al., 1999; Pancost et al., 2013; Holtvoeth 

et al., 2019). CSIA can help disentangle this complex web of biogenic inputs and 

preservation effects on bulk d13CTOC by constraining OM source influences on d13CTOC 

and informing on the pathways of carbon acquisition for different biomarker compounds 

and their parent biota (Hayes, 2001; Pancost and Damsté, 2003). 

 

There is a protracted increase in the abundance and diversity of eukaryotic organisms in 

the marine realm throughout the end of the Neoproterozoic Era (1000-541 Ma). The 

oceans of the Mesoproterozoic were bacterially dominated, however, during the late 

Tonian-Cryogenian Period (820-635 Ma) eukaryotes increased in their ecological 

abundance (Brocks et al., 2017; Zumberge et al., 2020). The most common early-mid 

Neoproterozoic eukaryotes were likely red algae and unicellular heterotrophs, as gauged 

from the dominance of cholestane amongst the total detectable C27-C30 steranes (Brocks 

et al., 2017; Zumberge et al., 2020), with lower amounts of C28 steranes (ergostane and 

cryostane), and a dearth of C29 steranes (Zumberge et al., 2020). Following the Sturtian 

glaciation, green algae replaced red algae as the dominant eukaryotic primary producers, 

and these eukaryotes rivaled bacteria in terms of biomass production within the oceans 

(Love et al., 2009; Brocks et al., 2017; Hoshino et al., 2017). However, even by the end 
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of the Ediacaran, in contrast to deep-water, open-marine settings, the contemporaneous 

Ediacaran sedimentary strata from Baltica, deposited in shallow-marine, epicontinental 

basins, show bacterially dominated biomarker assemblage patterns and consistently low 

TOC contents (Pehr et al., 2018; Goryl et al., 2018; Bobrovskiy et al., 2020). Much 

higher algal productivity was sustained during petroleum source rock deposition in the 

South Oman Salt basin (Grosjean et al., 2009; Love et al., 2009; Lee et al., 2015) and 

East Siberia (Kelly et al., 2011), where eutrophic conditions persisted over extended 

intervals of Ediacaran time. These biomarker distribution differences strongly imply that 

there was significant biological and chemical heterogeneity in the oceans affecting the 

relative bacterial and eukaryotic contributions to microbial ecology in different marine 

locations. This is expected for both modern and ancient ocean systems due to 

geographically variable biogeochemical cycling and nutrient availability. 

 

One enigmatic geochemical signal found in the Proterozoic sedimentary rocks and oils 

derived from these source rocks, that has been linked to the rise of eukaryotes, is a switch 

in the relative carbon isotopic ordering of n-alkanes versus the acyclic isoprenoids, 

pristane (2,6,10,14-tetramethylpentadecane; C19H40; Pr) and phytane (2,6,10,14-

tetramethylhexadecane; C20H42; Ph) (Logan et al., 1995, 1997). Many Neoproterozoic 

samples are characterized by an ‘inverse ordering’, where d13C of pristane and phytane is 

more negative with respect to that of n-alkanes and bulk OM (Logan et al., 1995, 1997; 

Close et al., 2011). Phanerozoic samples, as well as some of the younger Ediacaran 

samples, often show the opposite trend, where the sedimentary total organic carbon 
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(TOC) consisting largely of kerogen has more positive d13C values typically 3-8‰ 

relative to those of n-alkanes and 1-5‰ relative to pristane and phytane (Hayes, 2001; 

Corso et al., 2012; Jaraula et al., 2013; Fox et al., 2020). This isotopic ordering in most 

Phanerozoic samples reflects the isotopic pattern originating from isotope fractionations 

in biosynthesis with organisms commonly using the RuBisCO Calvin-Benson-Bassham 

(RuBisCO-CBB) metabolic pathway for autotrophic carbon acquisition (Hayes, 2001), 

which accounts for most of the primary productivity in modern oceans (Pearson, 2010).  

 

Logan et al. (1997) proposed that the 13C-enriched n-alkanes relative to pristane, phytane, 

and bulk OM in Proterozoic sediments may be a consequence of intense microbial 

heterotrophic reworking of lipids with linear chains in the water column where high 

dissolved organic matter (DOM) concentrations were sustained. The ecological rise of 

macroscopic, multicellular eukaryotes and, eventually, the packaging of OM into fecal 

pellets may have facilitated increased sinking rates of OM, which could have 

significantly muted the impact of intensive water column heterotrophy starting at the late 

Ediacaran to early Phanerozoic transition. However, modeling by Close et al. (2011) 

suggested instead that an alternative explanation for such appreciably 13C-enriched n--

alkanes might be a large difference in isotope fractionation between small-sized bacterial 

producers and large-sized eukaryotic primary producers (Popp et al., 1998). An important 

caveat to this rationale is whether source contribution from archaea, including 

methanogens and methanotrophs, to the acyclic isoprenoids was significant. This would 

complicate the interpretation of molecular isotopic ordering patterns, since pristane and 
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phytane may be derived from biogenic sources other than chlorophyll pigments from 

photoautotrophs such as cyanobacteria and/or algae, which is usually their assumed major 

source. 

 

Here we report the results of the first detailed CSIA study on individual Ediacaran 

biomarkers from rocks that have undergone only a mild thermal history. These biomarker 

hydrocarbons were obtained via solvent extraction from a suite of thermally immature, 

organic carbon-lean siliciclastic sediments sampled from drill cores across Baltica 

(Russia and Ukraine). These sediments were likely deposited under widespread and 

protracted oligotrophic conditions that were seemingly persistent in different locations 

across Baltica (Pehr et al., 2018; Goryl et al., 2018) from the late Ediacaran through to 

the Early Cambrian. Using the newly developed picomolar-scale CSIA (Baczynski et al., 

2018), we were able to measure d13C signatures for the major n-alkane and hopane 

compounds, as well as other individual biomarker alkanes, including C29 sterane (aaaR), 

pristane, and phytane. Through this approach, we could assess the magnitude of the 

secular variations in d13C values for bulk sedimentary OM, as well as for individual lipid 

biomarkers in the same samples, within studied drill cores. Additionally, we could 

compare the organic carbon isotopic systematics for the same stratigraphic intervals from 

drill cores from numerous locations across Baltica, to assess the extent of regional 

heterogeneity, through this important interval in Earth history. 
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2. MATERIALS AND METHODS 

2.1. Geological setting and samples 

Baltica hosts the most thermally immature Ediacaran rocks reported worldwide for this 

time interval (Goryl et al., 2018; Pehr et al., 2018). A subset of late Ediacaran and Early 

Cambrian samples was selected from the suite of thermally immature samples used in a 

previous study for detailed biomarker analysis (Pehr et al., 2018). The sedimentary rocks 

were collected from the Utkina Zavod and Lugovoe drill cores located near St. Petersburg 

in the northeastern part of the Baltic monocline, the Gavrilov-Yam-1 drill core from the 

Moscow basin, the 4592 drill core from the Volyn region of Ukraine, and the 3628 drill 

core of the Podillya basin in southwestern Ukraine (Fig. 3.1, Table 3.1). The samples 

encompass strata from the Redkino, Kotlin, and Lontova Regional horizons. Detailed 

locations and descriptions of these samples, with geochemical screening data, have been 

reported previously (Pehr et al. 2018). 

 

The age of the Redkino Regional Stage is now well-constrained by high-precision U-Pb 

Thermal Ionization Mass Spectrometry (TIMS) dates from White Sea, Russia and the 

Podillya basin in Ukraine at ca. 556 Ma (Martin et al., 2000; Soldatenko et al., 2019). By 

contrast, the age of the younger Kotlin Regional Horizon is not well-constrained 

geochronologically, but is mostly considered to represent the terminal ~10 million years 

of the Ediacaran Period (Grazhdankin et al., 2011; Meidla, 2017). Recently, an Early 

Cambrian age has been suggested for the Kotlin Regional Stage based on detrital zircon 

dates for sandstones from the Kanyliv Group in the Podillya basin in Ukraine 



 71 

(Paszkowski et al., 2021), and the Kotlin Regional Horizon in the Saint Petersburg and 

Ladoga areas of Russia (Ivleva et al., 2016, 2018; Ershova et al., 2019). These data were 

produced by the LA-ICP-MS method and so should be further verified with the CA-ID-

TIMS method to check for potential Pb loss, may result in younger dates. Importantly, 

Harlaniella podolica and Vendotaenia antiqua Gnil. that are common in the Kotlin 

Regional Horizon of Baltica are unknown in the Early Cambrian deposits. We therefore 

use the conventional late Ediacaran age assignment for the Kotlin Regional Horizon in 

this study. 

 

Rock-Eval pyrolysis parameters (particularly low Tmax values) and biomarker 

stereoisomer ratios are self-consistent in indicating that these sedimentary rocks are all 

thermally immature (Pehr et al., 2018).  The drill-core samples from Utkina Zavod, 

Lugovoe, and the Volyn and Podillya basins (Table 3.1) correspond to a pre-oil window 

stage of maturity. Samples from the Gavrilov Yam-1 drill core and the 16PL outcrops are 

within the oil window, but at a maturity level prior to peak oil generation (Pehr et al., 

2018). Analysis of the kerogen-bound hydrocarbons for these samples (Pehr et al., 2018) 

indicated that this immature biomarker profile for steranes and hopanes is also preserved 
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in the kerogen phase, confirming that the exceptionally immature polycyclic alkanes 

found in our bitumen extracts are primary and genuine Ediacaran biomarkers. Similar 

biomarker distribution profiles for immature Ediacaran rocks from Baltica have also been 

Figure 3.1. (a) Paleogeographic reconstruction of Baltica during the late Ediacaran (modified 
from Sliaupa et al. 2006 and Pehr et al., 2018) with drill cores and outcrop locations labeled; (b) 
Global reconstruction of Laurentia and Baltica at ca. 550 Ma, modified from Fedorova et al. 
(2013). 
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reported in another study and interpreted as predominantly endogenous lipid biomarker 

signals (Goryl et al., 2018). 

 

2.2. Lipid biomarker analysis.  

Rock samples (ranging from 5-20 g) were cut, pulverized, and solvent extracted, 

followed by separation of the bitumen extracts into three constituent fractions: aliphatic 

hydrocarbons, aromatics, and polar fractions, as previously described in detail (Pehr et 

al., 2018). Aliphatic and aromatic hydrocarbon fractions were analyzed using a gas 

chromatography–mass spectrometry (GC–MS). Aliphatic hydrocarbons were also 

analyzed by metastable reaction monitoring (MRM)–GC–MS on a Waters Autospec 

Premier mass spectrometer to look at polycyclic biomarker stereoisomer patterns in more 

detail. Standardized and proven analytical procedures were employed to prevent and 

check for contribution of contaminants to the rock bitumens. The immature downcore 

biomarker patterns, with the n-alkane, hopane, and sterane compound distributions 

(C27hopane Ts/(Ts+Tm) < 0.26 and C31hopane αβ 22S/(S+R) < 0.6) and the polycyclic 

biomarker dominance, are consistent with the thermal immaturity of the rocks indicated 

by Rock-Eval pyrolysis parameters. The aliphatic hydrocarbon fractions were analyzed to 

generate total ion chromatograms (Fig. 3.2) in full-scan mode (monitoring from m/z 50 to 

800) using gas chromatography–mass spectrometry (GC–MS) with an Agilent 7890A GC 

system coupled to an Agilent 5975C inert MSD mass spectrometer. The GC temperature 

program for full-scan analysis (m/z 50 to 800) was 60 °C (held for 2 min), heated to 150 

°C at 20 °C /min, then to 325 °C at 2 °C /min, and held at 325 °C for 20 min. The GC 
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was equipped with a DB1-MS capillary column (60 m × 0.32 mm, 0.25-μm film 

thickness) and helium was used as a carrier gas. 

 

To determine accurate molecular biomarker ratios (Table 3.1), aliphatic hydrocarbons 

were also analyzed by metastable reaction monitoring (MRM)–GC–MS on a Waters 

Autospec Premier mass spectrometer equipped with an Agilent 7890A gas 

chromatograph and DB-1MS coated capillary column (60 m × 0.25 mm, 0.25-µm film 

thickness), using He as a carrier gas to investigate polycyclic biomarker stereoisomer 

patterns in more detail. The GC temperature program started with an initial hold at 60 °C 

for 2 min, then heated to 150 °C at 10 °C /min rate, followed by 320 °C at 3 °C /min rate, 

and a final hold for 22 min. Analyses were performed via splitless injection in an 

electron-impact mode, with an ionization energy of 70 eV and an accelerating voltage of 

8 kV. MRM ion-pair transitions were used for a suite of biomarker compounds (C27–C35 

hopanes, C31–C36 methylhopanes, C19–C26 tricyclic terpanes, C24 tetracyclic terpanes, 

C21–C22 and C26–C30 steranes, and C30 methylsteranes). Individual analyte peaks in rock 

extract hydrocarbon fractions were quantified and found to constitute at least a three 

orders of magnitude larger signal than any trace peak detected in a full-laboratory blank 

using combusted sand. Procedural blanks with pre-combusted sand typically yielded less 

than 0.1 ng of individual hopane and sterane compounds per gram of combusted sand. 
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2.3. Bulk isotope analysis. 

Total organic carbon isotope analyses (d13CTOC) on samples marked with b in Table 3.1 

were performed on samples using a Costech ECS 4010 Elemental Analyzer coupled to a 

Thermo Scientific Delta V Advantage isotope-ratio mass-spectrometer via a Thermo 

Scientific Conflo IV open-split gas interface system at UCR. 50-100 mg sample powders 

were acidified for at least 3 hours using 12 N HCl in 50 mL centrifuge tubes; tubes were 

periodically vortexed. The tubes were then centrifuged at 2500 rpm for two minutes; acid 

was decanted, and powders were washed with deionized water. The process was repeated 

four times per sample to ensure removal of residual acid. Decarbonated and dried 

insoluble residues of ~5-10 mg were weighed into 9 x 10 mm tin boats for organic carbon 

isotope analysis. Combustion was achieved using a pulse of O2 set for 60s. The 

combustion and reduction columns were set to 1100 °C and 650 °C, respectively, with 

helium as the carrier gas at a flow rate of 100 mL/min.  Isotope ratios are reported in 

standard (d) delta notation relative to Vienna Pee Dee Belemnite where d13Corg = 

[[(13C/12C)sample/(13C/12C)VPDB] - 1] * 1000. Average analytical precision of standard 

laboratory reference materials (Acetanilide, Hawaii glycine, and USGS SDO-1) used 

during analytical sessions was better than 0.10‰ for d13Corg values (1s). 

 

Bulk organic carbon isotope analysis on samples marked with a in Table 3.1 was 

performed on acidified rock powder residuals using an Elementar Isotope Cube elemental 

analyzer coupled to an Isoprime 100 isotope-mass-spectrometer as previously reported 

(Pehr et al., 2018). EA conditions were the following: helium purge was set for 30 s, 
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oxidation and reduction reactor temperatures were 1100 °C and 650 °C, respectively, 

helium carrier gas flow was 230 mL/min, O2 pulse was set for 60 s, and CO2 trap was 

heated to 230 °C to release trapped sample CO2. International reference materials (ANU 

sucrose [−10.4‰] and NIST 1547 peach leaves [−26.0‰]) were used to develop the 

correction scheme for sample data as described previously (Coplen et al., 2006). 

Reproducibility for samples and standards was better than ±0.1‰. 

 

2.4. Pico-compound specific carbon isotope analysis  

Hydrocarbon fractions were analyzed using the pico‐CSIA method for d13C 

measurements developed at Pennsylvania State University (Baczynski et al., 2018). The 

pico-CSIA method uses a Thermo Trace 1310 GC coupled to a Thermo MAT 253 IRMS 

via a GC Isolink (see Baczynski et al., 2018 for details). The GC was fitted with a PTV 

injector that was held at 300 °C and operated in splitless mode. A fused silica capillary 

column (Agilent J&W DB-5, 10 m, 0.10 mm I.D., 0.10 μm film thickness) was used with 

helium as the carrier gas. The carrier gas had a programmed pressure method to ensure a 

consistent flow of ~0.48 mL/min throughout the run. The oven temperature program 

began at a temperature of 60 °C (held for 1.5 min), ramped to 230 °C at 100 °C /min (no 

hold) then to a maximum temperature of 320 °C at 40 °C /min with a final hold time of 5 

min. The auxiliary gas pressure to the microfluidic splitter was held at 24 psi while 

solvent was vented, and then reduced to 18 psi while the GC effluent was directed to the 

IRMS. 
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Isotopic abundances were determined relative to a reference gas calibrated with Mix A 

(n-C16 to n-C30; supplied by Arndt Schimmelmann, Indiana University). The d13C values 

were normalized to the standard Vienna Pee Dee Belemnite scale and are reported in 

standard delta notation. Standard errors of the mean for individual biomarker compounds 

range from 0.00‰ to 1.36‰ from repeat runs. Average standard errors for replicate 

sample analyses for individual n-alkanes were 0.22‰, 0.19‰ for phytane, and 0.28‰ for 

hopanes and C29 sterane (aaaR). 

 

2.5. Iron Speciation 

Iron speciation was performed to gauge the environmental redox conditions by 

quantifying the total iron content of the rocks as well as contribution from iron minerals 

that are considered highly reactive (FeHR) to H2S under anoxic conditions (Canfield et al., 

1992; Poulton et al., 2004). Iron carbonate (FeCARB; including siderite and ankerite), 

ferric iron-(oxyhydr)oxide minerals (FeOX; including hematite and goethite), and 

magnetite (FeMAG), were separated following the sequential extraction technique 

described in Poulton and Canfield (2005). Pyrite (Fepy) was determined 

stoichiometrically by weight from the Ag2S precipitate formed after HCl and chromous 

chloride distillation (Canfield et al., 1986). These four iron phases combined make up the 

pool of FeHR (Poulton and Canfield, 2011). FeHR increases in concentration with respect 

to total iron (FeT) under anoxic water column conditions. FeHR/FeT<0.22 may indicate 

oxic water column conditions, while FeHR/FeT>0.38 commonly corresponds to anoxic 

conditions (Raiswell and Canfield, 1998; Raiswell et al., 2001; Poulton and Canfield, 
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Figure 3.2. Total ion chromatograms (TIC) for the extractable aliphatic hydrocarbons for 
the late Ediacaran sample Lugovoe #13 73 m, and the Early Cambrian samples Utkina 
Zavod 153.5 m and Utkina Zavod 111.6 m. The n-alkane series (n-C17 – n-C28), pristane 
(Pr), phytane (Ph), C29 sterane 5α,14α,17α,20R-stigmastane (C29αααR ster), and C27–C31 
hopanes denoted by their total carbon number and stereochemistry at C-17, C-21, and C-
22 (e.g., C31αβR), are all labeled. Hopanes are the most abundant series of biomarker 
alkanes in the aliphatic hydrocarbon fractions.   
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2011). The relative abundance of Fepy is used to constrain the type of anoxia. For anoxic 

samples (i.e., FeHR/FeT>0.38), Fepy/FeHR<0.6 suggests ferruginous (anoxic with dissolved 

Fe2+) bottom water conditions, while euxinia (anoxic with free sulfide) is indicated when 

Fepy/FeHR >0.6-0.8 (Poulton, 2021). 

 

3. RESULTS 

3.1. δ13CTOC and Compound-Specific Carbon Isotope Values 

Bulk organic carbon isotope values (δ13CTOC) for sedimentary OM were previously 

reported in (Pehr et al., 2018) and show consistent stratigraphic trends for multiple 

sections across Baltica for the Redkino and Kotlin Regional horizons within single cores. 

Note that these bulk isotopic signatures vary markedly from location to location, which 

suggest they depend on prevailing environmental conditions in the ancient aquatic 

settings. Briefly summarized, for multiple samples from the Kotlin Regional Horizon 

from the Utkina Zavod drill core (Location 1 in Fig. 3.1), δ13CTOC values are significantly 

13C-enriched relative to typical Ediacaran marine OM, ranging from -26.0 to -23.0‰. 

Samples from the nearby Lugovoe drill core (Location 2 in Fig. 3.2) from the same 

Kotlin Regional Horizon are more depleted in 13C, by up to 10‰, ranging from -33.9 to -

30.0‰. These latter values are more typical for marine-sourced Ediacaran sedimentary 

organic matter, as found for Ediacaran source rocks from the South Oman Salt Basin 

(Grosjean et al., 2009, Lee et al., 2013). 
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Hopanes, n-alkanes and acyclic isoprenoids are the three most abundant series of 

resolvable biomarker compounds in the aliphatic hydrocarbon fractions (Fig. \3.2). The 

high relative abundance of polycyclic alkanes, such as hopanes and/or steranes, is typical 

for thermally immature (pre-oil window maturity) rocks of all geological ages, since 

dilution with abundant n-alkanes cleaved from kerogen and other macromolecules does 

not occur until a higher maturity level at the onset of catagenesis. The consistency in 

immature hydrocarbon patterns (Fig. 3.2) from systematic downcore sampling of the 

Utkina Zavod and Lugovoe drill-cores also confirms that these are genuine Ediacaran 

lipid biomarkers. CSIA of individual n-alkanes and hopane compounds reveals that δ13C 

values of both compound classes generally closely track bulk δ13CTOC values. d13C values 

were measured for hopanes ranging in molecular mass from C27 to C32 (Table 3.2). For 

all hopanes reported in Table 3.2, mean d13Chopane differs from d13CTOC in the host rocks 

by an average of only 1.3 ± 0.9‰ (Fig. 3.3a) for each sample. By contrast, the range of 

d13Chopane found between differing drill-core locations and stratigraphic horizons is far 

larger, at 10.6‰. This holds for the two most abundant hopane constituents, 17α,21β-

C30(H) and 17α,21β,22R-C31(H), which have an average |Dd13Chopane - TOC| of 1.4 ± 0.7‰, 

even with a d13Chopane range between samples for these compounds spanning 10.2‰ and 

11.2‰, respectively. 

 

The d13C values of the C27-C32 hopane series are more negative with increasing hopane 

carbon number, although the range for individual hopanes within any particular sample is 

fairly small (<4.5‰) considering that diverse groups of bacteria can biosynthesize 
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hopanoids. The C27 hopanes have, on average, the most positive d13C values of the 

hopanes, followed by the C29, and then the C30 hopanes. The C31 and C32 hopanes 

typically possess the most negative d13C signatures in our sample set.  

 

The δ13Chopane values of the Utkina Zavod samples are close to d13CTOC values but the 

relationship varies depending on the sample. Drill core 4592 δ13Chopane values are slightly 

more positive with respect to δ13CTOC, while Gavrilov Yam drill core δ13Chopane values are 

all more negative with respect to δ13CTOC. Lugovoe drill core δ13Chopane transitions from 

more negative with respect to δ13CTOC to more positive with respect to δ13CTOC moving 

stratigraphically upwards through the Redkino and Kotlin Regional horizons. 

 

d13C values were measured for individual n-alkanes ranging from n-C17 to n-C29 (Table 

3.3). The δ13Cn-alkanes also closely match the δ13CTOC trend, although not as tightly as for 

the hopane compound series (Fig. 3.4). The Dd13Cn-alkane - TOC of the Lugovoe, 4592, and 

Gavrilov Yam drill-core samples all fall within 2.2‰ of δ13CTOC. For the Utkina Zavod 

drill core, n-alkanes display a wider carbon isotope range, particularly among the n-C22 to 

n-C25 alkanes, which are as much as 6.6‰ more negative than δ13CTOC. Overall, the n-

alkanes from the Utkina Zavod drill core are on average more negative than δ13CTOC by 

2.3‰, while the Lugove drill-core n-alkanes are on average 0.3‰ more positive than 

δ13CTOC. 
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Despite the high hopane/sterane (Hop/Ster) abundance ratios for most samples, we were 

able to measure the d13C values of the C29αααR sterane (stigmastane) in aliphatic 

fractions that exhibited a Hop/Ster ratio below 10 (Table 3.4). These were the Kotlin 

Regional Horizon samples, and the δ13C values of the C29 sterane was within 0.7‰ of 

δ13CTOC values (Fig. 3.3b). 

 

 

Figure 3.3. (a) CSIA of individual hopanes and d13CTOC for the late Ediacaran and 
Early Cambrian samples. (b) CSIA of pristane, phytane, C29 αααR sterane, and d13CTOC. 
The d13Corg values of C29 αααR sterane, mainly sourced by RuBisCO-CBB-utilizing 
green algae, tracks closely the d13CTOC values. d13Corg values of pristane and phytane 
show a large negative offset compared to d13CTOC values for samples Lugovoe 13-71 
and 3628 226.5m, but closely match d13CTOC values for other samples.  
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Isotopic compositions of the acyclic isoprenoids, pristane and phytane were also 

measured. Phytane δ13C ranges from -1.8‰ to +0.2‰ relative to the δ13CTOC values for 

the Kotlin Regional Horizon samples. In contrast, phytane and pristane in the Lugovoe 

drill-core sample 13-71 (Redkino Regional Horizon) are very depleted in 13C, with δ13C 

values of -37.7‰ and -38.6‰, respectfully, and are more negative than δ13CTOC values by 

-4.6‰ and -5.5‰, respectively. 

 

3.2. Tricyclic terpane ratios 

The ratio of the C26/C25 tricyclic terpanes (TT), measured from relative peak areas using 

MRM-GC-MS analysis, was used to help distinguish marine environments from fresh 

water/brackish settings. This parameter can be sensitive and informative about ancient 

aquatic salinity and can distinguish lacustrine from marine organic facies (Zumberge, 

1987). It is especially useful for Precambrian OM since most biomarker ratios for 

distinguishing such salinity differences (for example, the presence or absence of 24-n-

propylcholestanes from marine pelagophyte algae; Moldowan et al., 1990) are only 

applicable to Phanerozoic rocks and oils. A threshold value of greater than 1.2 usually 

indicates fresh water/brackish conditions, and high values from 1.4 and higher have been 

reported previously for freshwater, lacustrine source rocks (Zumberge, 1987; Korkmaz et 

al., 2022). The C26/C25 TT abundance ratios for the Utkina Zavod drill-core samples are 

consistently elevated, ranging from 1.6 to 2.8 (Fig. 3.5, Table 3.1), whereas the remaining 

samples have lower values in the range of 0.4 to 1.5 (mean value = 1.0). 
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Figure 3.4. (a) Box plots of CSIA of hopanes, short-chain n-alkanes (range shown for n-
C17 to n-C21), and long-chain n-alkanes (range shown for n-C22 to n-C29). Mean d13Chopane 
values vary by 10.6‰, mean d13Cshort n-alkanes values vary by 7.5‰, and mean d13Clong n-

alkanes values vary by 7.7‰ from sample to sample. (b) Box plots of CSIA relative to 
d13CTOC values for hopanes, short-chain n-alkanes (n-C17 to n-C21), and long-chain n-
alkanes (n-C22 to n-C29). 
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3.3. Iron Speciation 

The FeHR/FeT ratios for Kotlin Regional Horizon samples range in value from 0.15 to 

0.92 (Table 3.1). The majority of the Utkina Zavod and Volyn core samples of the Kotlin 

Regional Horizon have lower FeHR/FeT ratios, with several samples below 0.22, 

indicative of deposition under oxic water column conditions (Fig. 3.6). The Lugovoe 

samples from both the Kotlin and Redkino Regional horizons are all above 0.38, 

indicative of deposition under anoxic conditions (Poulton and Canfield, 2005). Fepy/FeHR 

ratios are below 0.6 for all samples indicating that ferruginous, rather than euxinic, 

conditions were most common in during anoxic deposition (Poulton, 2021).  

 

4. DISCUSSION 

4.1 δ13C values of Lipid Biomarkers 

The d13C values of individual alkane compounds and bulk sedimentary OM are 

controlled by the balance of a variety of biogenic inputs, as well as by local 

environmental conditions. Ancient epicontinental seaways were susceptible to changes in 

water circulation, redox, temperature, and sea level, which can all affect metabolic carbon 

isotopic fractionation relative to δ13CDIC and δ13CTOC (Pancost et al., 2013).  As discussed 

in detail by Pehr et al. (2018), the sedimentary rocks from Baltica are exceptionally 

thermally well-preserved with multiple indicators (low Tmax, values consistent with 

immature hopane and sterane stereoisomer ratios) confirming their low thermal maturity 

equivalent to a pre-oil window stage. Thermal maturation effects on d13C values due to 

cracking of biomolecules are therefore minimal. Significant overprinting from migrated 
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OM from petroleum fluids can also be ruled out based on the immature biomarker 

stereoisomer patterns found, and from the self-consistency check provided from parallel 

analysis of kerogen-bound hydrocarbons (Pehr et al., 2018). 

 

Hopanes, the most abundant compounds in the aliphatic fractions, have d13C values that 

closely track d13CTOC values. Derived from hopanoids, these cell membrane lipids are 

synthesized by a wide variety of bacterial groups (Rohmer et al., 1984; Pearson et al., 

Figure 3.5. Bulk organic carbon isotope values (d13CTOC) versus the ratio of C26/C25 
tricyclic terpanes (TT); C26/C25 TT > 1.2 usually indicates lower-salinity, aquatic 
environments, either freshwater or brackish; C26/C25 TT < 1.2 (dashed line) is typically 
indicative of normal marine conditions. Here, values >1.2 are likely indicative of 
marginal marine/estuarine setting with brackish waters. Notably, the Utkina Zavod 
drill-core sediments from the Kotlin Regional Horizon all fall within non-marine field. 



 87 

2007). Given their high abundance (Fig. 3.2), the ancient hopanes were likely derived 

from both bacterial primary producers and heterotrophs. Across all samples, most isotope 

values for hopane compounds are fairly close (±2‰) to the d13CTOC values. However, 

delta values for individual hopanes in any particular sample can differ from TOC by up to 

4‰, which likely reflects the production-weighted average from multiple bacterial lipid 

sources. The slightly more positive carbon isotope ratios for the lower carbon number 

hopanes, particularly C27 compounds, may be due to a greater degree of diagenetic 

reworking of these compounds within the water column and sediments.  C27 hopanes are 

derived from complete side-chain cleavage of C30 and/or C35 biohopanoid precursors and 

hence are the most altered hopane compounds within the series.  

 

Carbon isotope compositions of n-alkanes are either more negative (particularly for some 

samples from the Utkina Zavod drill core) or close to d13CTOC. The offset between free 

alkanes and bulk TOC (mainly composed of kerogen) could, in theory, reflect the 

isotopic differences between lipids and melanoidin-like organic geopolymers containing 

significant contributions from non-lipid biochemicals (carbohydrates or proteins).  

 

Sterane distributions are more diagnostic of specific biological sources than hopanes. A 

dominance of C29 steranes, derived from C29 sterol precursors, represents contributions by 

green algae and plants (Grantham and Wakefield, 1988; Schwark and Empt, 2006; 

Kodner et al., 2008; Love et al., 2009). Prior to the appearance of terrestrial plants in the 

Paleozoic, a C29 sterane (stigmastane) dominance generally indicates high green algal 
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inputs (Grosjean et al., 2009; Love et al, 2009). Green algae are primary producers, 

which use RuBisCO-CBB for autotrophic carbon fixation, a pathway that yields biomass 

fractionated by up to ca. -29‰ from the d13C values of dissolved CO2 (Roeske and 

O’Leary, 1984; Hayes, 2001; Scott et al., 2004; Pearson, 2010; Carvalho and Eyre, 2011).  

 

For Ediacaran OM preserved in ancient sedimentary rocks, extractable alkane fractions 

typically have very similar bulk d13C signatures, within ~1‰ (Grosjean et al., 2009), 

relative to d13CTOC values. The most 13C-depleted ancient and modern alkane compounds 

produced by marine autotrophs using RuBisCO-CBB for carbon fixation are around -

36‰, and is typically associated with times of high atmospheric pCO2 (Pagani et al., 

2005), which maximizes biological carbon isotope fractionations by autotrophs (Hayes, 

1993). However, it is common to observe less than the maximum possible fractionation 

value, due to elevated growth rates associated with high nutrients or other environmental 

factors. The d13CC29sterane values for our samples range from -23.22‰ to -33.29‰ and 

closely align with the corresponding d13CTOC and d13Chopane values. The most negative 

d13CC29sterane value of -33.29‰ still falls within the predicted 13C-depleted range for lipids 

derived from green algae. Strikingly similar d13C values for C29 aaaR sterane and the 

most abundant (C27-C32) hopanes suggest that the major bacterial source organisms 

included RuBisCO-CBB-utilizing photoautotrophs, such as cyanobacteria, as well as 

bacterial heterotrophs consuming primary biomass.  
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Figure 3.6. Stratigraphic trends for inorganic and organic geochemical proxies 
measured for sediments from the Utkina Zavod and Lugovoe drill cores. C26/C25 
TT (tricyclic terpanes), FeHR/FeT, δ13CTOC, TOC, and Hop/Ster values are 
given in Table 3.1. The threshold value for C26/C25 TT is ~1.2 to distinguish low-
salinity lacustrine or marginal marine waters (>1.2) from marine waters (≤1.2). 
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4.2. Local Environmental Effects on δ13CTOC 

Organics in the Utkina Zavod drill-core samples are enriched by ~10‰ compared to 

other samples of late Ediacaran – Early Cambrian including other localities in Baltica 

used in this study (Table 3.1), and for sediments and oils from South Oman, Siberia, 

Australia, and South China (Grosjean et al., 2009; Kelly et al., 2011; Lan et al., 2012; Lee 

et al., 2013; Pagès et al., 2016; Wang et al., 2019; Roussel et al., 2020). This enrichment 

is observed in both the bulk TOC and individual compounds. CSIA data reveals the 

Kotlin Regional Horizon 13C-enrichment is captured across a variety of major lipid 

compound classes, including the hopanes, n-alkanes, phytane, and C29 aaaR sterane. The 

large magnitude of this 13C-enrichment, which is unusual for Ediacaran marine samples, 

points to unusual environmental conditions during deposition of the Kotlin Regional 

Stage strata at the Utkina Zavod drill-core location. In contrast to other depositional sites 

in Baltica, the data are suggestive of a non-marine and/or highly restricted aquatic setting. 

 

The ~10‰ difference between the Utkina Zavod and Lugovoe drill cores, which are less 

than 100 km apart in the Saint Petersburg area of Russia, could reflect the δ13C 

composition of the local DIC pool or metabolic fractionation potentially related to 

nutrient-fueled growth rates or productivity- or circulation-linked differences in dissolved 

CO2 concentrations (Fogel et al., 1992; Popp et al., 1998). Notably, lipid compounds 

from phototrophs carry the enrichment. Thus, we can rule out other factors that influence 

isotope abundances in bulk sedimentary organic matter, including heterotrophic 
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reworking, enhanced preservation of protein and carbohydrate residues as melanoidin-

like geopolymers, or shifts in the microbial communities. 

 

Diminished fractionation by photoautotrophs can result from several mechanisms. Low 

CO2(aq)  concentrations limit the flux of carbon supplied across cell membranes by 

diffusion, which limits expression of enzymatic isotope fractionation during carbon 

fixation. Low concentrations and associated carbon limitation can further trigger carbon-

concentration mechanisms (CCM), including active bicarbonate uptake (Badger and 

Price, 2003; Reinfelder, 2011). These active carbon transport mechanisms yield biomass 

that is significantly enriched in 13C (Hayes, 1993; Smith et al., 1999). In modern marine 

waters, CO2(aq) concentrations represent a balance between carbon uptake by 

photosynthesis with that supplied by upwelling and equilibration with the atmosphere, 

and potential carbonate equilibria shifts tied to pH and water temperatures (Freeman, 

2001). Atmospheric CO2 concentrations were likely high in the late Ediacaran – Early 

Cambrian (Kanzaki et al., 2018; Mills et al., 2019), and, more importantly, as a global 

feature they would not differ by locality, so this option seems unlikely. Variations in 

nutrient supply and ocean circulation or upwelling could have varied by locality. 

 

Diminished fractionation can also result from increased carbon demand due to elevated 

phytoplankton growth rates spurred by high nutrient availability. Elevated productivity is 

often associated with enhanced OM burial efficiency due to decreased oxygen exposure 

times (Hartnett et al., 1998). Yet, craton-scale low nutrient, oligotrophic conditions have 
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been inferred for Baltica during the late Ediacaran to Early Cambrian (Pehr et al., 2018). 

This inference is based on the absence of evidence for enhanced carbon burial, including 

consistently low TOC content (mostly <0.5 wt%), low Hydrogen Index values for TOC, 

and biomarkers signifying bacterial input dominance over eukaryotes.  

 

It is conceivable that the absence of evidence for enhanced carbon burial reflects more 

efficient heterotrophic respiration. If so, substantial biomass from elevated productivity 

was largely not preserved in the sedimentary rock record. This is possible under the 

mainly oxic (based on Fe speciation, Fig. 3.6) and oligotrophic conditions, which implies 

well ventilated conditions persisted in the coastal waters at the Utkina Zavod drill-core 

location during the Kotlin Regional Stage (Pehr et al., 2018). However, there is no 

geochemical evidence for enhanced carbon remineralization, such as accumulation of 

pyrite or Fe- and Mn-rich carbonates, and geochemical proxies for reducing water-

column redox conditions in the sample localities. Combined, this evidence points to 

lower rates of primary biomass production due to limited nutrient supplies.  

 

The C26/C25 tricyclic terpane (TT) ratio, which tracks environmental conditions during 

deposition, clearly differentiates between the Utkina Zavod and Lugovoe drill-core 

samples of the Kotlin Regional Horizon. The ratio of C26/C25 TT correlates with the 

salinity in the depositional setting (Zumberge, 1987). C26/C25 TT values at or below ~1.0 

are associated with marine conditions, whereas values greater than or equal to ~1.2 are 

typically associated with brackish or freshwater conditions (Zumberge, 1987; Grande et 



 93 

al., 1993). Intermediate values of 1.0-1.2 are equivocal. The Utkina Zavod drill-core 

samples (C26/C25 TT ranges 1.6 to 2.8, mean = 2.0) all fall within the range of brackish-

freshwater conditions. In contrast, the Lugovoe drill-core samples have values that range 

from 0.5 to 1.5 (mean = 1.1), close to normal marine conditions.  

 

The tricyclic terpane ratios suggest that sediments from the Utkina Zavod drill-core were 

deposited under lower salinities, typical of a coastal setting. They also indicate the 

Lugovoe sediments, sitting <100 km north towards the craton margin, were deposited in a 

less restricted marine setting. The Lugovoe drill-core biomarker distributions also have 

noticeably higher ratios of C31/C30 hopanes than those for the Utkina Zavod drill-core 

rocks. This difference is consistent with iron speciation data that indicate that the 

Lugovoe location hosted more reducing water-column conditions during the Kotlin 

Regional Stage (Figs. 3.1 and 3.6). A low salinity coastal setting at Utkina Zavod drill 

core is consistent with the environmental conditions inferred for the Kotlin Regional 

Stage in Estonia, located more than 150 km west-southwest of the Utkina Zavod drill 

core. In Estonia, a fresh-brackish aquatic setting with warm and humid climatic 

conditions was suggested based on a common presence of diagenetic siderite, lack of 

pyrite and glauconite, and low boron content in the clay fraction of fine-grained 

siliciclastic sediments (Pirrus, 1992; Mens and Pirrus, 1997). Freshwater conditions on 

the western side of the East European craton during the Ediacaran were also described 

based on the occurrence of pedogenic siderites (Bojanowski et al., 2019). 
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Shallow coastal, deltaic, and estuarine environments are the mixing zone of marine and 

fresh waters, and pH and temperature are more variable than in open-marine 

environments. Freshwater feeding into the coastal waters could have had a higher pH and 

higher alkalinity, that varied depending on the water provenance (Krishna et al., 2019). 

The proportion of CO2(aq) versus both bicarbonate and carbonate within the DIC pool 

decreases with higher pH (Zhang et al., 1995), resulting in a potential CO2(aq) limitation. 

We suggest alkaline riverine water input to the brackish coastal waters led to higher pH 

and/or alkalinity, resulting in CO2(aq) limitation and enhanced utilization of CCMs and 

bicarbonate uptake by phytoplankton. These processes likely contributed to the 13C-

enriched composition of TOC and individual lipid biomarkers during deposition of the 

Kotlin Regional Horizon at the Utkina Zavod drill-core location. 

 

In modern esutaries, the δ13C values of DIC is typically more negative than marine 

values, due to the remineralization of organic carbon from plants and soil (Fogel et al., 

1992; Boschker et al., 2005). However, terrestrial inputs of organic carbon would have 

been very low in the late Ediacaran to the Early Cambrian, due to the absence of land 

plants. It is possible that seawater input of DIC derived from carbonate weathering may 

have contributed more positive δ13CDIC values to the coastal environment (Kump and 

Arthur, 1999; Kump et al., 1999), although it seems unlikely that the aqueous δ13CDIC 

shifted by as much as ~10‰ to solely drive the change in the d13CTOC. Further, pre-late 

Ediacaran (Cryogenian and Tonian) sedimentary successions are predominantly 
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siliciclastic on Baltica and so they could not have been a significant source of inorganic 

carbon input.  

 

There has been some emerging evidence for localized nearshore DIC gradients in late 

Ediacaran marine margins, resulting in 13C-enriched sedimentary OM and carbonates. 

This is supported by gradients in d13Ccarb of carbonates deposited in basinal and proximal 

ramp settings, for late Ediacaran marine rocks in Namibia (Wood et al., 2015). More 

positive values of d13Ccarb were associated with proximal (inner ramp) depositional 

settings. The underlying cause of this phenomenon is not well understood and the 

magnitude of the local isotopic gradients does not typically exceed ~3-4‰ (Wood et al., 

2015). Thus, these gradients are significantly smaller in magnitude than the > 10‰ 

differences in d13C values of individual lipids and bulk OM between drill-core locations. 

Local and regional dissolved carbon isotope gradients do not explain the full ~10‰ 

enrichment for the Kotlin Regional Horizon in bulk TOC and individual lipids in Utkina 

Zavod drill core versus Ediacaran seawater-sourced sedimentary OM. 

 

The anomalous and consistently 13C-enriched signature of the Kotlin Regional Horizon 

succession in Utkina Zavod drill-core and the absence of marine gradients in 

productivity, nutrients, or δ13CDIC collectively suggest fundamentally different 

depositional environments for the drill-core locations. We suggest the Utkina Zavod 

section was deposited in a brackish epicontinental setting. This is supported by elevated 

C26/C25 TT values from 1.6 to 2.8 (Fig. 3.5, Table 3.1) that are consistent with low (fresh 
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to brackish) coastal salinity. Elevated 2-methylhopane index values of 5.1 to 9.9% for 

samples from Utkina Zavod drill core (Pehr et al., 2018) are also consistent with a low-

salinity, coastal setting, and may signify cyanobacterial and/or proteobacterial sources for 

the hopanes and 2-methylhopanes (Naafs et al., 2022), along with bacterial heterotrophs, 

in these samples. Geochemical evidence suggests the brackish coastal waters transitioned 

into normal-marine salinity conditions further offshore at the Lugovoe drill-core location. 

Such environmental differences may ultimately be tied to global eustatic sea level, 

climatic, and ocean-atmosphere redox changes, which occurred during the late Ediacaran 

(Li et al., 2019) and likely shaped local salinity conditions in marginal marine settings.  

 

4.3. Investigating Evidence for Inverse Isotopic Ordering  

Samples from the Lugovoe, 4592, and 3628 drill cores all display an unusual isotopic 

enrichment of the n-alkanes relative to bulk TOC, a characteristic which has been 

described previously as an “inverse carbon isotopic ordering” because lipids are depleted 

in 13C relative to biomass for most modern organisms (Hayes 2001) (Fig. 3.4). Among 

these samples, those from the Redkino Regional Horizon in the Lugovoe drill core also 

show a strong positive enrichment between nC17 and nC18 alkanes vs. pristane and 

phytane (Table 3.4). Similar trends are reported for other Neoproterozoic samples (Logan 

et al., 1995, 1997) and are considered a common characteristic in late Precambrian 

marine basins. Sample Lugovoe #13 (collected at 71 m depth), has a δ13CnC17-Pr value of 

+4.92‰ and a δ13CnC18-Ph value of +4.52‰, which are suggestive of this inverse carbon 

isotopic ordering. The remaining samples from the Utkina Zavod and Lugovoe drill cores 
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for which phytane isotopic compositions were measurable, feature much less positive 

δ13CnC18-Ph values, which ranged from -2.89 to +0.64‰ and which are closer to more 

typical Phanerozoic carbon isotope ordering.  

 

Previous explanations for isotopic enrichment in n-alkanes included: (1) intense 

heterotrophic reworking of slowly sinking OM (in the absence of animals that repackage 

OM to fecal pellets) in a redox-stratified ocean (Logan et al., 1995, 1997), or (2) a 

significant difference in carbon isotope fractionation between bacterial and eukaryotic 

primary producers (Close et al., 2011). Both arguments assume preferential preservation 

of certain compounds within kerogen, which generally accounts for most of the bulk 

TOC in ancient rocks.  

 

For the Redkino Regional Horizon samples from Lugovoe drill core in our dataset, there 

is a third potential explanation. Pristane and phytane are commonly derived from the 

phytol side chain of certain chlorophylls made by photosynthetic organisms, particularly 

cyanobacteria and algae (Rontani and Volkman, 2005). However, Lugovoe #13 sample 

(collected at 71 m depth) has a δ13Cphytane value of -37.7‰ and a δ13Cpristane value of -

38.6‰, well below values typical for RuBisCO-CBB-utilizing phototrophs. Such low 

values (ca. -39‰) indicate the acyclic isoprenoids derived in part from microorganisms 

involved in methane cycling (Freeman et al., 1990) mixed with input from chlorophylls 

with a phytol side chain. Additionally, methanogenic and methanotrophic archaea 

synthesizing archaeol/hydroxy-archaeols have been proposed as a possible source for 
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phytane (Koga et al., 1993; Koga et al., 1998; Wakeham et al., 2003), and could have 

feasibly contributed to pristane from diagenetic modification of phytane.  

 

Thus, the >4‰ offset for Dδ13CnC18-Ph could reasonably be explained by unusually 13C-

depleted phytane from an appreciable archaeal source, rather than 13C-enrichment of n-

alkanes due to intense heterotrophy. Archaeal lipid inputs is supported by CSIA data 

reported for pristane and phytane in Ediacaran-Cambrian oils from Siberia. These oils 

yielded similar δ13Cpristane and δ13Cphytane values that were as low as ca. -44‰ and about 

half of the samples had 13C-depletion of δ13Cpristane and δ13Cphytane of -1 to -8‰ compared 

with nC17 and nC18 alkanes. (Kelly et al., 2011). The interiors of the deep oceans were 

likely not fully oxygenated through most of the Paleozoic Era (Stolper and Bucholz, 

2019), which would have favored methanogenesis and sustained a vigorous methane 

cycle in the water column and in shallow sediments in the Precambrian and Early 

Paleozoic oceans (Rohrssen et al., 2013). 

 

Our CSIA measurements were not limited to n-alkane and acyclic isoprenoid carbon 

isotopes. With the enhanced sensitivity of pico-CSIA, we were able to measure d13C 

signatures for the C27-C32 hopanes and the most abundant C29 sterane (aaaR). This 

allowed us to investigate the possible origins of these important and diagnostic markers 

of biological sources. 
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Hop/Ster ratios can be used as convenient estimates of bacterial versus eukaryotic source 

contributions to preserved sedimentary OM. Environments with high rates of 

heterotrophy may preserve elevated Hop/Ster ratios due to an abundance of hopanoid-

producing heterotrophic bacteria. While the Lugovoe, 4592, and 3628 drill cores have 

high Hop/Ster ratios (>1), spanning from 2 to 119, there is no corresponding significant 

change in Dd13Cn-alkane – TOC. Biomass from heterotrophic bacteria is also typically 

enriched in 13C relative to their food source by ~1‰ (DeNiro and Epstein, 1978; Hullar et 

al., 1996). Previous models of inverse carbon isotopic ordering have assumed a 

significant difference in carbon isotope composition between photosynthetic bacteria and 

eukaryotic biomass of, at a minimum, 4‰ (Close et al., 2011). For the one Lugovoe drill-

core sample (collected at 47 m depth) with a measurable δ13CC29sterane value, the average 

δ13Chopane value is only ~0.6‰ more positive relative to δ13CC29sterane. This is much less 

than the 4‰ biogenic offset thought to be needed to produce a 13C-enrichment in the n-

alkanes. This is also in line with our other sterane measurements for the Utkina Zavod 

drill-core samples, which yield a mean and maximum Dd13Chopane – C29sterane of 0.8‰ and 

2.7‰, respectively. 

 

Overall, this evidence suggests the late Ediacaran rocks reported here do not simply 

conform to the typically prescribed Precambrian inverse carbon isotopic ordering of 

linear alkanes versus acyclic isoprenoids. Further, we found no significant difference in 

the average carbon isotope abundances measured for polycyclic triterpanes from bacterial 

producers and consumers versus the main eukaryotic (green algal) primary producers in 
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the rock sample with measurable δ13CC29sterane and d13Chopanes (mean = 0.6‰). The 

combined evidence points to the abundant bacterial signal being at least partially sourced 

from phototrophic bacteria, particularly RuBisCO-CBB-utilizing bacteria, alongside a 

significant contribution from heterotrophic bacteria.  

 

Importantly, multiple source contributions to n-alkanes and to phytane (including from 

archaeal sources as well as from chlorophylls), complicate the carbon isotopic 

systematics. Such source variations were likely tied to changing paleoenvironmental 

redox that can mute or exaggerate d13C differences between compounds. Indeed, the 

magnitude of Ediacaran inverse/normal carbon isotopic ordering of branched versus 

linear alkanes, normally attributed to a preferential heterotrophic reworking of n-alkanes 

or a significant difference in d13C between algal and bacterial lipids, was likely 

influenced by multiple environmental and ecological factors. Future studies utilizing the 

improved pico-CSIA method on ancient sedimentary rocks and oils will help shed new 

light on the secular patterns and the carbon isotopic systematics for a suite of ancient 

lipid compounds. 

 

 

5. CONCLUSIONS 

During the late Ediacaran, Baltica was covered by shallow, epicontinental seas extending 

from the foreland basins developed along the southwestern, eastern, and northeastern 

margins. This contributed to oligotrophic conditions and a high regional heterogeneity in 
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marine environments, including brackish coastal waters. The lipid biomarker and stable 

carbon isotopic characteristics of the strata from the Kotlin Regional Horizon from the 

Utkina Zavod drill core suggest that these sediments were deposited in a fresh to brackish 

water-column coastal setting rather than in an open-marine environment. δ13C values for 

bulk organics and individual compounds from the Utkina Zavod drill core are more 

positive than typical Ediacaran marine settings (range -26.0 to -23.0‰) and generally 

track each other, slightly offset by <2‰. The d13CTOC values matched those for pristane, 

phytane, and C29 aaaR sterane, which are typically derived from photoautotrophs. The 

low salinity coastal waters that prevailed during deposition of the Kotlin Regional 

Horizon strata at the Utkina Zavod drill-core location may have sustained high pH and/or 

elevated alkalinity of carbonate and bicarbonate from riverine input. This could have 

resulted in localized dissolved CO2(aq) limitation that promoted carbon-concentration 

mechanisms or active bicarbonate uptake by photoautotrophs, explaining the consistently 

13C-enriched signature found for lipids and bulk TOC in the Kotlin Regional Horizon 

sediments. 

 

By contrast, the sedimentary OM in sediments from the Kotlin and Redkino Regional 

horizons from the Lugovoe drill core exhibit isotope signatures that are more typical of 

Ediacaran marine settings (d13CTOC ranging from -33.9 to -30.0‰). Very high ratios of 

Hop/Ster in these sediments, combined with similar d13C values for C29 sterane and 

individual hopanes, strongly indicate that the major source biota were photoautotrophic 

bacteria utilizing RuBisCO-CBB and heterotrophic bacteria, with a lesser contribution 
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from green algae. The most depleted d13C signatures for lipids are found in a Lugovoe 

drill-core sample from the Redkino Regional Horizon. d13C values for pristane and 

phytane are significantly depleted to -39‰, suggesting a partial contribution of acyclic 

isoprenoids from archaea involved in methane cycling.  
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Table 3.1. Selected biomarker abundance ratios, bulk organic carbon isotope values and 
iron speciation redox proxies that provide biological and depositional environmental 
constraints. 
 

Drill Core Depth 
(m) Location Stage Horizon TOC (wt %) C26/C25 TT FeHR/ FeT Fepy/ FeHR Hop/ Ster1 d13CTOC (‰) 

Utkina Zavod 64.15 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.42 a 2.32 0.28 0.06 3.4 -23.8 a 

Utkina Zavod 71.67 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.34 a 2.15 0.30 0.07 1.6 -25.9 a 

Utkina Zavod 87 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.27 a 1.9 0.27 0.00 3.9 -26.0 a 

Utkina Zavod 111.6 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.67 a 2.78 0.47 0.01 3.2 -23.0 a 

Utkina Zavod 119.9 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.40 a 1.79 0.17 0.00 7.7 -23.6 a 

Utkina Zavod 124.6 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.52 a 2.28 0.24 0.02 3.6 -24.1 a 

Utkina Zavod 127.8 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.76 a 1.91 n.d. n.d. 7.5 -23.1 a 

Utkina Zavod 152.8 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.31 a 1.56 0.20 0.02 4.8 -25.4 a 

Utkina Zavod 153.5 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.27 a 1.71 0.65 0.00 5.0 -24.2 a 

Utkina Zavod 162.1 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.44 a 1.63 0.15 0.09 5.0 -25.2 a 

Utkina Zavod 171.4 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.21 a 2.10 0.24 0.02 4.0 -25.0 a 

Lugovoe #13 41 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.48 a 1.24 0.92 0.53 7.2 -30.0 a 

Lugovoe #13 44 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.44 a 1.09 0.64 0.17 8.3 -32.9 a 

Lugovoe #13 47 Baltic 
Monocline 

Late 
Ediacaran Kotlin 0.51 a 1.46 0.55 0.19 2.0 -33.9 a 

Lugovoe #13 71 Baltic 
Monocline 

Late 
Ediacaran Redkino 1.06 a 1.04 0.69 0.60 35.3 -33.1 a 

Lugovoe #13 73 Baltic 
Monocline 

Late 
Ediacaran Redkino 0.85 a 0.97 0.78 0.55 73.4 -32.8 a 

Lugovoe #13 75 Baltic 
Monocline 

Late 
Ediacaran Redkino 0.49 a 0.54 0.63 0.46 29.5 -29.6 a 

Gavrilov 
Yam -1 1860 Moscow 

Syneclise Cambrian Lontova 0.23 a 0.66 0.34 0.03 27.8 -31.2 a 

Gavrilov 
Yam -1 2018 Moscow 

Syneclise 
Late 
Ediacaran Kotlin 0.26 a 0.44 0.21 0.01 22.2 -25.2 a 

4529 ~195 Volyn basin Late 
Ediacaran Kotlin 0.12 a 1.03 0.60 0.01 22.8 -27.5 a 

4529 ~207 Volyn basin Late 
Ediacaran Kotlin 0.09 a 0.67 0.35 0.07 25.9 -27.0 a 

4504 ~200 Volyn basin Late 
Ediacaran Kotlin 0.13 a 0.61 0.32 0.03 22.5 -27.6 a 

4592 ~166 Volyn basin Late 
Ediacaran Redkino 0.47 a 1.44 0.63 0.25 119.2 -31.6 a 

3628 226.5 Podillya 
basin 

Late 
Ediacaran Redkino 0.30 a 1.03 n.d. n.d. 16.1 -29.0 b  

16PL outcrop #22 Podillya 
basin 

Late 
Ediacaran Redkino 0.43 a 1.11 0.34 0.01 8.1 -26.8 a 

16PL outcrop #18 Podillya 
basin 

Late 
Ediacaran Redkino 0.18 a 1.13 0.33 0.00 11.1 -27.0 a 

16PL outcrop #11 Podillya 
basin 

Late 
Ediacaran Redkino 0.50 a 0.75 0.58 0.00 11.5 -24.0 a 

a Previously reported in Pehr et al. (2018); isotope analyses were performed at Syracuse University 
b Isotopes analyses were performed at UCR 
1Hop/Ster is the ratio of major C27 - C35 hopane isomers/ C27 - C30 diasteranes and regular steranes; as previously reported in Pehr et al. (2018). 
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Table 3.2. Mean carbon isotope compositions for individual extractable hopanes and 
hopenes measured by pico-CSIA (ratios measured in per mil versus VPDB), C29He = 29-
norneohop-13(18)-ene, C30He = neohop-13(18)-ene, stdev = standard deviation, n = 
number of analyses.  

Drill Core Depth 
(m) 

C27Tm C27β C29He C29αβ C29βα 

δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n 

Utkina Zavod 64.15 -22.73 0.19 2 -23.45 0.23 2 n.d.      -23.72  1 
Utkina Zavod 71.67 -24.16 0.42 3 -24.11 0.19 3 -25.38  1       

Utkina Zavod 87 -23.54 0.35 2 -22.76 0.03 2 -25.60 0.11 3       

Utkina Zavod 111.6 -23.03 0.48 2 -22.95 0.13 2          

Utkina Zavod 124.6 -23.44 0.27 3 -23.37 0.31 3 -24.59 0.28 2 -23.94  1 -23.59 0.14 3 
Utkina Zavod 153.5             -24.91 0.01 2 
Lugovoe #13 41 -28.78 0.47 2 -28.22 0.05 2       -28.51 0.56 2 
Lugovoe #13 47 -32.87 0.16 2 -32.20 0.19 2 -33.94 0.54 4 -32.61 0.43 3 -32.38 0.20 3 
Lugovoe #13 71 -33.52 0.26 2 -32.99 0.15 2    -34.28 0.33 2 -34.12 0.37 2 
Lugovoe #13 73 -32.75 0.63 2 -32.26 0.38 3    -33.8 0.33 2 -33.81 0.53 2 
Gavrilov Yam -1 1860 -33.23 0.20 3 -32.32 0.21 3 -31.57 0.24 2 -34.02 0.65 2 -34.44  1 
3628 226.5 -25.76 0.11 2 -23.97 0.18 2 -27.88 0.16 2 -26.34 0.07 2 -26.37 0.23 2 
4592 ~166 -30.19 0.30 2 -29.4 0.21 2    -30.78 0.65 2 -30.41 0.35 2 
 

Drill Core Depth 
(m) 

C30αβ C30He C30βα C31αβS C31αβR 
δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n 

Utkina Zavod 64.15 -24.52 0.06 2 -23.50  1 -23.85 0.11 2    -24.64 0.07 2 
Utkina Zavod 71.67 -27.90 0.97 3 -28.25  1       -25.16 0.08 3 
Utkina Zavod 87 -24.11 0.18 3          -24.11 0.18 3 
Utkina Zavod 111.6 -24.79 0.27 2          -24.64 0.26 2 
Utkina Zavod 124.6 -24.74 0.05 2          -25.11 0.10 2 
Utkina Zavod 153.5 -26.87 0.41 3          -26.75 0.8 3 
Lugovoe #13 41 -29.05 0.35 2    -28.28 0.41 2    -30.14 0.83 2 
Lugovoe #13 47 -32.60 0.06 3    -32.35 0.32 4    -32.90 0.09 3 
Lugovoe #13 71 -34.29 0.29 3    -33.81 0.26 3 -35.34 0.24 2 -35.28 0.03 3 
Lugovoe #13 73 -33.86 0.11 2    -33.65 0.33 2 -34.87 0.53 2 -34.64 0.19 3 
Gavrilov Yam -1 1860 -32.98 0.01 2    -33.29 0.03 2    -33.68 0.27 2 
3628 226.5 -27.69 0.35 2    -26.79  1 -28.32  1 -27.74  1 
4592 ~166 -30.56 0.24 2    -30.55 0.36 2 -32.29  1 -31.37 0.27 2 
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Drill Core Depth 
(m) 

C31βα C31ββ C32αβR 
δ13C 
(‰) stdev n δ13C 

(‰) stdev n δ13C 
(‰) stdev n 

Utkina Zavod 64.15 -24.19 0.12 3 -23.47 0.13 2    
Utkina Zavod 71.67 -24.71 0.39 3 -23.77 0.38 3    
Utkina Zavod 87          
Utkina Zavod 111.6 -23.99  1       
Utkina Zavod 124.6 -24.41 0.20 3 -24.52  1    
Utkina Zavod 153.5          
Lugovoe #13 41 -28.82 0.05 2       
Lugovoe #13 47 -32.32 0.52 3       
Lugovoe #13 71 -34.78 0.11 3    -35.17 0.61 2 
Lugovoe #13 73 -34.44 0.47 3    -34.66 0.04 2 
Gavrilov Yam -1 1860 -34.62 0.35 2       
3628 226.5 -25.47 0.06 2       
4592 ~166 -31.29 0.30 2       
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Table 3.3. Mean carbon isotope ratios (d13C) for individual extractable n-alkanes 
measured by pico-CSIA (ratios measured in per mil versus VPDB), stdev = standard 
deviation, n = number of analyses per sample. 

Drill Core Depth 
(m) 

nC17 nC18 nC19 nC20 nC21 
δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n 

Utkina Zavod 64.15    -26.81 0.13 2 -26.49 0.11 2 -25.73 0.19 3 -25.6 0.12 2 
Utkina Zavod 71.67    -28.39 0.69 3 -27.79 0.27 2 -27.3 0.03 2 -27.22 0.63 2 
Utkina Zavod 87          -30.34 0.33 2 -29.42 0.18 2 
Utkina Zavod 111.6          -25.54 0.58 2 -27 0.09 2 
Utkina Zavod 124.6    -26.99 0.01 2 -26.03 0.41 2 -26.64 0.09 2 -26.66 0.15 3 
Utkina Zavod 153.5                

Lugovoe #13 41       -30.23 0.41 2 -29.83 0.28 2 -29.84 0.2 2 
Lugovoe #13 47    -33.07 0.14 3 -33.59 0.22 4 -33.68 0.21 4 -33.56 0.11 3 
Lugovoe #13 71 -33.71  1 -33.15  1 -33.48 0.14 3 -34.10 0.24 3 -33.85 0.24 2 
Lugovoe #13 73          -33.01 0.28 2 -32.68 0.67 2 
Gavrilov Yam -1 1860    -30.4 0.27 2 -29.84 0.2 2 -30.13 0.16 2 -30.64 0.2 2 
3628 226.5    -29.55 0.06 2 -28.9 0.05 2 -28.83 0.23 2 -28.76 0.05 2 
4592 ~166       -33.41 0.17 2 -32.31 0.13 3 -32.00 0.15 2 
 

Drill Core Depth 
(m) 

nC22 nC23 nC24 nC25 nC26 
δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n 

Utkina Zavod 64.15 -26.13 0.28 2 -26.32 0.13 3 -26.79 0.05 2 -28.19 0.14 2 -23.63 0.21 2 
Utkina Zavod 71.67 -27.79 0.03 2 -27.73 0.39 2 -27.6 0.14 2 -27.74 0.45 2 -25.22 0.31 2 
Utkina Zavod 87 -30.78 0.55 2 -30.75 0.51 2 -31.79 0.18 2 -32.61 0.3 2 -29.25 0.27 2 
Utkina Zavod 111.6 -28.06 0.66 2 -28.77 0.24 2 -26.54 0.17 2 -29.01 0.17 2 -23.36 0.16 2 
Utkina Zavod 124.6 -27.07 0.1 2 -28.38 0.11 2 -28.36 0.17 2 -29.35 0.19 2 -26.27 0.4 2 
Utkina Zavod 153.5                

Lugovoe #13 41 -30.24 0.11 2 -30.36 0.15 2 -31.08 0.01 2 -30.71 0.05 2 -30.65 0 2 
Lugovoe #13 47 -33.36 0.11 3 -33.36 0.1 3 -33.01 0.04 3 -33.24 0.08 3 -33.12 0.2 4 
Lugovoe #13 71 -33.21 0.43 2 -34.19 0.14 3 -32.07 0.73 2 -32.93 0.14 3 -31.92 0.40 3 
Lugovoe #13 73 -32.6 0.16 2 -32.86 0.12 2 -30.56 0.01 2 -32.49 0.27 3 -31.07 0.11 3 
Gavrilov Yam -1 1860 -31.19 0.19 2 -32.13 0.21 2 -32.74 0.21 2 -33.55 0.06 2 -33.08 0.14 2 
3628 226.5 -28.85 0.12 2 -29.09 0.22 2 -29.1 0.03 2 -29.44 0.24 2 -27.76 0.11 2 
4592 ~166 -31.51 0.00 2 -31.58 0.17 3 -31.20 0.60 2 -30.91 0.27 2 -30.24 0.41 2 
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Drill Core Depth 
(m) 

nC27 nC28 nC29 
δ13C 
(‰) stdev n δ13C 

(‰) stdev n δ13C 
(‰) stdev n 

Utkina Zavod 64.15 -24.64 0 2 -21.93 0.27 2    
Utkina Zavod 71.67 -26.94 0.61 2 -24.15 0.4 2    
Utkina Zavod 87 -29.35 0.31 2 -23.84 0.26 2 -23.75 0.11 2 
Utkina Zavod 111.6 -24.9 0.12 2 -22.27 0.47 2    
Utkina Zavod 124.6 -26.65 0.03 2 -22.64 0.46 2 -23.95 0.33 3 
Utkina Zavod 153.5          
Lugovoe #13 41 -29.97 0.43 2 -29.52 0.09 2 -29.1 0.36 2 
Lugovoe #13 47 -32.99 0.1 3 -32.79 0.19 4    
Lugovoe #13 71 -32.56 0.25 3 -33.22 0.36 2    
Lugovoe #13 73 -31.51 0.31 3 -31.37 0.27 3    
Gavrilov Yam -1 1860 -31.73 0.21 2 -30.83 0.07 2 -31.48 0.09 2 
3628 226.5 -27.35 0.01 2 -25.3 0.47 2 -27.33 0.12 2 
4592 ~166 -29.75 0.07 2 -29.92 0.38 2    
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Table 3.4. Mean carbon isotope compositions for extracted pristane (Pr), phytane (Ph), 
and C29 αααR sterane, measured by pico-CSIA (ratios measured in per mil versus VPDB) 
and carbon isotope difference between n-alkanes and acyclic isoprenoids from the same 
samples, including pristane (Pr), phytane (Ph), nC17 and nC18; stdev = standard deviation, 
n = number of repeat CSIA analyses per sample. 
 

Drill Core Depth 
(m) 

Pr Ph C29 Ster αααR d13CnC17-Pr. d13CnC18-Ph. 

δ13C (‰) stdev n δ13C (‰) stdev n δ13C (‰) stdev n (‰) (‰) 

Utkina Zavod 64.15    -25.14 0.13 2 -24.48  1  -1.67 

Utkina Zavod 71.67    -27.7 0.31 3 -25.86 1.36 2  -0.69 

Utkina Zavod 87            

Utkina Zavod 111.6       -23.22 0.26 2   

Utkina Zavod 124.6    -24.1 0.08 3 -23.51 0.16 2  -2.89 

Utkina Zavod 153.5       -24.22 0.24 2   

Lugovoe #13 41            

Lugovoe #13 47    -33.71 0.18 2 -33.29 0.17 3  0.64 

Lugovoe #13 71 -38.63  1 -37.67  1    4.92 4.52 

Lugovoe #13 73            

Gavrilov Yam -1 1860    -29.84 0.29 2     -0.56 

3628 226.5    -29.55 0.16 2     0.00 

4592 ~166            
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Abstract 

 

Trends in detrital zircon age distribution patterns are used to constrain the paleotectonic 

and paleogeographic conditions during deposition of the late Ediacaran - Early Cambrian 

sedimentary successions in central, western, and southwestern Baltica. Detrital zircons 

from three sandstone samples collected from a drill-core drilled in northeastern Estonia 

and four sandstone samples collected from three drill-cores located in the Volyn Region 

of Ukraine were dated using the U-Pb LA-ICP-MS isotope technique. The obtained data 

are compared with the published data for southwestern Ukraine and Moldova, eastern 

Poland, Belarus, and northwestern Russia to constrain the late Ediacaran - Early 

Cambrian evolution of the sedimentary basins developed on Baltica. All sedimentary 

basins from these areas of Baltica show a transition during that time from passive 

continental margin to collisional settings, which has been triggered by the pre-Schythides 

and Santacrusades orogenies along the south-southwest and, to a lesser extent, by the 

Timanian Orogeny along the north-northeast margins of Baltica. 

1. INTRODUCTION 

 

Late Ediacaran - Early Cambrian intracratonic sedimentary basins extensively developed 

in Baltica and extended to the margins of the craton (e.g., Sliaupa et al., 2006; Bush, 

2014; Kheraskova et al., 2015). The development of these basins has been linked to the 

rifting and break-up of Rodinia, with passive continental margins formed around the 
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craton, followed by the transition to active continental margins and foreland basins, when 

Baltica collided with other cratons and island arcs during the late Ediacaran to Early 

Cambrian Baikalian (=Cadomian=Pan-African) orogenic cycle (Schatsky, 1935; Roberts 

and Siedlecka, 2002; Sliaupa et al., 2006). In general, it is considered that there were at 

least three significant, geographically distant orogenic events during that period in 

Baltica: the Timanian along the northeastern margin (e.g., Roberts and Siedlecka, 2002), 

the pre-Uralian along the eastern margin (e.g., Bekker, 1988; Puchkov, 2010), and pre-

Schythides or Santacrusades along the southwestern and western margins, respectively 

(e.g., Kheraskova et al., 2015; Żelaźniewicz et al., 2009, 2020; Buła and Habryn, 2011) 

orogenies. Lateral movement of terranes along the northern (in the present orientation) 

margin of Baltica likely led to episodic extensional and compressional events during that 

time (e.g., Kirkland et al., 2011). 

 

Understanding the evolution of Baltica sedimentary basins in the tectonic and 

paleogeographic framework during the Ediacaran - Cambrian transition is critical as these 

basins host a rich record of the Ediacaran fauna and exquisitely well-preserved organic 

biomarkers (e.g., Grazhdankin, 2014; Pehr et al., 2018). Further, the sedimentary record 

provides an effective means to track the tectonic history. Although cratons have evolved 

through geological time with accretion, collision, and rifting/breakup, their lost 

components can be constrained with the detrital zircon records preserved in ancient 

sedimentary basins. Zircon, a key mineral for U–Pb geochronology, is a common 

accessory mineral in siliciclastic sediments and faithfully retains its U–Pb isotope 
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systematics during weathering, erosion, deposition, and metamorphism (Fedo et al., 

2003; Gehrels, 2014; Guo et al., 2017). Consequently, detrital zircon U–Pb 

geochronology can be used to determine the age of magmatic activity and metamorphism 

in the source region and to establish provenance and contribution of different sources to 

sediments within sedimentary basins. Additionally, zircon dating is also useful in 

tracking tectonic events and is widely used to constrain tectonic evolution (e.g., Gehrels, 

2014; Guo et al., 2017; Barham et al., 2018). 

 

During recent years, a number of datasets were published with detrital zircon U–Pb 

geochronological data for the Ediacaran to Cambrian siliciclastic rocks throughout 

Baltica (e.g., Valverde-Vaquero et al., 2000; Andersen et al., 2007; Kirkland et al., 2011; 

Miller et al., 2011; Kuznetsov et al., 2011, 2014a, 2014b; Orlov et al., 2011; Isozaki et 

al., 2014; Põldvere et al., 2014; Sláma and Pedersen, 2015; Ivleva et al., 2016; Lorentzen 

et al., 2018; Ershova et al., 2019; Paszkowski et al., 2019, 2021; Roban et al., 2020; 

Żelaźniewicz et al., 2020; Francovschi et al., 2021; Kuznetsov and Romanyuk, 2021). 

These datasets have been successfully used to establish sediment sources, estimate 

maximum depositional ages for sedimentary successions, and define the timing of 

tectonic, magmatic, and metamorphic events. However, the craton-scale synthesis of 

these data with a coherent perspective so far has not been presented. 

 

The objective of this study is to provide a better understanding of the paleotectonic and 

paleogeographic conditions that accompanied deposition of the late Ediacaran - Early 
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Cambrian sedimentary successions in the southern, southwestern, and central Baltica with 

an emphasis on their provenance. Furthermore, the aim is to develop a detailed model for 

the late Ediacaran - Early Cambrian evolution of the area corresponding to present-day 

Estonia and for the late Ediacaran evolution of the area corresponding to the present-day 

Volyn region of western Ukraine with a broader perspective, based on published data, on 

the southwestern and central parts of Baltica (southwestern Ukraine and Moldova, eastern 

Poland, Belarus, and northwestern Russia), by identifying differences and similarities in 

the provenance and clastic sediment routing. 

2. GEOLOGICAL SETTING AND STRATIGRAPHIC DATA 

2.1 Geology of Estonia 

 

In terms of the structural framework, Estonia is situated in the central part of Baltica (Fig. 

4.1) and consists of two major crustal components, the crystalline basement and the 

sedimentary cover. The Precambrian basement of Estonia is a southern continuation of 

the Fennoscandian Shield. Based on geophysical and petrological studies, Precambrian 

complexes of Estonia can be divided into two major geological terranes – the North 

Estonian amphibolite facies and South Estonian granulite facies belts (Puura et al., 1983; 

Soesoo et al., 2004, 2006, 2020, 2021), which are separated by a tectonic boundary, the 

Paldiski-Pskov shear zone (Bodganova et al., 2015). The metamorphic rocks are cut by 

the Subjotnian (late Paleoproterozoic to early Mesoproterozoic) rapakivi granites. 

Overlying the Estonian Precambrian basement is an ancient, dominantly kaolinitic 
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(together with montmorillonite and illite) weathering crust with thickness ranging from a 

few meters to several tens of meters (Liivamagi et al., 2014; 2015). Due to intense 

denudation during the Neoproterozoic, the basement has been leveled forming a 

peneplain, which gently dips on average 0.1–0.2° southward (SSE–SSW; 150–200°; 

Puura et al., 1983; Soesoo et al., 2020). 

 

There are three main age groups for the Estonian Precambrian basement rocks. The oldest 

group, similar in age to the Fennoscandian basement of southern Finland and southern 

and eastern Sweden, yielded dates between 1918 Ma and 1802 Ma. The U-Pb zircon age 

of amphibolite-facies metavolcanic rocks from North Estonia is 1918 ± 10 Ma (Petersell 

and Levchenkov, 1994; Soesoo et al., 2004; Kirs et al., 2009). 

 

Granulitic metavolcanic rocks of southern Estonia yielded ages of 1832 ± 22 and 1827 ± 

7 Ma (Petersell and Levchenkov, 1994; Soesoo et al., 2004). Zircons from tonalites of the 

Tapa area were dated at 1824 ± 26 Ma (Soesoo et al., 2006). Magnetite-rich gneisses of 

the Jõhvi area (northeastern Estonia) show three groups of ages: a small population of 

zircons with 1874 ± 18 Ma age, the most abundant group with 1826 ± 10 Ma age, and the 

youngest population represents the second largest abundance age group clustered at 1789 

± 19 Ma (Soesoo et al., 2020). Tonalites from southern Estonia yielded similar age, 1788 

± 16 Ma, while charnockites from the Tapa area (north-central Estonia) have an age of 

1761 ± 11 Ma (Soesoo et al., 2006). Monazites from the South Estonia orthopyroxene-

garnet gneisses yielded an age of 1778 ± 2 Ma (Puura et al., 2004), which is similar to 
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that of the gabbro-norite dyke, which cuts granulites in this area, 1774 ± 20 Ma (Soesoo 

et al., 2006). 

 

The third age group (1635 to 1576 Ma) comprises plutons of rapakivi granites and 

associated rocks. These include the mafic Abja pluton with an age of 1635 ± 7 Ma, and 

cross-cutting dykes dated at 1622 ± 7 Ma (Kirs and Petersell, 1994). The Virtsu granitoid 

pluton yielded an age of 1606 ± 17 Ma (Soesoo and Hade, 2012). The large Riga rapakivi 

pluton has a 1584 ± 7 Ma age for the felsic part, while associated gabbro yielded an age 

of 1576 ± 2 Ma (Rämö et al., 1996). The small, rapakivi-type Märjamaa granodiorite 

pluton intruded at 1629 ± 7 Ma (Rämö et al., 1996). 

 

The boundary between the Neoproterozoic to Paleozoic sedimentary cover of Baltica and 

the Precambrian basement extends along the shoreline of the Gulf of Finland, Baltic Sea, 

in northern Estonia. The sedimentary sequence consists of the late Ediacaran to Early 

Ordovician siliciclastic units, Early Ordovician to Late Silurian carbonate units, and 

Devonian siliciclastic units (Mens and Pirrus, 1997a, b; Fig. 4.2A). 
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Figure 4.1. Schematic tectonic map of Baltica (modified after Bogdanova et al., 2016). 
The failed rifts/aulacogens, which were initiated before ca. 1.4 Ga, are marked with 
olive-green, while those younger than 1.0 Ga are colored dark-green. The passive margin 
shown in light-green was developed along the eastern margin of the craton at ca. 0.9–0.7 
Ga. Yellow boxes highlight the study areas. 
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Figure 4.2. (A) Generalized geological map showing distribution of the Ediacaran - 
Lower Paleozoic sedimentary cover in Estonia as well as the position of the studied drill-
core (modified after Puura and Vaher, 1997); (B) Generalized geological map with the 
Devonian and younger units removed showing distribution of the Ediacaran - Lower 
Paleozoic sedimentary cover of Volyn Region (western Ukraine) as well as the position 
of the studied drill-cores (modified after Hozhyk et al., 2013). 
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Due to the position on the structural high bounded with the sedimentary basins to the 

southeast (the Moscow basin) and to the west (the Baltic basin), and between the 

Fennoscandian Shield to the north and the Latvian Uplift to the south, Estonia had a 

transitional to nearshore, marine style of deposition during the Neoproterozoic to 

Paleozoic. 

 

The oldest sedimentary rocks in Estonia, the Valdai Group (Fig. 4.3), are of late 

Ediacaran age and belong to the Kotlin Regional Stage (Mens and Pirrus, 1997a). 

Ediacaran sediments (previously called the Vendian Complex of the Vendian System) are 

located in northern, northeastern, and eastern Estonia (Meidla, 2017). The sediments 

were deposited on the weathering crust developed on the crystalline basement. The 

lowermost part of the Ediacaran sedimentary succession was largely derived from the 

weathering crust and redeposited in a nearshore environment. The maximum thickness of 

the Ediacaran Valdai Group is about 123 m in the extreme northeastern part of its 

distribution area in Estonia (Mens and Pirrus, 1997a). The strata have been described 

only from drill-cores as no natural outcrops exist in Estonia. The closest Ediacaran 

outcrops are in the westernmost Leningrad Region and on Kotlin Island, Russia. The 

Ediacaran sediments were deposited when the Baltica craton was at intermediate latitudes 

in the southern hemisphere (Cocks and Torsvik 2005; Merdith et al., 2017). There are no 

carbonate sediments in the Ediacaran succession of Estonia and neighboring areas. 
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Figure 4.3. Ediacaran – Lower Cambrian stratigraphic columns for the central, western, 
and southwestern parts of Baltica (modified from Areń, 1968; Makhnach et al., 2001, 
2005; Pacześna, 2014; Ivantsov et al., 2015; Meidla, 2017; Ershova et al., 2019). Ages in 
red represent TIMS analyses of volcanic zircons, ages in blue represent SHRIMP dates of 
volcanic zircons, and ages in black represent LA-ICP-MS analyses of detrital zircons, 
constraining the MDA (data from 1 - Soldatenko et al., 2019; 2 - Shumlyanskyy et al., 
2016b; 3 - Francovschi et al., 2021; 4 - Compston et al., 1995; 5 - Ershova et al., 2019; 6 - 
Yang et al., 2021). Vertical lines correspond to hiatus in deposition. Note that the older 
Neoproterozoic glacial deposits in Belarus (Blon Formation) are considered to be time 
equivalent to the Cryogenian Marinoan glaciation (cf. Chumakov, 2015). A recent study, 
based on microfossils, suggested that the upper part of the Vasileostrovskaya Formation 
belongs to the Early Cambrian Lontova Regional Stage (Kushim et al., 2016). 
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On the basis of a very sparse record of acritarchs and algae Vendotaenia antiqua Gnil. 

and Aataenia reticularis Gnil. (Gnilovskaya et al., 1979; Gnilovskaya, 1988), the 

Ediacaran succession in Estonia is considered to belong to the Kotlin Regional Stage 

(Mens and Pirrus, 1997a). No radiometric dates are available for the Ediacaran in 

Estonia. However, its age can be tentatively constrained based on the available data for 

correlative units in Baltica. Sokolov (2011) estimated the age of the lower boundary of 

the Kotlin Regional Stage to be 580–570 Ma, while Grazhdankin et al. (2011) suggested, 

based on the correlation with the Ediacaran sedimentary successions of the Lublin slope 

of Baltica, an age of less than ca. 551 ± 4 Ma (Compston et al., 1995) for this boundary. 

The Kotlin Formation of the Valdai Group is now thought to have been deposited during 

the terminal ~10 myr of the Ediacaran Period, based on correlations with strata of the 

Lublin slope (Poland), Moldova, Podillya of Ukraine, and Urals and White Sea area of 

Russia, where U-Pb zircon dates for volcanic tuff horizons have yielded < ca. 551 Ma 

ages for the lower boundary (Moczydlowska, 1991; Compston et al., 1995; Grazhdankin 

et al., 2011; Meidla, 2017; Soldatenko et al., 2019; Francovschi et al., 2021). However, 

Early Cambrian age has recently been suggested for the Kotlin Regional Stage based on 

detrital zircon dates for sandstones from the Kanyliv Series in the Podillya basin in 

Ukraine (Paszkowski et al., 2021). The Early Cambrian detrital zircon age data were 

produced with the LA-ICP-MS method and should be further verified with the CA-ID-

TIMS method to check for potential Pb loss responsible for younger dates (see further 

discussion in the Discussion section). We therefore follow the conventional late 

Ediacaran age for the Kotlin Regional Horizon in this study. Considering these age 
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estimates, the Estonian Ediacaran succession represents a relatively short (7-10 myr), late 

age interval of the late Ediacaran. 

 

The Kotlin Regional Stage deposits are widespread in the northeastern subsurface of 

mainland Estonia (Meidla, 2017). The horizon is represented by siliciclastic rocks, 

accumulated under brackish, warm, and humid conditions (Pirrus, 1992). It includes in 

ascending order the Gdov, Kotlin, and Voronka formations (Fig. 4.3). The lowermost unit 

of the Kotlin Regional Horizon (Gdov Formation including the Oru, Moldova, and 

Uusküla members) consists of immature and poorly sorted arkosic sandstones. In Estonia, 

the Gdov Formation rests immediately upon the Paleoproterozoic crystalline basement 

and ranges in thickness from 0.2 to 58.3 m. It is overlain by the Kotlin Formation 

(including the Jaama, Meriküla, and Laagna members), a succession of laminated, 

greenish-gray mudstones intercalated with light-colored, fine-grained sandstones and 

siltstones with high contents of quartz and potassium feldspar. The lower boundary of the 

formation is placed at the level where the variegated deposits change color to gray. At the 

base of the formation, conglomerates and coarse-grained sandstones locally occur. The 

unit is locally rich in dark-brown films of organic matter; mica content (biotite and 

muscovite) is also generally high. The deposits often contain diagenetic siderite and lack 

pyrite and glauconite (Mens and Pirrus, 1971; Pirrus, 1992), suggesting brackish 

conditions in the basin. The clay fraction consists of illite (dominant clay mineral), 

kaolinite (15 to 40% of clay minerals), and, to a lesser degree, mixed layer illite-smectite 

and chlorite. Additionally, it is depleted in boron (Pirrus, 1992; Mens and Pirrus, 1997a), 
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consistent again with brackish conditions in the basin. Chlorite content is high in the 

middle part of the formation with its average content reaching 15–20% (Pirrus, 1992). 

 

The Kotlin Formation ends with the reappearance of highly mature, variegated sediments 

of the Voronka Formation (including the Sirgala and Kaanuka members), which is 10 to 

40 m thick, increasing in thickness to the north, and sits on the paleosols developed on 

the Kotlin Formation (Mens and Pirrus, 1997a). The Voronka Formation consists of 

siliciclastic rocks arranged into an upward-coarsening cycle from argillites to well-sorted 

sandstones. The lower boundary of the formation is drawn on the basis of color change to 

variegated sediments. 

 

The Cambrian deposits, up to about 150 m thick in the western part of Estonia, are the 

oldest sediments that crop out in Estonia. These rocks, mostly sandstones, are exposed 

along the North Estonian Klint (escarpment of cuesta facing Baltic Sea), while mudstones 

crop out in abandoned and active clay quarries at the northern coast. The Cambrian lies 

unconformably over the Ediacaran with the Rivne Regional Horizon missing (Mens and 

Pirrus, 1997b; Meidla, 2017). The Cambrian succession begins with the “Blue Clay” 

(Lontova Formation of the Lontova Regional Stage), an extensive unit of silty, illitic, 

greenish-gray and variegated mudstones in eastern and central Estonia, laterally grading 

into a unit of interbedded mudstones and coarse- to fine-grained sandstones on the 

western islands of Estonia. Mudstone also grades upwards into siltstones and coarse- to 

fine-grained sandstones which are the dominant Cambrian rocks of Estonia (Meidla, 
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2017). The sandstones are poorly fossiliferous (contain trace fossils, Sabellidites 

cambriensis Jan. and Platysolenites antiquissimus Eichw.), but based on the correlation 

with the sedimentary succession in Latvia, which is characterized better 

paleontologically, the presence of both the Series 3 and the Furongian Series has been 

established in Estonia (Mens and Pirrus 1997b; Meidla, 2017). The formation is 

subdivided into the Sämi, Mahu, Kestla, and Tammneeme members (Mens and Pirrus, 

1997b). The Lontova Formation thickness varies over a wide range, reaching up to about 

90 m in northeastern Estonia.  

 

The Sämi Member contains the pre-trilobite acritarch assemblage of Asteridium tornatum 

- Comasphaeridium velvetum that likely indicates the early to middle intervals of the 

Cambrian Stage 2 (ca. 529 - 526 Ma; Mens et al., 1993; Bagnoli and Stouge, 2014). The 

Sämi Member also contains trace fossils typical of the Early Cambrian, as well as the 

earliest agglutinated foraminifera, Platysolenites antiquissimus (cf. McIlroy et al., 2001).  

 

In the studied drill-core F-169 all members of the Lontova Formation with the exception 

of the Tammneeme Member are present (Fig. 4.4). 
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Figure 4.4. Ediacaran - Cambrian lithostratigraphic column of the F-169 drill-core in 
Estonia, showing the stratigraphic position of the analyzed sandstones from the Moldova 
and Sämi members within the sedimentary succession. 1 – crystalline basement; 2 – 
coarse-grained sandstones and conglomerates; 3 – fine- to coarse-grained sandstones; 4 – 
fine-grained sandstones with glauconite grains; 5 – mudstones; 6 – alluvial deposits; 7 – 
unconformity; 8 – position of the analyzed samples; MD - Moldova Member; Ja - Jaama 
Member; Mr - Meriküla Member; Lg - Laagna Member; Vrnk - Voronka Formation; Sr - 
Sirgala Member; Kn - Kaanuka Member; Sä - Sämi Member. 
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2.2 Geology of the Volyn Region 

 

The Volyn Region in the northwestern part of Ukraine borders Belarus to the north, 

Poland to the west, and other parts of Ukraine, such as Podillya and Halychyna (Galicia), 

to the south. The eastern part of the Volyn Region is on the northwestern Ukrainian 

Shield, while the western part is on the northwestern slope of the Ukrainian Shield, which 

hosts the Mesoproterozoic Volyn-Orsha aulacogen and the Late Paleozoic Prypyat horst. 

 

The basement in the Volyn Region broadly belongs to the junction zone between 

Sarmatia and Fennoscandia that are two main building blocks of Baltica. The basement 

comprises several SW-NE striking belts, extending parallel to the inferred suture between 

Sarmatia and Fennoscandia. The basement of the northwestern part of the Ukrainian 

Shield belongs to two main tectonic structures: the Teteriv Orogenic Belt and Osnitsk-

Mikashevychi Igneous Belt. The Teteriv Orogenic Belt includes amphibolite-facies 

metamorphic rocks of the Teteriv Series and granitoids of the Zhytomyr and Sheremetiv 

complexes (Yesypchuk et al., 2004). The supracrustal rocks of the Teteriv Series were 

deposited between ca. 2150 and 2100 Ma (Shumlyanskyy et al., 2015b), whereas 

granitoids were emplaced between ca. 2150 and 2040 Ma (Shumlyanskyy et al., 2018; 

Vysotsky et al., 2021). The Osnitsk-Mikashevychi Igneous Belt developed between ca. 

2030 and 1980 Ma on the predominantly juvenile basement of the Teteriv orogenic belt 

in an active continental margin setting (Claesson et al., 2001; Shumlyanskyy, 2014; 
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Bogdanova et al., 2016). Both belts developed due to subduction of the oceanic crust 

between Fennoscandia and Sarmatia under Sarmatia and their ultimate collision.  

 

Further to the west, the Volyn Region basement is buried under the Stenian-Tonian, 

Ediacaran, and Phanerozoic supracrustal units. The thickness of the sedimentary cover 

gradually increases westward towards the margin of Baltica. To the northwest, the 

Osnitsk-Mikashevychi Igneous Belt is in contact with the tectonic unit extending along 

the suture between Sarmatia and Fennoscandia, the Central Belarusian Suture Zone. In 

the Volyn Region, this zone is composed of Paleoproterozoic (ca. 1980-1950 Ma) 

gneisses, amphibolites, gabbros, and granitoids (Melnychuk, 2013; Shumlyanskyy et al., 

2021b).  

 

The oldest sequence of the sedimentary cover is represented by the Stenian-Tonian 

(Riphean) sediments that fill the Volyn-Orsha aulacogen. In Ukraine, these sediments 

belong to the Polissya Series, which is a >800 m thick continental red-bed siltstone-

sandstone succession (Vlasov et al., 1972), deposited in an epicontinental sea setting 

(Gojzhevsky et al., 1984). The maximum age of deposition as defined by detrital zircons 

is ca. 1050-950 Ma (Shumlyanskyy et al., 2015a; Paszkowski et al., 2019). 

 

The erosional upper boundary of the Polissya Series is unconformably overlain by 

terrigenous sediments of the Ediacaran Brody Formation. In the northern part of the 

Volyn Region, the Brody Formation is composed of micaceous siltstones and mudstones 
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with rare pebble- and sand-sized detritus. Sandstones also locally occur. In the southern 

part of the Volyn Region, the Brody Formation is represented by red-colored sandstones 

and siltstones with fragments of the crystalline basement and conglomerates that were 

interpreted as tillites (Kotyk et al., 1976; Hozhyk et al., 2013). The thickness of the 

formation increases from the north (20-30 m) to the south (over 60 m). The Brody 

Formation has been correlated with the glacial deposits of the Vilchanka Series in 

Belarus (Veretennikov et al., 1972; Kotyk et al., 1976; Makhnach et al., 2001).  

 

The Volyn Series is more widely developed. In the Volyn Region, it is represented by a 

thick (up to 500 m), predominantly volcanogenic sequence (Shumlyanskyy et al., 2007; 

Kuzmenkova et al., 2010). The age of the upper part of the Volyn Series has been defined 

as 573 ± 14 Ma based on U-Pb analyses of magmatic zircons (Shumlyanskyy et al., 

2016b). In Ukraine, the Volyn Series comprises, from the bottom to the top, the 

Horbashi, Zabolottya, Babyne, Luchychi, and Ratne formations. All of these formations 

contain mafic volcanic rocks with variable thicknesses and different lithologies 

(Shumlyanskyy et al., 2012). 

 

The Horbashi Formation is widely distributed and is composed of variable grain-size, 

poorly sorted arkosic sandstones and conglomerates with layers of siltstones. Siltstones 

contain pebbles and poorly rounded clasts of quartz, quartzites, and granites. Tuffaceous 

sandstones and picrites that represent initial stages in the development of the Volyn flood 

basalt province also occur locally (Shumlyanskyy et al., 2018). The thickness of the 
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Horbashi Formation varies from 0.4 to 65.6 m. Sandstones contain Leiosphaeridia crassa 

(Naumova) Jankauskas and L. obsuleta (Naumova) Jankauskas microfossils (Ivanchenko 

et al., 2004). 

 

The Zabolottya Formation comprises five to seven flows of olivine-bearing basalts that 

are interlayered with tuffs. The total thickness of the formation is up to 230 m. The 80 to 

230 m thick Babyne Formation is widely distributed and is composed of layered, coarse-

grained basaltic tuffs. In the middle part, it hosts one to two basaltic flows. The Luchychi 

Formation is also widely distributed and is composed of up to five basalt flows 

interlayered with volcanic breccia and conglomerates. The upper boundary of the 

formation is erosional, resulting in a highly variable unit thickness from 0 to 117 m. The 

Ratne Formation represents the uppermost unit of the Volyn Series and correlates with 

the Hrushka Formation of the Podillya Region. It includes the lower Zoryane beds and 

the upper Yakushiv beds. The Zoryane beds include sedimentary and tuffaceous rocks 

such as red-colored siltstones, mudstones (bentonites), brown-green sandstones, and 

variegated conglomerates. The latter contains pebbles of trachyte, granite, and felsic 

volcanic rocks. The thickness of the Zoryane beds varies from 0.6 to 63 m. Fragments of 

Ediacaran filamentous algae Leiosphaeridia sp. and Spumosina rubiginosa (Andreeva) 

Jankauskas et Medvedeva occur in siltstones and sandstones (Ivanchenko et al., 2004). 

The Yakushiv beds are composed of up to seven flows of high-Ti basalts, locally 

interlayered with basaltic tuffs. The thickness of the beds reaches 135 m (Hozhyk et al., 

2013).  
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The Volyn Series is overlain by the Mohyliv-Podilsky and Kanyliv series that belong to 

the Novodnistrovsk and Ushytsya Regional horizons, respectively. The Mohyliv-Podilsky 

Series includes Chartoryi, Roznychi, and Kolky formations. The boundary between the 

Mohyliv-Podilsky and Volyn series is sharp with a conglomerate at the base of the 

Mohyliv-Podilsky Series. Basalts show evidence of surface weathering.  

 

The Chartoryi Formation comprises two parts. The lower part includes siltstones, 

mudstones, sandstones, and conglomerates that contain an admixture of volcanoclastic 

sediments. The thickness of the lower part is about 39.5 m. The upper part of the 

formation comprises interlayered dark-grey and grey micaceous siltstones, mudstones, 

and sandstones having a combined thickness of up to 47 m. According to the microfossils 

found in the Chartoryi Formation, it is correlative with the Lyadova and Yampil beds of 

the Mohyliv-Podilsky Series in the Podillya Region (Ivanchenko et al., 2004). The 

Roznychi Formation is composed of interlayered brown-red conglomerates, sandstones, 

and siltstones. The thickness of the formation varies from 28 to 43 m, and it correlates 

with the Yaryshiv Formation in the Podillya Region (Ivanchenko, 2007).  

 

The Kolky Formation consist of two parts. The lower part comprises pink and light-grey 

arkosic sandstone of variable grain size with pebbles at the bottom, or an interlayering of 

mudstones, siltstones, and sandstones. The thickness of the lower part varies from 14 to 

36 m. The upper part is composed of variegated mudstones and siltstones with rare 



 142 

sandstone beds. The thickness of the upper part varies from 16 to 34 m. The Kolky 

Formation contains microfossils that occur in the Kalyus beds in the Podillya Region 

(Ivanchenko, 2007). 

 

The Kanyliv Series in the Volyn Region belongs to the Ushytsya Regional Horizon and 

completes the succession of the Ediacaran deposits in the area. It is composed of the 

Rakiv and Zhytnivka formations. The Rakiv Formation transgressively overlies the 

Mohyliv-Podislky Series. The boundary is marked by the unconformity, hiatus, and 

weathering horizon. The Rakiv Formation contains light-grey arkose sandstones and 

siltstones that vary in thickness from 12 to 35 m. The Zhytnivka Formation is a thick (up 

to 135 m) sequence of greenish-grey siltstones and sandstones. The Rakiv and Zhytnivka 

formations correlate with the Zharnivka and Krushanivka formations and the Studenytsya 

Formation in the Podillya Region, respectively (Ivanchenko et al., 2004). 
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Figure 4.5. Lithostratigraphic column of the N61 and N66 drill-cores (Ukraine), showing 
the stratigraphic position of the studied Ediacaran sandstones of the Chartoryi and 
Roznychi formations, and of the Horbashy Formation, respectively, within the 
sedimentary succession. 1 – basalts; 2 – basaltic tuffs; 3 – tuff breccias; 4 – tuffs; 5 – 
tuffitic sandstones; 6 – medium- to coarse-grained sandstones; 7 – fine-grained 
sandstones; 8 – mudstones; 9 – unconformity; 10 – position of the studied samples. 
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3. SAMPLING AND METHODOLOGY 

 

In this study, we report the results of U–Pb detrital zircon analysis of three sandstone 

samples collected from F-169 drill-core located in northeastern Estonia (Fig. 4.2A) and 

four sandstone samples from 61, 66, and 4374 drill-cores located in the Volyn Region of 

Ukraine (Fig. 4.2B).  

 

In Estonia, sample K194 was collected from the basal part of the Moldova Member of the 

Ediacaran Gdov Formation, at a depth of 194.1 m, whereas samples L80 and L88 are 

from the Sämi Member of the Lower Cambrian Lontova Formation from 80.5 and 88.0 m 

depth, respectively (Fig. 4.4).  

 

The sampled sandstones from the Moldova Member of the Gdov Formation are brown, 

medium-grained, weakly cemented, and well-sorted; quartz and feldspar grains are 

rounded to well rounded. The sampled sandstone beds from the Sämi Member of the 

Lontova Formation contain glauconite grains and, occasionally, flattened phosphatized 

pebbles. 

 

In the Volyn Region (Fig. 4.5), sample 61/126 was collected from the upper part of the 

Roznychi Formation of the Ediacaran Mohyliv-Podilsky Group, at a depth of 126.0 m, 

whereas sample 61/212 was collected at a 212.0 m depth from the Chartoryi Formation of 

the same Mohyliv-Podilsky Group. Sample 66/221 was collected at a depth of 221.5 m 
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from the basal part of the Horbashy Formation of the Ediacaran Volyn Group. Sample 

4374/102 was collected at a depth of 102.0 m from the Ediacaran Brody Formation. 

 

The sampled coarse-grained sandstone to conglomerate from the Roznychi Formation 

contains quartz pebbles and heavily altered clasts of K-feldspar and volcanic rocks. 

Conglomerate forms thin (few centimetre-thick) beds in medium-grained sandstones, 

siltstones, and tuffaceous siltstones. Conglomerates developed at the base of the 

Chartoryi Formation contain small basalt pebbles derived from the Volyn Series and are 

overlain by the 40 meters thick tuffaceous sandstones and siltstones. The sampled 

sandstone to conglomerate from the Horbashy Formation is light-gray to light-green, 

fine- to coarse-grained, weakly cemented, and quartzitic to arkosic in composition. It 

contains clasts of quartz and K-feldspar and forms up to 20 cm thick beds in tuffaceous 

sandstones and tuffs. The studied sandstones from the Brody Formation are red-colored 

and contain small pebbles. 

 

U–Pb zircon geochronology was performed at the University of California, Santa 

Barbara, using a Nu Plasma HR MC-ICP-MS and a Photon Machines Analyte Excite 193 

nm excimer ArF laser-ablation system equipped with a HelEx sample cell. Spots were 

ablated during a 15-second analysis, run at 4 Hz and ~1 J/cm2, yielding pit depth of ~5 

µm. Analyses were preceded by a 15-second baseline measurements and analyses of 

unknowns were calibrated using the 91500 reference material (1062.4 ± 0.4 Ma; 

Wiedenbeck et al., 1995), which was analyzed after approximately every 10 analyses. For 
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quality control, secondary reference materials, including GJ-1 (601.7 ± 1.3 Ma; Jackson 

et al., 2004; Kylander-Clark et al., 2013) and Plešovice (337.13 ± 0.37 Ma; Sláma et al., 

2008), were analyzed and yielded dates within 2% of the accepted 206Pb/238U ages. All 

errors are reported within 2σ. 

 

The kernel density estimation (KDE) plots were generated by using the Python 

pandas.DataFrame.plot.kde library. The selected estimator bandwidth was the ‘scott’ 

method, which was set to a value of 0.05. 

4. RESULTS 

The results of LA-ICP-MS U–Pb zircon dating of sandstone samples from Estonia and 

the Volyn Region are provided in the Supplementary Information. A total of 228 and 535 

analyses were performed, respectively. Six hundred ninety analyses (~90 %) yielded <5 

% discordant data. Most of the age clusters defined in this work, except one, are 

dominated by concordant dates. 

 

4.1. Estonia 

 

Sample K194 (from the Moldova Member of the Gdov Formation; Ediacaran Kotlin 

Regional Stage) yielded four detrital zircon age populations. The oldest detrital zircon 

age cluster is represented by relatively few concordant dates between ca. 2065 and 1880 

Ma. The two-mode distribution of 207Pb/206Pb dates within this peak indicates two 
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separate zircon populations. The oldest population has a 207Pb/206Pb weighted average age 

of 2083 ± 55 Ma, whereas the second population has a 207Pb/206Pb weighted average age 

of 1929 ± 21 Ma. 

 

The second cluster of detrital zircon dates for the sample comprises a group with 

concordant results. Their significant spread along the concordia does not allow 

calculation of concordia or precise upper intercept date. Their 207Pb/206Pb weighted 

average date is 1803 ± 18 Ma. The third cluster of detrital zircon dates form a tight 

concordant group with the concordia age of 1641 ± 11 Ma. 

 

Sample L88 (Sämi Member of the Cambrian Lontova Formation) includes zircons that 

form four clusters of dates. The oldest cluster is poorly defined and represented by a 

group of zircons that yielded concordant dates ranging from 1896 to 1692 Ma; the 

weighted average age is 1790 ± 40 Ma. Considering the large MSWD value of 200, these 

zircons likely belong to several age groups. The remaining three clusters are formed by 

concordant zircon dates with the following concordia ages: 1577 ± 10, 1485 ± 11, and 

1246 ± 30 Ma. 

 

The last sample, L80 (Sämi Member of the Cambrian Lontova Formation), has five well-

defined date clusters and three grains that do not belong to any of these five clusters. The 

oldest three clusters are formed by concordant to nearly concordant zircon dates with a 

rather wide spread along the concordia that makes it impossible to calculate neither the 
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concordia nor reasonable upper intercept dates. Instead, we calculated 207Pb/206Pb 

weighted average dates for these clusters. These dates are 1828 ± 25 Ma (MSWD = 18), 

1682 ± 21 Ma (MSWD = 50), and 1576 ± 4 Ma (MSWD = 18). The last two clusters are 

comprised of concordant dates with concordia ages of 1483 ± 7 and 1213 ± 20 Ma. There 

are also three single grains with 207Pb/206Pb dates of 2452 ± 18, 1977 ± 5, and 960 ± 12 

Ma. 

 

The Ediacaran sample differs from the two Cambrian samples by the oldest populations 

(2083 ± 55 and 1929 ± 21 Ma), and the absence of zircons younger than ca. 1600 Ma. 

Zircons with an age of ca. 1800 Ma are present in all three samples. The next, younger 

clusters have dates of 1641 ± 11 Ma (sample K194) and 1682 ± 21 Ma (sample L80). The 

ages of these clusters are significantly different, and they may have been derived from 

different sources. The next three clusters are only shown by the Cambrian samples. Two 

clusters have overlapping, well-defined ages (1576 ± 4 Ma and 1577 ± 10 Ma, and 1483 

± 7 Ma and 1485 ± 11 Ma for samples L80 and L88, respectively). The youngest clusters 

for both Cambrian samples have ages of 1213 ± 20 and 1246 ± 30 Ma, again overlapping 

within an error. 
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Figure 4.6. Plot of Th/U ratio versus age for zircons from Estonia and the Volyn Region of 
Ukraine, respectively. Most of the Th/U ratios indicate magmatic origin for zircons. 
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likely reflecting their metamorphic or hydrothermal origin. There is no correlation 

between Th/U ratios and age (see Fig. 4.6). 

 

4.2 Volyn Region of Ukraine 

 

The youngest studied sample (61/126), from the Roznychi Formation of the upper 

Mohyliv-Podilsky Group, contains three well-defined zircon populations. The youngest 

one yielded a tight concordia age of 573 ± 3 Ma. Other two populations yielded upper 

intercept ages of 1792 ± 5 and 1502 ± 3 Ma.  

 

The next sample (61/212) is from the Chartoryi Formation of the lower Mohyliv-Podilsky 

Group. It contains two well-defined zircon populations, having the concordia age of 1506 

± 5 Ma and the upper intercept age of 1834 ± 6 Ma. Three zircon grains have dates older 

than 3000 Ma.  

 

Zircons from sample 66/221 of the Horbashy Formation, the lowermost Volyn Group, 

define two major and two minor populations. The youngest one is represented by two 

grains with a concordia age of 1253 ± 16 Ma. The next population contains numerous 

(67) zircon grains with a very tight upper intercept age of 1505 ± 10 Ma. In contrast, the 

next population is widespread along the concordia, with 207Pb/206Pb ages varying between 

1881 ± 28 and 1729 ± 30 Ma. The 207Pb/206Pb weighted average age for this population is 



 152 

1778 ± 19 Ma. However, several peaks at ca. 1880, 1820, and 1740 Ma can be identified 

within this population. Lastly, two zircon grains in this sample yielded concordia age of 

2567 ± 17 Ma.  

 

Zircons of the oldest sample (4374/102; Brody Formation) form four populations. The 

youngest one yielded an upper intercept age of 1204 ± 26 Ma. The next population, most 

abundant in this sample, yielded a very tight upper intercept age of 1481 ± 15 Ma. The 

last two populations have close, but distinguishable, ages of 1783 ± 12 Ma (concordia 

age) and 1818 ± 37 Ma (upper intercept age).  

 

The important feature of detrital zircon age distribution for the studied units is the rarity 

of Archean ages: only five grains yielded Neoarchean (2 grains) and Mesoarchean (3 

grains) dates. The ca. 1830-1820 Ma detrital zircon age population was found in three of 

the four samples, except for the uppermost Roznychi Formation. The ca. 1790-1780 Ma 

detrital zircon age population was also observed in three samples, but not in the 

conglomerate of the Chartoryi Formation. The most prominent age population in all the 

studied samples is at ca. 1500 Ma; its abundance varies from 58% in the Brody 

Formation to 81% in the Chartoryi Formation. The next population having an age of ca. 

1250-1200 Ma is shown by the two stratigraphically lowermost samples representing the 

Brody and Horbashy formations, but it is entirely lacking up section. The youngest 

population (573 ± 3 Ma) has been found in a single sample representing the uppermost 

Roznychi Formation.  
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The high Th/U ratios (mostly between 0.2 and 4) of zircons in the studied samples are 

consistent with their magmatic origin. Only one zircon is characterized by a low Th/U 

ratio (<0.1), likely reflecting its metamorphic or hydrothermal origin. There is no 

observable correlation between zircon Th/U ratios and the age (Fig. 4.6). 

5. DISCUSSION 

 

5.1 Possible sources for detrital zircons 

5.1.1 Estonia 

 

As summarized above, detrital zircon U–Pb ages for the K194, L88, and L80 samples 

define several major clusters of the Paleoproterozoic and Mesoproterozoic dates.  

 

There are several potential source areas within Fennoscandia that correspond to the 

obtained clusters (Figs. 4.7A and B). These include the Archean Kola-Karelia craton, 

numerous massifs of A-type rapakivi granites, and lithotectonic units belonging to the 

Svecofennian and Sveconorwegian orogens (Kozlovskaya et al., 2008; Bogdanova et al., 

2015; Hölttä et al., 2020). On the Fennoscandian Shield, the widespread Archean crust 

yields U–Pb zircon ages ranging between 3100–2900 Ma and 2800–2600 Ma 

(Kozlovskaya et al., 2008; Hölttä et al., 2020). The Paleoproterozoic lithotectonic units 

include igneous and metamorphic rocks associated with the ca. 1950–1850 Ma 
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Svecofennian Orogen and ca. 1850–1650 Ma granites and volcanic rocks of the 

Transscandinavian Igneous Belt (TIB) (Bogdanova et al., 2001, 2008; Söderlund et al., 

2005; Lahtinen et al., 2005; Nironen 1997; Korja et al. 2006; Larson and Berglund, 1992; 

Andersson et al., 2004; Gorbatschev, 2004). The Mesoproterozoic units of Fennoscandia 

that could have been potential sediment sources include granitoids and volcanics formed 

at ca. 1500–1400 Ma and the granite-syenite complex intruded at ca. 1220–1200 Ma 

(Bingen and Viola, 2018). The westernmost Telemark lithotectonic unit records 

magmatism at ca. 1520–1480 Ma and bimodal volcanism between ca. 1280 and 1145 Ma 

(Bingen et al., 2008; Bogdanova et al., 2008; Johansson et al., 2016; Bingen and Viola, 

2018). The Sveconorwegian Orogen, which is an extension of the Grenvillian orogenic 

belt, yields U–Pb zircon ages varying from 1200 to 900 Ma (e.g., Gaal and Gorbatschev, 

1987; Söderlund et al., 2005; Bogdanova et al., 2008; 2016; Bingen et al., 2008; Möller et 

al. 2015; Lundmark and Lamminen, 2016). The massif-type anorthositic rocks and 

related A-type rapakivi granites of the anorthosite–mangerite–charnockite–granite 

(AMCG) intrusive suites widely developed on Fennoscandia were intruded at ca. 1650–

1500 Ma (e.g., Amelin et al. 1997; Rämö et al. 2014; Wiszniewska et al., 2007; Skridlaite 

et al., 2008; Heinonen et al., 2010; 2015; Soesoo et al., 2020). 

 

Although the Archean rocks are common in Baltica and should have been a significant 

source of detrital zircons to Baltica’s sedimentary basins (e.g., Valverde-Vaquero et al., 

2000; Isozaki et al., 2014; Paszkowski et al., 2019), no zircons having ages ca. 3500–

2500 Ma have been identified in our samples. Zircons with the late Paleoproterozoic ages 
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(ca. 1930 and 1800 Ma) were likely derived from the Svecofennian Orogen, while 

zircons with ca. 1682, 1641, 1576, and 1485 Ma ages were probably sourced from the 

felsic intrusive rocks associated with the AMCG complexes. The youngest, ca. 1220 Ma 

peak could have been derived either from the ca. 1220–1200 Ma granite-syenite complex 

or bimodal igneous rocks of the ca. 1280–1145 Ma Telemark terrane. 

 

Fig. 4.8C summarizes the detrital zircon age populations from the Ediacaran and 

Cambrian sandstone samples K194, L88, and L80 and also displays at the same scale the 

results from Estonia published by Isozaki et al. (2014) and Põldvere et al. (2014). Data 

are plotted as Kernel Density Estimation diagrams. All figures use only zircons with 

concordant dates. All samples share an almost identical detrital zircon age spectrum, 

which is characterized by two distinct age populations in all three samples: 

Paleoproterozoic (2000–1700 Ma) and predominantly Mesoproterozoic (1680–1220 Ma). 

Comparison of the composite detrital zircon age distribution from our study with those 

from Isozaki et al. (2014) and Põldvere et al. (2014) for sandstone samples from the 

Kotlin and Lontova formations, especially samples VKT and VLN, shows that the spectra 

contain the same overall age range. 

 

The cumulative detrital zircon age distribution diagram (Fig. 4.8C) suggests that detrital 

zircon modes from the studied sedimentary units could be fully accounted for with 

Baltica provenance and are thus not useful for testing Baltica-centered plate 

reconstructions. All three samples show detrital zircon dates that are much older than the 
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time of deposition. Consequently, the detrital zircon age spectra for the Moldova and 

Sämi member sandstones (Gdov and Lontova formations) reflect the age of the 

crystalline basement and lack contribution from syn-depositional volcanic activity. 
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Figure 4.7. Paleogeographic map of western Baltica during (A) the late Ediacaran – 
Early Cambrian (Kotlin – Lontova regional stages) time and (B) Early Cambrian 
(Dominopol Regional Stage) time, showing possible provenance for detrital zircons in the 
Estonian samples; and (C) Laplandian – Volyn regional stages and (D) Redkino Regional 
Stage, both of the Late Ediacaran age, showing possible provenance for detrital zircons in 
the Volyn Region samples (modified from Nikishin et al., 1996; Poldvere et al., 2014). 
The late Ediacaran to Early Cambrian Timanian Orogen (cf. Gee et al., 2000; Pease et al., 
2004; Kuznetsov et al., 2007), shown to the north of Murmansk, bordered Baltica to the 
northeast, whereas the inferred pre-Scythian and Santacrusades orogens with the broadly 
similar age (cf. Kheraskova et al., 2015; Żelaźniewicz et al., 2020), shown to the 
southeast of Lviv, sutured Baltica along its southwestern-western margin. B shows 
docking of Timan to Baltica between late Early and early Middle Cambrian, based on 
recent age constraints (Kuznetsov et al., 2014a, 2014b). 
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Figure 4.8. Comparison of detrital zircon age spectra (KDE plots) of the late Ediacaran - 
Early Cambrian sedimentary rocks from A. northeastern Baltica (White Sea area, Russia) 
B. central Baltica (northwestern Russia); C. central Baltica (Estonia); D. western Baltica 
(Eastern Poland); E. western Baltica (Belarus); F. southwestern Baltica (western 
Ukraine); G. southwestern Baltica (Moldova and southwestern Ukraine). A significant 
change in the detrital zircon age patterns is expressed in all regions during the Kotlin 
Regional Stage or later.  
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5.1.2 Volyn Region 
 

Detrital zircon U–Pb dates obtained for the 61/126, 61/212, 66/221, and 4374/102 

samples define several major clusters with the Paleoproterozoic, Mesoproterozoic, and 

Neoproterozoic ages. There are several potential source areas within Baltica that 

correspond to the obtained clusters (Figs. 4.7C and D). 

 

Rare Archean zircon grains are present in the Horbashy and Chartoryi formations. Their 

content is surprisingly low, considering the widespread distribution of the Archean units 

on the Ukrainian Shield (e.g., Shcherbak et al., 2005; Claesson et al., 2015, 2019). 

Further, while the Volyn Region is underlain by the ca. 2100-1950 Ma Paleoproterozoic 

basement, which also crops out nearby in the northwestern part of the Ukrainian Shield 

(e.g., Bogdanova et al., 2001; 2016; Claesson et al., 2001; Melnychuk, 2013; 

Shumlyanskyy, 2014; Shumlyanskyy et al., 2018; 2021a; Stepanyuk et al., 2017; 

Ponomarenko et al., 2014), detrital zircons of this age are completely absent in the 

studied Ediacaran rocks from the Volyn Region.  

 

The oldest zircon population has an age of 1830-1820 Ma.  It is significantly younger 

than the Paleoproterozoic granitoids widely distributed in the area. In contrast, igneous 

and metamorphic rocks associated with the ca. 1950–1850 Ma Svecofennian Orogen 

(Bogdanova et al., 2001, 2008; Lahtinen et al., 2005; Nironen 1997; Korja et al. 2006) are 

a possible source of detrital zircons for this population. The ca. 1850–1650 Ma granites 

and volcanic rocks of the Transscandinavian Igneous Belt (TIB; Bogdanova et al., 2001, 
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2008; Söderlund et al., 2005; Lahtinen et al., 2005; Nironen 1997; Korja et al. 2006; 

Larson and Berglund, 1992; Andersson et al., 2004; Gorbatschev, 2004) and ca. 1860-

1760 Ma igneous rocks of the Mid-Baltic Belt in Lithuania (Skridlaite et al., 2021) could 

have also provided detrital zircons to the sedimentary basin. 

 

The next population of zircons has an age of ca. 1790-1780 Ma. This age exactly 

corresponds to the time of emplacement of the Korosten AMCG complex in the 

northwestern part of the Ukrainian Shield, which is proximal to the Volyn basin 

(Shumlyanskyy et al., 2017; 2021c) and to the time of formation of the Prutivka-Novogol 

Large Igneous Province (Shumlyanskyy et al., 2012, 2016b, 2021a; Duchesne et al., 

2017).  

 

The most abundant population of zircons has 1500-1480 Ma age. The Ukrainian Shield 

does not host any known igneous rocks younger than ca. 1720 Ma and, therefore, cannot 

be considered as a source for this zircon population. The large Mazury AMCG Complex 

in northeastern Poland formed at 1548–1499 Ma (Wiszniewska et al., 2007; Wiszniewska 

and Krzeminska, 2021; Skridlaite et al., 2008) might be a possible source for zircons of 

this age range found in the Ediacaran samples from the Volyn Region. Similarly, some 

igneous rocks in southern and western Norway and Sweden crystallized at ca. 1500 Ma 

(Andersen et al., 2002, 2009) and might also be a possible source of detrital sediments for 

the analyzed samples. 
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The next population of zircons crystallized at ca. 1250-1200 Ma and is unique to the 

samples of the Horbashy and Brody formations. This detrital zircon population could 

have been derived either from the ca. 1220–1200 Ma granite-syenite complex of 

Fennoscandia (Bingen and Viola, 2018) or bimodal igneous rocks of the ca. 1280–1145 

Ma Telemark terrane (Bingen et al., 2008; Bogdanova et al., 2008; Johansson et al., 2016; 

Bingen and Viola, 2018). 

 

The youngest detrital zircon population yielded an age of 573 ± 3 Ma and is confined to 

the sample from the Roznychi Formation. This population was most likely been derived 

from the magmatic rocks of the Volyn flood basalt province (Shumlyanskyy et al., 

2016b; Poprawa et al., 2020). While both the Roznychi and Chartoryi formations of the 

Mohyliv-Podilsky Group are younger than the Volyn flood basalt province, there are no 

zircons of this age in the Chartoryi Formation. The distribution plots for the Roznychi 

and Chartoryi formations are similar, with the ca. 573 Ma detrital zircon population being 

the only difference. A similar detrital zircon age cluster with a range between ca. 579 and 

545 Ma has been found in the sedimentary rocks of the Volyn Group in Belarus 

(Paszkowski et al., 2019). The latter authors also inferred derivation of detrital zircons 

from the Volyn flood basalt province. The formations in Belarus that are stratigraphically 

equivalent to the Roznychi Formation in the Volyn Region (Nizov and Selsk formations) 

did not yield zircons with a similar age cluster. 
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5.2 Comparison with other areas within Baltica 

 

Previous studies of detrital zircons from the Ediacaran and Cambrian rocks of Baltica 

have been focused on the western (Poland and Belarus), southwestern (Podillya Region 

of Ukraine and Moldova) and central (northwestern Russia) parts of the craton. By 

combining our own and previously published detrital zircon age data and within the 

framework of the tectonic history of Baltica, we propose a comprehensive scenario for 

the late Ediacaran to Early Cambrian paleogeographic evolution of southwestern, central, 

and western Baltica (Fig. 4.9). 
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Figure 4.9. (A) Location of the studied Ediacaran samples from the Ediacaran - Early 
Paleozoic basins of Baltica and directions of the detrital sediment transport; (B) 
Schematic map showing the late Ediacaran position of Baltica (modified after Merdith et 
al., 2017). (C) Location of the studied Cambrian samples from the Ediacaran - Early 
Paleozoic basins of Baltica and directions of the detrital sediment transport; (D) 
Schematic map showing the Early Cambrian position of Baltica (modified after Merdith 
et al., 2017). (A) and (B) are modified from the schematic tectonic map of Baltica 
(Bogdanova et al., 2016). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 167 

The Ediacaran and Cambrian units from the western margin of Baltica, specifically from 

eastern Poland (Valverde-Vaquero et al. 2000; Żelaźniewicz et al., 2020) and Belarus 

(Paszkowski et al., 2019), show several prominent peaks in detrital zircon age 

distribution. The Ediacaran and Early Cambrian units have yielded detrital zircon modes 

at 1900 to 1800 Ma, 1700 to 1500 Ma, and 579 to 545 Ma. The latter cluster is 

considered to be derived from the Ediacaran Volyn flood basalts (cf. Paszkowski et al., 

2019). The Mesoproterozoic (ca. 1700–1500 Ma) zircons are similar in age to granites 

and gneisses from the island of Bornholm (Johansson et al., 2016) and rapakivi granites 

of southwestern Fennoscandia (Heinonen et al., 2010, 2015). The exposed topographic 

highs of the Svecofennian basement (Żelaźniewicz et al., 2020) could have been the 

source for the 1900–1800 Ma zircons. The Early Cambrian units show a slightly different 

provenance from that of the Ediacaran units. Their detrital zircon distribution pattern is 

dominated by ca. 1500 Ma dates, while ca. 1850–1700 Ma and ca. 1100 Ma zircons are 

less abundant, and the Ediacaran ones are absent. The Middle Cambrian units indicate a 

significant change in provenance in western Baltica before their deposition during the 

Dominopol Regional Stage. The Middle Cambrian detrital zircon distribution pattern is 

dominated by ca. 670–540 Ma dates, accompanied by a minor ca. 1500 Ma peak, and 

prominent ca. 2100–2000 Ma and ca. 2700–2500 Ma peaks. This age spectrum, being 

consistent with the continued supply from the Sveconorwegian and Svecofennian 

orogens, and Karelia-Kola craton (or Ukrainian Shield), also indicates a significant 

delivery of detrital materials from the Ediacaran sources. Żelaźniewicz et al. (2020) and 

Valverde-Vaquero et al. (2000) considered that the Neoproterozoic cluster indicates the 
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development of a Neoproterozoic orogenic belt at the southwestern margin of Baltica at 

the end of the Ediacaran - beginning of the Cambrian.  

 

For the southwestern margin of Baltica, which includes the territory of Moldova and the 

Podillya Region of Ukraine, the Ediacaran units reveal multiple detrital zircon age peaks 

(Roban et al., 2020; Francovschi et al., 2021; Paszkowski et al., 2021). Archean zircons, 

ranging in age from 2900 to 2600 Ma, were likely derived from the Archean domains of 

Sarmatia, presently exposed on the Ukrainian Shield. Zircons dated between 2200 and 

1900 Ma were likely derived from the Paleoproterozoic belts of Sarmatia (Claesson et al., 

2015, 2019; Stepanyuk et al., 2017; Shumlyanskyy et al., 2018, 2021a). The Belarusian 

crystalline basement (Paszkowski et al., 2019) and the Ukrainian Shield (Ponomarenko et 

al., 2014; Shumlyanskyy, 2014) could have supplied the ca. 1945 Ma zircons. The most 

abundant ca. 1780 Ma mode corresponds to the age of the Korosten AMCG complex 

(Shumlyanskyy et al., 2017; 2021c) and Prutivka-Novogol Large Igneous Province 

(Shumlyanskyy et al., 2012, 2016b, 2021b; Duchesne et al., 2017). The numerous 

Fennoscandian AMCG suites formed at ca. 1660–1450 Ma are also potential sources of 

terrigenous sediments for the Moldova-Podillya basin (Paszkowski et al., 2021). The 

source of the youngest detrital zircon mode at ca. 620–535 Ma might be linked to the 

Volyn flood basalt province (Kuzmenkova et al., 2010; Shumlyanskyy et al., 2016b), 

felsic volcanic activity on the adjacent continents, such as Laurentia and Amazonia that 

were proximal at that time to Baltica (Weber et al., 2020; Youbi et al., 2020), or the arc 

magmatic activity on terranes subsequently incorporated into the pre-Scythides and 
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Santacrusades orogens located along the southwestern and western margins of Baltica 

(Żelaźniewicz et al., 2009, 2020; Buła and Habryn, 2011; Paszkowski et al., 2021; Collett 

et al., 2022). 

 

Lastly, the Ediacaran - Cambrian units from the central part of Baltica (northwestern 

Russia) have been studied by Ershova et al. (2019). The late Ediacaran samples yielded 

major zircon peaks at ca. 2000 to 1850 Ma and ca. 1600 to 1550 Ma. Middle 

Paleoproterozoic dates (ca. 1950–1850 Ma) correspond to the age of the Svecofennian 

Orogeny. The other prominent zircon peak, which ranges in age between ca. 1600 and 

1550 Ma, corresponds to the Fennoscandian rapakivi granite complexes. Archean zircons 

are rare, with peaks at ca. 2800 and 2670 Ma, corresponding in age to the accretionary 

events, which led to the formation of the Karelia-Kola craton (Bogdanova et al., 2008). 

The uppermost upper Ediacaran to lowermost Lower Cambrian stratigraphic interval is 

characterized by a wide range of dates from ca. 2800 to 530 Ma. Neoarchean dates (ca. 

2700–2500 Ma) correspond to the known accretionary events in Fennoscandia. Zircon 

dates of ca. 1950–1800 Ma could represent magmatic events in the Svecofennian Orogen. 

Most of the zircons falling in the ca. 1800–1600 Ma age range might be derived from the 

Transscandinavian Igneous Belt. Detrital zircon clusters with the ca. 1600–1500, 1300–

1200, and 1100–950 Ma ages closely correspond to the magmatic events in the 

Sveconorwegian Orogen. Ershova et al. (2019) suggested that the source of ca. 554 Ma 

detrital zircons for the units corresponding to the uppermost upper Kotlin Regional Stage 

was from the Timanian Orogen. However, a recent study, based on microfossils, 
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suggested that the units of the uppermost upper Kotlin Regional Stage in the Saint 

Petersburg area (the upper part of the Vasileostrovskaya Formation) likely belong to the 

Early Cambrian Lontova Regional Stage (Kushim et al., 2016). Thus, the sediment 

supply from the Ediacaran provenance started during the Early Cambrian Lontova 

Regional Stage in the Saint Petersburg area.  

5.3 General patterns in the Ediacaran - Cambrian evolution of Baltica sedimentary basins  

 

Detrital zircons data from several regional studies indicate complex evolution of the 

sedimentary basins of Baltica during the late Ediacaran to the Early to Middle Cambrian 

time interval. In the case of Estonia, despite sampling at different stratigraphic positions, 

detrital zircon age peaks are broadly similar, suggesting only minor changes in the 

provenance during deposition in the Baltic basin. Comparison with detrital zircon age 

distribution trends for the Ediacaran (Kotlin Regional Stage) and Early Cambrian 

(Lontova Regional Stage) (Isozaki et al., 2014) demonstrates the same age peaks as those 

identified in our study, consistent with an invariable provenance during deposition of the 

late Ediacaran to Early Cambrian units in Estonia (Fig. 4.8C). Nielsen and Schovsbo 

(2011) suggested that the Early Cambrian transgression was largely controlled by the 

development of a successor, extensive sag (‘steer-horn’) basin after the inversion of the 

late Neoproterozoic Volyn-Orsha Rift in Belarus and Ukraine. For the central part of 

Baltica with an east-facing slope (e.g., Baltic basin in Estonia), terrigenous sediments 

were delivered mostly from the areas to the north and west of the basin, i.e., from the 

central and western parts of the Fennoscandian Shield. In particular, the prominent age 
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peak at ca. 1650 to 1500 Ma in all samples is noteworthy since it suggests derivation 

from the rapakivi granitic suites of the Fennoscandian Shield during the late Ediacaran to 

Early Cambrian (throughout the Lontova Regional Stage; Fig. 4.7A). In contrast, new 

detrital zircon age peaks appear during deposition of the Early Cambrian Dominopol 

Regional Horizon (Isozaki et al., 2014; Põldvere et al., 2014), suggesting a major change 

in the provenance (Fig. 4.7B). Specifically, the overall input from the ca. 1650–1500 Ma 

rapakivi granites significantly decreased with an associated increase in the input of 

zircons clustering in three age groups: Archean, Stenian-Tonian (ca. 1300–900 Ma), and 

Neoproterozoic-Early Cambrian. Appearance and persistent presence of ca. 1300–900 

Ma detrital zircons during deposition of the Dominopol Regional Horizon indicates 

terrigenous flux from the Sveconorwegian basement in western Baltica. Decrease in the 

Mesoproterozoic rapakivi granite-derived sediments and an increase in the abundance of 

the Neoproterozoic-Early Cambrian zircons suggest tectonically induced change in the 

provenance before deposition of the Early Cambrian Dominopol Regional Horizon 

started. Furthermore, the detrital zircon age distribution of the Dominopol Regional 

Horizon is similar to that of the Devonian units (Põldvere et al., 2014), suggesting that 

the provenance of the Baltic basin did not change until sometime after deposition of the 

Devonian succession. The Dominopol Regional Horizon in Estonia is characterized by 

detrital zircons with ages that are close to the depositional age (e.g., the difference 

between zircon crystallization age and sediment depositional age is <100 Ma for >25% of 

the zircon population in both samples), indicating either a convergent or collisional 

basinal setting (Cawood et al., 2012). Therefore, at the onset of the Dominopol Regional 
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Stage, during a relatively short time interval (5 to 10 m.y.), the provenance for 

sedimentary successions deposited in Estonia (Fig. 4.10) changed. Possibly, more than 

one source of Neoproterozoic zircons existed at that time at Baltica’s exterior, one of 

which could have been the Timanian Orogen (Isozaki et al., 2014; Sláma and Pedersen, 

2015; Ivleva et al., 2016, 2018; Sláma, 2016; Ershova et al., 2019). Another possible 

source might have been located at the southwestern to western margin of Baltica, where 

Neoproterozoic terranes (e.g., pre-Scythia and Brunovistulia), which broke away from 

cratons that later formed Gondwana (e.g., São Francisco or Congo), collided with Baltica, 

giving the rise to the pre-Scythides and Santacrusades orogens (Żelaźniewicz et al., 2009, 

2020; Buła and Habryn, 2011; Kheraskova et al., 2015; Kuznetsov and Romanyuk, 2021; 

Collett et al., 2022). The latter sources, although plausible, are poorly constrained and 

were likely located far from Estonia. 

 

In comparison to other Ediacaran to Early Cambrian basins of Baltica, the Moldova-

Podillya-Volyn basin might have experienced more complex evolution during the late 

Ediacaran - Early Cambrian (Fig. 4.10). This might be related to its collision with the 

Neoproterozoic terranes (e.g., pre-Scythia and Brunovistulia) potentially separated from 

Amazonia (cf. Żelaźniewicz et al., 2020; Collett et al., 2022). The earliest change in the 

provenance happened after deposition of the lower to middle parts of the upper Redkino 

Regional Horizon in the Moldova-Podillya-Volyn basin (Figs. 4.8F and G). At that time, 

sediment supply from the Fennoscandian Shield, in contrast to the Volyn and Redkino 

Regional horizons of Belarus, contributed only a minor cluster of detrital zircons 
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characteristic of the Fennoscandian AMCG plutons (Paszkowski et al., 2019). During this 

period, sediments to the Moldova-Podillya-Volyn basin were predominantly supplied 

from the adjacent Paleoproterozoic belts of Sarmatia, with only a weak, if any, 

contribution from Fennoscandia. There was a progressive change in the provenance from 

Sarmatia back to Fennoscandia during deposition of the upper part of the Redkino 

Regional Horizon in Moldova and southwestern – western Ukraine (Paszkowski et al., 

2021). Considerable changes in the tectonic setting and sea level took place after 

deposition of the Redkino Regional Horizon: the sedimentary basin became smaller 

(Bukatchuk, 1973; Bukatchuk et al., 1988), which led to a major hiatus followed again by 

a change in the provenance. The lowermost Kotlin Regional Horizon of the Moldova-

Podillya-Volyn basin predominantly contains Ediacaran detrital zircons with only a 

minor component of older detrital zircons, implying derivation from an adjacent volcanic 

arc (Paszkowski et al., 2021) within a foreland basin setting (cf. Cawood et al., 2012), 

developed on the SW margin of Baltica (Kheraskova et al., 2015; Żelaźniewicz et al., 

2020). During deposition of the middle to upper parts of the Kotlin Regional Horizon, the 

volcanic arc/orogenic source remained important (Paszkowski et al., 2021), but there was 

also a renewed supply of terrigenous sediments from the Archean and Paleoproterozoic 

units of the Ukrainian Shield. The Early Cambrian Rivne Regional Horizon in the 

Moldova-Podillya-Volyn basin (Paszkowski et al., 2021), Belarus (Paszkowski et al., 

2019), Estonia (Isozaki et al., 2014; Põldvere et al., 2014), Russian part of the Baltic 

Monocline (Kuznetsov et al., 2011; Ivleva et al., 2016; Ershova et al., 2019), and 

Scandinavia (Lorentzen et al., 2018) have similar detrital zircon age patterns with the age 
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spectrum dominated by the sediments derived from Fennoscandia and late 

Neoproterozoic volcanic arcs. We thus consider that the Moldova-Podillya-Volyn basin 

represents a distal part of the foreland basin to the pre-Scythian and Santacrusades 

orogenic belts, which formed at the southwestern and western margins of Baltica during 

deposition of the Redkino to Kotlin Regional horizons. Thereafter, the eroded and 

weathered sediments were distributed to the north-northeast into other sedimentary basins 

of Baltica and affected the overall detrital zircon age populations as the fold-and-thrust 

belt and foreland basin propagated to the north-northeast. 

 

These detrital zircon age trends observed in a number of the Ediacaran to Early Cambrian 

sedimentary basins of Baltica are indicative of regional changes related to the 

propagation of the Timanian and pre-Uralian foreland basins to the west-southwest and 

the pre-Scythian and Santacrusades foreland basins to the north-northeast. The high 

proportion of detrital zircons with ages close to the depositional age of sediments in these 

basins (Fig. 4.8) is indicative of arc magmatism at the southwestern and northeastern 

convergent plate margins of Baltica in the late Ediacaran – Early Cambrian.  

 

5.4 Inconsistencies in the late Ediacaran – Early Cambrian detrital zircon age distribution 

patterns for the sedimentary basins of Baltica 

 

The youngest detrital zircons clusters for the late Ediacaran, Kotlin Regional Stage 

samples presented in Ershova et al. (2019) and Paszkowski et al. (2021) are inconsistent 
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with the previously discussed stratigraphic detrital zircon age distribution patterns, 

potential sediment sources, and the general tectonic history of Baltica, based on the 

Middle Cambrian age for the Timanian Orogeny (Kuznetsov et al., 2007, 2011, 2014a, 

2014b, 2015). In the Saint Petersburg area, Ershova et al. (2019) suggested that the 

source of the ca. 706-552 Ma concordant detrital zircons of the Voronka Formation 

(upper Kotlin Regional Horizon; west of Saint Petersburg), with the weighted average 

age of the three youngest grains of 554 ± 5 Ma, reflects magmatic and metamorphic 

events related to the west-directed subduction under Baltica, leading to and during the 

Timanian Orogeny. However, U-Pb detrital zircon dates for the lower Redkino Regional 

Horizon Tamitsa and upper Lontova Regional Horizon Brusov formations from the 

White Sea area (Kuznetsov, 2014a, 2014b), more proximal to the Timanian Orogen, do 

not fall within the ca. 750-500 Ma time interval, corresponding to the Timanian Orogen 

signature. This seems to indicate that during the upper Lontova Regional Stage, the 

Timanian Orogen did not yet provide sediments to the eastern part of Baltica, whereas by 

the Middle Cambrian, sediments were already supplied from this orogen (cf. Kuznetsov 

et al., 2007, 2011, 2014a, 2014b, 2015). However, a recent study, based on microfossils, 

suggested that the upper part of the Vasileostrovskaya Formation, conformably 

underlying the Voronka Formation to the west of Saint Petersburg belongs to the Early 

Cambrian Lontova Regional Stage (Kushim et al., 2016). Even if the Voronka Formation 

was deposited during the Lontova Regional Stage, it seems to still precede in its 

depositional age the inferred time of delivery of sediments derived from the Timanian 

Orogen to the eastern part of Baltica.  
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Potentially relevant to this discrepancy between the time when the Timanian Orogen 

supposedly started to supply sediments and the depositional age of the Voronka 

Formation hosting detrital zircons with dates characteristic of the Timanian Orogen is the 

detrital zircon U-Pb study of the Ediacaran to Early Cambrian Dividal Group in 

Finnmark, Norway (Andresen et al., 2014). There, the Timanian Orogen detrital zircon 

signature has been recognized in the Early Cambrian (Terreneuvian – Series 2; Slama and 

Pedersen, 2015) sandstones deposited in the distal part of the foreland basin of the 

Timanian Orogen. In contrast, our study combined with the literature data (Isozaki et al., 

2014; Poldvere et al., 2014) suggests that the Timanian Orogen-derived sediments did not 

arrive to Eastern Estonia until the beginning of the Cambrian Stage 3. We thus infer that 

the collision and unroofing of the Timanian Orogen was already underway by the Early 

Cambrian and that sediment routing with fluvial systems and topography largely 

controlled when sediments from the Timanian Orogen were first delivered to the 

sedimentary basins of Baltica. 

 

In the Moldova-Podillya basin, Paszkowski et al. (2021) reported the detrital zircon age 

clusters from the units of the Kotlin Regional Stage with maximum depositional ages 

ranging from 547 to 523 Ma, implying a depositional age equivalent to that of the upper 

part of the Cambrian Stage 2. Furthermore, Paszkowski et al. (2019) inferred, based on 

detrital zircon ages of the siliciclastic units overlying and interbedded with the Volyn LIP 

that it lasted from ca. 579 to 545 Ma. These data are inconsistent with our own and 
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literature detrital zircon data for the Redkino and Kotlin Regional horizons presented and 

discussed above as well as their paleontological records. Harlaniella podolica Sokolov, 

which is found in the Kanyliv Group in the Volyn-Podillya basin of Ukraine, is not 

known in units of the Cambrian age (e.g., Velikanov et al., 1983; Narbonne et al., 1987; 

Jensen, 2003; Högström et al., 2013; Ivantsov et al., 2015; McIlroy and Brasier, 2017; 

Jensen et al., 2018). Previous studies of the Ukrainian and Moldavian successions have 

shown that there are no Cambrian acritarchs in the Kanyliv Group (e.g., Aseeva, 1976, 

1988; Velikanov et al., 1983), whereas Vendotaenia antiqua that is found in this unit is 

not known in the Cambrian rocks (Velikanov et al., 1983; Gnilovskaya et al., 1988 

Gnilovskaya, 1990; Cohen et al., 2009). Furthermore, the Precambrian-Cambrian 

boundary has been defined to be at about 6.5 meters from the base of the Baltic Series in 

the Khmielnitsky Formation based on the disappearance of Harlaniella podolica Sokolov 

and the first appearance of Phycodes (Treptichnus) pedum and Planolites trace fossils 

(Gureev, 1988; Ivantsov et al., 2015). If the Danylivka Formation of the Kanyliv Group 

indeed has an Early Cambrian age (ca. 523 Ma), this formation and the overlying units 

should show a higher diversity of trace and body fossils, unless they were of non-marine 

origin. Nesterovsky et al. (2019) reported Dickinsonia costata Sprigg and Swarpuntia 

from the lower part of the Kanyliv Group (Pylypy Beds) of the Kotlin Regional Horizon. 

The low diversity of Ediacaran fossils from the Kotlin Regional Horizon is more 

consistent with their late Ediacaran rather than Early Cambrian age (e.g., Muscente et al., 

2018). Finally, throughout Baltica, the Kotlin Regional Horizon sedimentary successions 

do not contain detrital zircons with the Early Cambrian age (see discussion above). 
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Hence, until the Early Cambrian detrital zircon ages are confirmed with CA-TIMS 

analysis, data presented by Paszkowski et al. (2021) should not be relied upon to 

constrain the MDA of the Kotlin Regional Stage. Similarly, the youngest tight concordia 

age of 573 ± 3 Ma for detrital zircons from the Roznychi Formation of the upper 

Mohyliv-Podilsky Group, overlying the Volyn LIP, provides the best age constraint for 

this LIP, arguing against its long duration until ca. 545 Ma as inferred by Paszkowski et 

al. (2019) and Poprawa et al. (2020). Although island arcs proximal to Baltica sourced 

volcanic tuffs with ca. 557-551 Ma ages (see Fig. 4.3) and foreland basins started to 

develop around Baltica in the late Ediacaran (e.g., South Urals: Bekker, 1988; Puchkov, 

2010; Poland and Romania: Żelaźniewicz et al., 2009, 2020; Buła and Habryn, 2011), 

orogenic mountains did not supply sediments at that time to the interior of Baltica. 
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Figure 10. Schematic diagram highlighting 
timing of changes in the provenance in the 
western, southwestern, and central parts of 
Baltica. Gray boxes represent hiatuses. 
Crossed arrows indicate change in the 
provenance. Hiatuses in deposition are 
shown after Bukatchuk et al. (1988), 
Meidla (2017), Ershova et al. (2019), 
Paszkowski et al. (2019), and Żelaźniewicz 
et al. (2020). 
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6. CONCLUSIONS 

 

Synthesis of the currently available data on the ages of detrital zircons from the late 

Ediacaran to Early Cambrian sedimentary basins of the central, western, and 

southwestern Baltica allows to constrain their evolution and sedimentary provenance. 

The following conclusions can be drawn in this respect. 

 

The Moldova-Podillya-Volyn basin in southwestern Baltica developed during the 

early Redkino Regional Stage on the peneplaned Precambrian basement and pre-

Ediacaran supracrustal successions in the distal part of the foreland basin, behind the 

forebulge, with a steady and monotonous supply of terrigenous sediments from the 

adjacent Ukrainian Shield. Tectonic conditions changed during deposition of the lower to 

middle parts of the upper Redkino Regional Horizon and led to a decreasing, but still 

persistent, input from the same provenance on the Ukrainian Shield, and delivery of tuffs 

derived from the late Ediacaran volcanic arcs proximal to, but separate from Baltica. The 

Moldova-Podillya-Volyn basin experienced emergence as the forebulge passed across it 

during the late Redkino Regional Stage and submerged again into a foredeep of the 

foreland basin during the Kotlin Regional Stage. The upper Redkino Regional Horizon 

records an increase in supply of terrigenous sediments from Fennoscandia to Sarmatia as 

the basin enlarged. Provenance for the lowermost Kotlin Regional Horizon changed again 

with an increased supply from the Ukrainian Shield. The latter source also contributed 

detrital sediments to other Baltica sedimentary basins to the north and west. During 
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deposition of the Rivne Regional Horizon, the Fennoscandian Shield became a secondary 

source of sediments. 

 

The central part of Baltica (northwestern Russia) received terrigenous input from the 

northwestern part of Baltica (Fennoscandia) during deposition of the Redkino Regional 

Horizon. Starting with deposition of the Dominopol Regional Horizon, the Timanian 

Orogen contributed sediments to the Saint Petersburg region of Russia, White Sea area, 

and Estonia. 

 

The late Ediacaran to Early Cambrian sedimentary deposits from the western part of 

Baltica (eastern Poland and Belarus) show a common, bimodal distribution pattern of 

detrital zircon ages during deposition of the Redkino Regional Horizon to the Early 

Cambrian with the detrital sediments supplied from the Precambrian basement of Baltica. 

The limited range of detrital zircon age spectra suggests a short-distance transport. The 

change from bimodal to polymodal distribution pattern occurred during the Dominopol 

Regional Stage and was associated with major tectonic changes that led to the 

reorganization of the drainage system. 

 

The central part of Baltica (Estonia) in comparison with the previously discussed regions 

shows the most invariable tectonic and palaeogeographic conditions during the long 

period when the late Ediacaran Kotlin to Early Cambrian Lontova Regional horizons 

were deposited. During that time, the Ediacaran to Early Cambrian intracratonic 
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sedimentary basin of central Baltica had a provenance that was essentially confined to the 

Precambrian basement rocks of Baltica. The predominant supply of terrigenous 

sediments were from the Svecofennian (ca. 1900–1800 Ma) Orogen and ca. 1700–1500 

Ma plutonic rocks of the rapakivi affinity from southwestern Fennoscandia. The 

provenance did not change for nearly 50 m.y., until deposition of the upper part of the 

Dominopol Regional Horizon, when input from the earlier sources slightly decreased 

while new, dominant provenances of magmatic arcs hosted in orogens developed along 

the northeastern and southwestern/western margins of Baltica appeared. 
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CHAPTER 5 

 

Conclusions 

 

This dissertation examines the impact of environmental salinity and redox 

heterogeneity on late Ediacaran marine communities across Baltica, focusing on the 

changes preceding the Cambrian Period. The research highlights that the significant 

decline in the diversity and abundance of the Ediacara biota, particularly at the boundary 

between the Redkino and Kotlin Regional Stages coincided with a shift to lower salinity 

and increased oxygen concentrations in near coastal settings. This is in contrast with the 

older, normal marine, ferruginous conditions that were present during the time of highest 

abundance and diversity of the Ediacara biota on Baltica during the Redkino. Through a 

combination of organic and stable isotope geochemistry, Fe-mineral speciation and P-

phase partitioning and major and trace element analyses, detailed chemo-stratigraphic 

records were compiled from multiple drill cores and outcrop samples from Russia, 

Ukraine, and Estonia, suggesting that changes in salinity and redox played a crucial role 

in this ecological shifts. Moreover, the compound-specific carbon isotope analysis 

(CSIA) of lipid biomarkers from Ediacaran rocks provides additional context by 

revealing regional heterogeneity in the δ13C values of biomarkers when compared to the 

isotopic composition of bulk organic matter. This heterogeneity reflects variations in 

local depositional environments, with some regions exhibiting enriched δ13C values 



 202 

indicative of brackish, high-pH settings influenced by deltaic inputs, while others display 

more typical marine 13C-depleted signatures common of late Ediacaran. 

In addition, the detrital zircon U-Pb geochronology study provides insights into 

the provenance and sedimentary evolution of the late Ediacaran to Early Cambrian 

sedimentary basins of Baltica. The Moldova-Podillya-Volyn basin, for example, evolved 

from a peneplained Precambrian basement to a foredeep receiving sediments from both 

the Ukrainian Shield and Fennoscandia, indicating significant tectonic changes and 

drainage system reorganization. The transition from a bimodal to polymodal distribution 

of detrital zircon ages further supports the notion of major tectonic changes during this 

period. 




