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shallow-marine ecosystems on Silurian, reef-rimmed carbonate platforms 
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A B S T R A C T   

A detailed middle Silurian to Early Devonian biomarker stratigraphic record was obtained from thermally well- 
preserved strata, sampled from a > 400 m long drill-core 25 from Podillya, Ukraine, deposited in the Podillyan 
peri-continental basin. These lipid biomarker records provide useful insights into the temporal changes in mi
crobial ecology and ocean chemistry for this ancient, tropical shallow-marine reefal carbonate platform. The 
paleoenvironmental conditions favored sustenance of bacteria over algae (as indicated by elevated hopane/ 
sterane ratios (average: 10.7, maximum value of 36.9); and appreciable 2α-methylhopanes and 3β-methyl
hopanes) in this nutrient-depleted, marine reefal habitat. The setting behind the reef tract in a lagoon and muted 
nutrient supply from the open ocean likely contributed to the persistently low primary productivity and low net 
biomass over millions of years of deposition. The most prolific algal primary producers were green algae 
consistent with a C29 sterane dominance. No detectable contributions of 24-n-propylcholestane (24-npc) and/or 
other C30 regular sterane compounds were found with GC–MRM-MS. Elevated 3β-methylhopane index values (3- 
MeHI; range: 3–13%, mean: 6.4%) were observed throughout the core interval, which is a characteristic asso
ciated with source contributions from methanotrophic bacteria and indicative of an enhanced marine methane 
cycle. This extends the previous findings of consistently high abundances of 3-methylhopanes for Ordovician 
marine environments to include a tropical, marine shelf setting persisting through the Silurian Period.   

1. Introduction 

The Silurian Period (443.8–419.2 Ma) was once regarded as an in
terval of relative climatic and environmental stability during a green
house climate (Fisher, 1982; Bassett et al., 1990; Johnson, 1991). 
However, more recent biostratigraphic and chemostratigraphic in
vestigations have demonstrated that changes in the global climate and 
marine carbon cycling during the Silurian Period were more frequent 
and dramatic than previously recognized, with at least four major 
global-scale carbonate δ13C (δ13Ccarb) excursions (> +4‰) identified 
(Jeppsson, 1990; Calner, 2008; Munnecke et al., 2010; Vandenbroucke 
et al., 2015; Hartke et al., 2021). These positive carbon isotope excur
sions are all closely associated with major faunal turnover events in both 
the benthic and pelagic marine realms. Biogeochemical models and 
various geochemical proxies have provided independent evidence that 
one of the most dramatic Phanerozoic rises in atmospheric and marine 
O2 concentrations likely occurred through the Silurian Period and 

perhaps continued well into the Silurian–Devonian transition (Berner 
and Canfield, 1989; Berner, 2009; Krause et al., 2018; Stolper and 
Bucholz, 2019; Sperling et al., 2021). Thus far though, the precise tra
jectory of the rise of atmospheric and marine O2 levels relative to those 
found in the modern world remain poorly constrained, as is the effect on 
Early Paleozoic ecology and deep-ocean chemistry. 

The Silurian Period is also known for its global abundance of car
bonate platform ecosystems, particularly on the southern shelf of Baltica 
in the paleotropics, which covered a substantially greater portion of the 
seafloor than today. The reef communities found during the Silurian first 
appeared in the Middle Ordovician and were apparently not signifi
cantly affected by the terminal end-Ordovician and early Silurian gla
ciations (Copper, 2002; Calner, 2008), resulting in reefs being important 
habitats for diverse marine communities throughout the Early Paleozoic 
(Copper, 1994; Moberg and Folke, 1999). The marine carbonate rocks of 
Baltica have been extensively studied, using both biostratigraphy and 
stable isotope geochemistry. However, a largely unexplored and 

* Corresponding author. 
E-mail addresses: nmars008@ucr.edu (N.L. Marshall), glove@ucr.edu (G.D. Love), favosites@ukr.net (V. Grytsenko), andrey.bekker@ucr.edu (A. Bekker).  

Contents lists available at ScienceDirect 

Organic Geochemistry 

journal homepage: www.elsevier.com/locate/orggeochem 

https://doi.org/10.1016/j.orggeochem.2022.104528 
Received 29 July 2022; Received in revised form 10 November 2022; Accepted 13 November 2022   

mailto:nmars008@ucr.edu
mailto:glove@ucr.edu
mailto:favosites@ukr.net
mailto:andrey.bekker@ucr.edu
www.sciencedirect.com/science/journal/01466380
https://www.elsevier.com/locate/orggeochem
https://doi.org/10.1016/j.orggeochem.2022.104528
https://doi.org/10.1016/j.orggeochem.2022.104528
https://doi.org/10.1016/j.orggeochem.2022.104528
http://crossmark.crossref.org/dialog/?doi=10.1016/j.orggeochem.2022.104528&domain=pdf


Organic Geochemistry 175 (2023) 104528

2

unknown aspect of these marine ecosystems, especially for Baltica, is the 
composition of the microbial communities that underpinned food webs 
and mediated biogeochemical cycles. Detailed microbial lipid biomarker 
records for the marine realm are conspicuously sparse for the Silurian 
Period, especially the middle to late Silurian time interval. Relatively 
little is thus known about the broad structure of marine microbial 
communities through this period, such as the balance of bacterial versus 
eukaryotic organisms. 

Previous organic geochemical investigations of rocks from the Silu
rian period have focused on biomarker fingerprinting to facilitate oil- 
source correlations and include studies from the Michigan Basin of 
USA (Gardner and Bray, 1984; Obermajer et al., 2000), North Africa and 
Arabia (Peters et al., 2005; Romero-Sarmiento et al., 2010, 2011; Diasty 
et al., 2017), and Lithuania (Zdanaviciute and Bojesen-Koefoed, 1997; 
Zdanaviciute and Lazauskiene, 2004, 2007). However, very few, if any, 
organic geochemical studies have focused on the microbial community 
structure that sustained Silurian marine ecosystems. In contrast, several 
detailed lipid biomarker studies over the past decade have characterized 
the microbial communities that sustained Early to Late Ordovician and 
Late Devonian ecosystems (Rohrssen et al., 2013; Haddad et al., 2016; 
Spaak et al., 2017; Lee et al., 2019; Martinez et al., 2019). 

A distinctive and common lipid biomarker characteristic reported 
from Ordovician rocks and oils is an unusually high contribution of 3β- 
methylhopanes (3-MeH). These ancient 3β-methylhopanes are usually 
attributed to methanotrophic bacteria, particularly microaerophilic type 
I and type X methanotrophic proteobacteria, especially when they are 
found in high abundance in ancient rocks and oils (Collister et al., 1992; 
Ruble et al., 1994; Farrimond et al., 2004). Other bacterial sources of 3- 
MeH are feasible (Zundel and Rohmer, 1985; Welander and Summons, 
2012; Kool et al., 2014; Mayer et al., 2021) under appropriate envi
ronmental conditions that favored growth of the source organisms. The 
most likely Paleozoic source biota for these biomarkers when found in 
the marine realm are discussed later (see Section 5.4). 

Tropical carbonate reefs, especially those located on the southern 
shelf offshore of Baltica, were ancient marine habitats that hosted 
diverse and complex Silurian marine ecosystems (Bjerkéus and Eriksson, 
2001; Copper, 2002; Tuuling and Flodén, 2013; Vinn et al., 2014). One 
of the aims of this study was to characterize broad features of microbial 
community structure, such as the balance and temporal variation of 
algal versus bacterial source contributions. Additionally, our investiga
tion helps bridge a conspicuous gap in the ancient biomarker record 
through an important time interval in the history of life, associated with 
a major global environmental change inferred for rising levels of at
mospheric oxygen and marine dissolved oxidants. Here, we present the 
first detailed Silurian biomarker stratigraphic records from the investi
gation of a > 400 m long drill core from Ukraine that spans the middle 
Silurian to Early Devonian time interval. The thermally well-preserved 
and carbonate-rich sediments from this drill core preserved diverse 
suites of lipid biomarkers that allowed us to study changes in source 
biota and marine carbon cycling on this ancient, tropical shallow-marine 
reef-rimmed carbonate platform during the late Silurian. 

2. Geologic setting 

Drill-core 25 (Fig. 1) was collared on the southwestern margin of 
Baltica on the bank of the Horyn River in Kotyuzhyny village (Ternopil 
District) of Podillya, Ukraine (49◦54′35.5′′N, 25◦50′20.0′′E) in 
November 2005. The sedimentary cover sitting on the Precambrian 
basement of Baltica in this area consists of the Neoproterozoic and Early 
to Middle Paleozoic (Cambrian to Carboniferous) strata (Kaljo et al., 
2012; Radkovets, 2015). The Silurian and Early Devonian stratigraphic 
units of the southern Podillyan basin, intersected by drill-core 25, have 
been described previously (Tsegelnyuk, 1980; Grytsenko et al., 1983; 
Kaljo et al., 2012; Gozhik et al., 2013; Radkovets, 2015).The Silurian 
succession of Podillya has a stratigraphic hiatus at the base (Tsegelnyuk, 
1980) and contains the late Llandovery and Přídolí stages, and continues 

into the Early Devonian. 
The drill-core 25 succession has been lithostratigraphically corre

lated with that in the Dniester River region, 125 km to SW in Podillya, 
Ukraine, which is a classical area for the Silurian rocks and has been 
extensively studied (Baarli et al., 2003). The upper portion of the drill- 
core 25 has been correlated chemostratigraphically and bio
stratigraphically (e.g., based on graptolites) with numerous sections 
across Baltica (i.e., Western Lithuania; Western Latvia; SW Estonia; and 
Gotland) (Kaljo et al., 2007, 2012). 

The stratigraphy and general lithofacies of drill-core 25 are described 
in detail by Kaljo et al. (2012). The drill core passed through the 
shallow-marine Wenlock to early Přídolí stages, represented by lime
stones and dolostones with thin beds and seams of gypsum and several 
bentonite beds. Stratigraphically higher, the Přídolí Stage succession 
became gradually more open marine with the Early Devonian lime
stones, marlstones, and mudstones lacking evaporite beds. The change 
from lithofacies that contain beds of gypsum to ones without has been 
related to a sea-level low stand that lasted through the Wenlock and 
earliest Přídolí stages. Later during the Přídolí Age, the Podillyan Basin 
experienced a continued transgression and deepening to lithofacies of 
limestones, marlstones, and mudstones lacking evaporites (Kaljo et al., 
2012; Radkovets, 2015). The same sea-level pattern is also recorded in 
the Dniester river sections although the lithofacies are generally slightly 
deeper than those recorded by drill-core 25 (Kaljo et al., 2012). The 
depositional site of drill-core 25 during the Silurian to Early Devonian 
was a shallow-marine, episodically saline, lagoonal setting rimmed to 
the northwest by the reef tract (Grytsenko, 1987, 1993, 2007; Radko
vets, 2015). Detailed description of the drill-core stratigraphy is pro
vided in the Supplementary Materials. 

A total of 26 samples were analyzed for biomarker hydrocarbons 
from drill-core 25, spanning 375.8 m of the drill-core length (every 14.4 
m, on average). However, the upper portions of the drill-core were more 
closely sampled as they contain appreciably larger amounts of total 
organic carbon (TOC), making them more suitable for lipid biomarker 
analyses (> 0.1 wt% TOC). 

3. Methods 

3.1. Sample preparation 

Samples were collected and transported in cloth bags. Outer portions 
of each drill core sample were removed with a water-cooled diamond 
saw and inner portions of the core were sonicated for 15 mins with 
deionized water (DI), dichloromethane (DCM), methanol (MeOH), n- 
hexane, and DCM. Each solvent rinse was discarded prior to rinsing with 
the next solvent. Cleaned rock samples were crushed using organic 
solvent-cleaned zirconia ceramic puck mill and dish housed within an 
8515 SPEX shatterbox. Combusted quartz sand (pretreated at 850 ◦C for 
9 h) blanks were run in parallel with the extracted rock powders as full 
analytical procedural blanks as an important control to monitor back
ground levels and ensure that laboratory contaminant contributions to 
biomarker assemblages were negligible. 

3.2. LECO total organic carbon (TOC) and Rock-Eval pyrolysis analyses 

To determine TOC contents, the samples were decarbonated and 
analyzed on a LECO 230 instrument at GeoMark Research, using their 
standard protocol with concentrated HCl for at least two hours. The 
samples were then rinsed with water and flushed through a filtration 
apparatus to remove the acid. The filter was then removed, placed into a 
LECO crucible, and dried in a low temperature oven (110 ◦C) for a 
minimum of 4 h. The LECO C230 instrument was calibrated with stan
dards that have known carbon contents. Standards were combusted by 
heating to 1200 ◦C in the presence of oxygen; both carbon monoxide 
(CO) and carbon dioxide (CO2) were generated, and the CO was con
verted to CO2 wuth a catalyst. The CO2 product mass was measured with 
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Fig. 1. Stratigraphic column (A) of the sampled Silurian-Devonian interval of drill-core 25: Dev – Devonian; Lokh – Lokhovian; Form – Formation; F – Furmanivka; 
Pry – Pryhorodok; Troub – Troubchin; Dzv – Dzvenigorod; Khud – Khudikivtsy. (B) Map showing location of the studied drill-core 25 in Ukraine. (C) Paleogeographic 
reconstruction of continents during the middle Silurian (Torsvik et al., 1996). SCB – South China Block. 
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an IR cell. Combustion of samples with unknown organic carbon content 
was then completed and the response of these samples per mass unit was 
compared to that of the calibration standard. Standards were analyzed 
every 10 samples to check variation and calibrate the analysis. An 
acceptable standard deviation for TOC is 3% variation from the estab
lished value. Instrument calibration was achieved using a rock standard 
with values determined from a calibration curve for pure hydrocarbons 
of varying concentrations. 

Approximately 100 mg of washed, ground (60 mesh) whole rock 
sample were analyzed in a Rock-Eval II instrument. Measurements 
include S1: free bitumen content (mg HC/g rock), S2: remaining gen
eration potential (mg HC/g rock), Tmax: temperature at maximum evo
lution of S2 hydrocarbons (◦C), and S3: organic carbon dioxide yield (mg 
CO2/g rock), and were generated by heating according to the following 
parameters S1: 300 ◦C for 3 min; S2: 300 ◦C to 550 ◦C at 25 ◦C/min, and 
then held at 550 ◦C for 1 min; S3: trapped between 300 and 390 ◦C. 

3.3. 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 MARS5 microwave accelerated 
reaction system 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 hy
drocarbon, aromatic hydrocarbon, and polar (N, S, O) fractions were 
obtained through fractionation of rock bitumen on dry packed silica gel 
(Fisher, 60 grit) microcolumns. The silica gel was 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 eluted 
with 1 dead volume (DV) of n-hexane, aromatic hydrocarbons with 3 
DVs of 1:1 (v/v) n-hexane:DCM, and the polar hydrocarbons with 2 DVs 
of 3:1 (v/v) DCM:MeOH, respectively. 

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

The saturated and aromatic hydrocarbon fractions were run in full 
scan mode (m/z 50–800 Da) 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. 

3.5. Metastable reaction monitoring GC–MRM-MS 

The polycyclic alkane constituents of saturated hydrocarbon frac
tions 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 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. Pro
cedural 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 hy
drocarbon 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, 4, and 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 calculated from multiple analyses of saturated hydrocarbon 
fractions from in-house oil standards. 

3.6. Catalytic hydropyrolysis (HyPy) 

In addition to analysis of free hydrocarbon constituents in the rock 
bitumens amenable by solvent extraction, catalytic hydropyrolysis 
(HyPy) was performed on exhaustively extracted rock powders to 
generate products dominated by the kerogen-bound biomarker pool. 
This was used as an additional self-consistency check for ensuring that 
the free biomarker signals found are syngenetic with the kerogen in the 
host rocks. HyPy was performed on two extracted rock samples from 
middle and bottom (159 m and 300 m) of drill-core 25. This technique 
involves temperature-programmed heating of samples gradually from 
ambient temperature up to 520 ◦C in a continuous-flow configuration 
under high hydrogen gas pressure (15 MPa) to cleave covalent bonds 
and release the bound molecular constituents (Love et al., 1995), while 
preserving the original structural and stereochemical features of 
biomarker compounds to a high degree. Kerogen is an insoluble and 
immobile organic substrate; thus, it sequesters a significant pool of lipid 
biomarkers that can be released following covalent bond cleavage. 

4. Results 

All sedimentary rocks analyzed in this study contain an abundance of 
carbonate minerals, with an overall content ranging from 54 to 99 wt% 
of the bulk rock. The carbonate content was variable across the depth of 
the core. TOC content was generally low with an average value of 0.14 
wt%, encompassing a range of 0.02–0.50 wt% of bulk rock. Thus, 
organic-lean, but fossiliferous carbonates are the dominant lithofacies in 
drill-core 25. The upper interval (85–140 m) records two global positive 
carbonate carbon isotope excursions during the Přídolí and Lochkovian 
stages (Kaljo et al., 2012). Despite this being a shallow-marine deposi
tional setting, there was apparently sufficient connection to the open 
ocean to allow mixing of marine dissolved inorganic carbon into this 
inner ramp setting. It is therefore likely that the setting was open to the 
global ocean. 

The high sensitivity and selectivity of GC–MRM-MS was utilized to 
generate strong polycyclic biomarker signals. The raw biomarker data, 
which includes the absolute biomarker yields for total hopanes, steranes, 
and methylhopanes as well as the biomarker abundance ratios used to 
construct Figs. 2, 4 and 5, are listed in the Supplementary Tables. The 
systematic changes seen in polycyclic alkane ratios downcore (Fig. 2) 
demonstrate the expected trend with increasing depth, whilst providing 
strong evidence that the lipid biomarker compounds detected are 
genuine Paleozoic biosignatures. These careful data verifications, along 
with parallel analysis of kerogen-bound distributions on two represen
tative extracted rock samples from HyPy treatment (Section 4.2), are 
important self-consistency checks that were employed for ensuring that 
the biomarker hydrocarbon distributions are indeed syngenetic and 
endogenous organic constituents of the host rocks. 

4.1. Thermal maturity proxies 

Selected hopane and sterane maturity ratios (Fig. 2), used alongside 
standard temperature-programmed pyrolysis parameters (Supplemen
tary Table S1), place these samples in the early- to mid-oil window range 
of thermal maturity. A consistently low thermal maturity profile, with 

N.L. Marshall et al.                                                                                                                                                                                                                             



Organic Geochemistry 175 (2023) 104528

5

slight systematic increases with depth, are observed through the suc
cession. Tmax values range from 430 to 443 ◦C. Hydrogen Index values 
(≤ 124 mg/g TOC and mostly < 100 mg/g TOC) are consistently low, 
signifying ancient rocks with poor oil-generating potential reflecting 
lipid-lean sedimentary organic matter deposited in oligotrophic marine 
settings. Given the low HI values, the bulk of the sedimentary organic 
matter is recalcitrant reworked kerogen, though polycyclic alkane 
analysis using GC–MRM-MS yielded strong biomarker signals (Fig. 3). 

Further offshore in the Baltic Depression in Lithuania, graptolitic 
shales and marlstones were deposited in significantly more productive 
and deeper marine environments than for drill-core 25, in outer shelf to 
basinal settings (Zdanavicuite and Lazauskiene, 2007). In contrast to our 
data, Silurian marine source rocks from Lithuania of similar thermal 
maturity have higher TOC contents (≫1 wt%) and high HI values of 
200–540 mg/g TOC, indicative of excellent oil-generating potential. 
Thus, the marine redox conditions and ocean productivity varied 
significantly across different regions in Baltica during the Silurian, with 
oligotrophic conditions more prevalent nearshore in lagoonal settings 
and eutrophic conditions sustained in some distal, open-marine settings. 

Average values for C27 hopane (Ts/(Ts + Tm)) ratios are low at 0.24, 
which is typical for carbonate-rich rocks of this maturity. For extended 
hopanes, the average C31 αβ (22S/22S + 22R) ratio for side-chain epi
merization of 0.60 ± 0.04 is a thermal equilibrium value expected for 
rocks that have reached oil window maturity. C29 ααα sterane (20S/ 
(20S + 20R)) values of 0.48 ± 0.08 are found (Fig. 2) with a discernible 
systematic maturity increase with core depth: increasing from values of 
ca. 0.40 at the top of the core to ca. 0.55 in the deepest interval. 

4.2. Catalytic hydropyrolysis (HyPy) of extracted sediments as an 
additional test for biomarker syngeneity 

The bound steranes and hopanes released by HyPy exhibit a slightly 
less mature distribution of diastereoisomers than the corresponding free 
steranes and hopanes from two test samples (159 m and 300 m drill-core 
depth) due to enhanced protection of the bound biomarker pool by co
valent binding within the macromolecular matrix (Supplementary 
Fig. S3). Rearranged stereoisomers (diasteranes and diahopanes) are 
clearly much less abundant and only trace constituents in the HyPy 
products compared with the corresponding free hydrocarbon fraction. 
This is the maturity offset and overall stereoisomer pattern typically 
found for kerogen-bound versus free systematic patterns expected for 

sedimentary organic matter of all geological ages that do not contain 
significant contamination contributions to the bitumen phase (Love 
et al., 1995, 2005, 2008). Similar sterane carbon number patterns (in 
this case, with a C29 dominance) are found for both the free hydrocarbon 
fraction and the corresponding HyPy products. In addition, both the 2α- 
and 3β-methylhopane distributions, from a shallow and deeper portion 
of the drill-core were analyzed for the products of the HyPy procedure 
(Fig. 3). The kerogen-bound biomarker pools yielded similar 2-MeHI 
and 3-MeHI index values, expressed as a percentage value [(C31 αβ 
MeH/(C31 αβ-MeH + C30 αβ-hopane)) × 100%], as found for the free 
hydrocarbon constituents in the bitumen extracts (see Fig. 3 and Sup
plementary Table S2). Thus, we are confident that the elevated 3β- 
methylhopanes abundances and other major biomarker stratigraphic 
patterns observed are primary signals. 

4.3. Saturated hydrocarbon biomarker distributions and yields 

Saturated hydrocarbon profiles generally contain abundant n-al
kanes with a slight odd-over-even preference (OEP), especially promi
nent in the least mature intervals within the upper portions of the drill- 
core (Supplementary Fig. S1). Pristane and phytane are the dominant 
isoprenoids found and are likely sourced mainly from chlorophylls from 
phytoplankton. Methylalkanes are generally low in abundance relative 
to the dominant n-alkanes. The most abundant polycyclic biomarker 
alkanes include tri- and tetracyclic terpanes, steranes, hopanes, and 
methylhopanes, with hopanes being the dominant polycyclic compound 
series in all samples. Saturated hydrocarbons in samples with adequate 
yields of rock bitumen obtained from solvent extraction for full scan 
GC–MS analyses generally exhibited only low signal from unresolved 
complex mixtures (UCMs; see Supplementary Fig. S1). 

Hopane/sterane ratios are variable throughout the studied drill-core 
but high values are commonly found (range: 1.4–37, mean: 10.7), which 
is a typical characteristic found previously for the Early Ordovician (Lee 
et al., 2019) and Middle-Late Ordovician carbonates (Rohrssen et al., 
2013) deposited in oligotrophic settings. The range of H/St values found 
do not correlate with TOC content, which remains low (≤ 0.5 wt%) 
throughout the sedimentary succession. 

The summed absolute concentrations of total steranes (C27–C29 
regular steranes and diasteranes) are low to moderate (0.5–111 ppm/ 
TOC). C29 steranes are the dominant steranes in all but three samples, 
which is typical for Paleozoic rocks and oils (Schwark and Empt, 2006), 

Fig. 2. Thermal maturity profile for drill-core 25 based on selected hopane and sterane maturity ratios. (A) Total organic carbon content (TOC; in weight precent); 
(B) C27 hopane (Ts/(Ts + Tm)); (C) C29 steranes (C29 αααS + αααR); (D) C31 αβ- hopanes (22S/(22S + 22R)); (E) C30 hopanes (C30 βα/(C30 βα + αβ)). D – Devonian; Lo 
– Lokhovian; Form – Formation; F – Furmanivka; P – Pryhorodok; Tro – Troubchin; Dzv – Dzvenigorod; Khu – Khudikivtsy. 
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followed by C27 and C28 steranes. C28/C29 sterane ratios have a low 
average value of 0.4, but with a significant variation through the drill- 
core, encompassing a range of 0.17–0.81. C30 steranes are below reli
able detection limits (< 0.3% of total C27–C29 compounds) throughout 
the core and the main peaks detected in m/z 414 to 217 ion chromato
grams are C30 diahopane and C30 αβ-hopane peaks from crosstalk rather 
than from genuine regular C30 sterane signals (Supplementary Fig. S2). 
Total C27–C35 hopane abundances are significantly higher (9–289 ppm/ 
TOC) compared with the concentrations of steranes. C29/C30 hopane 
ratios are high (average = 0.89), which is typical for sedimentary rocks 
with high carbonate content (Peters et al., 2005). 

Both 2α- and 3β-methylhopane homologs are present and readily 
detectable as the two resolvable methylhopane series using GC–MRM- 
MS. Methylhopane indices (MeHI) were calculated for the C31 homologs 
of 2α-methylhopane and 3β-methylhopane, expressed as a percentage 
value ((C31 αβ- MeH/(C31 αβ-MeH + C30 αβ-hopane) × 100%). 2α- 
Methylhopanes indices (2-MeHI) range from 1.3% to 5.7% with an 
average of 3.2%. The 2-MeHI abundances are consistent throughout the 
drill-core and show little to no correlation with TOC content. Absolute 
concentrations of 2α-methylhopanes range from 0.2 to 2.3 ppm/TOC. 
The 3-MeHI show a range of values from 3% to 13% with an average 
value of 6.4%, which is significantly greater than the Phanerozoic 
average of 1–3% (Rohrssen et al., 2013). Absolute concentrations of 3β- 

methylhopanes range from 0.13 to 5.5 ppm/TOC). The 3-MeHI are 
elevated throughout the drill-core, although the average is a bit lower in 
the Přídolí Stage and there is no obvious correlation with TOC content. 

Fig. 4. shows that the gammacerane ratio (GM, calculated from 
relative peak areas of gammacerane/C30 αβ-hopane) exhibits very low 
values through the entire studied section. The extremely low GM ratios, 
from 0.01 to 0.08, are consistent with a normal marine salinity envi
ronment (Peters et al., 2005) having no appreciable redox or salinity 
stratification in the shallow-water column. Gypsum beds are found 
predominantly in the lower part of the drill-core, indicating evaporitic 
conditions. These sporadic episodes of elevated salinity were likely 
associated with shallow and oxic waters, precluding significant preser
vation of sedimentary organic matter during gypsum precipitation. 

The homohopane index (HHI%; expressed as C35/(C31–C35) × 100) is 
another biomarker abundance parameter often used to assess the pale
oredox depositional conditions. Under oxic depositional conditions, 
oxidative reactions facilitate cleavage and shortening of the extended 
hopane sidechain in bacteriohopanepolyols, favoring C31 hopanes over 
C35 hopanes (Farrimond et al., 2004; Peters et al., 2005). Very low 
values of HHI% (range: 0.29–6.2%, mean: 2.3%) are found throughout 
the drill-core, which indicates a pervasively well oxygenated marine 
environment consistent with mainly low productivity levels in a 
shallow-shelf setting. 

Fig. 3. GC–MRM-MS chromatograms for the free hopanes and methylhopanes alongside the kerogen-bound hopanes and methylhopanes for two samples from drill- 
core 25 (300 m and 159 m drill-core depth) with C30 hopanes (αβ and βα isomers) and C31 2α- and 3β-methylhopanes (2α- and 3β-MeH, respectively) labeled. The 
peak signal in % is based on the relative peak intensity of the largest peak. Chromatograms show hopanes and methylhopane patterns generated for samples from: (A) 
300 m drill-core depth; (B) 159 m drill-core depth samples from both the bitumen and kerogen phases. 
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5. Discussion 

The upper part of the drill-core (254 m and above) has been che
mostratigraphically and biostratigraphically (based mainly on grapto
lites) correlated with numerous sections across Baltica, therefore, the 
ages and stage boundaries are more certain for the upper part of the 
drill-core (Ludlow and Přídolí stages, Fig. 1; Kaljo et al., 2007, 2012). 
The lower part of the drill-core (below 254 m) has been lithostrati
graphically correlated with the outcrop sections in the Dniester River 
area, which is a classical area with well-known biostratigraphically and 
lithostratigraphically characterized Silurian rocks (Baarli et al., 2003). 
The drill-core passed below the studied interval through the very thin 
Ordovician (typical for this area) and thick Cambrian sections further 
supporting the lithostratigraphically inferred Silurian age for the lower 
portion of the studied interval in the drill-core. 

The biomarker distributions are expected to record the changing 
biological community structure, which evolved through time as the 

paleoenvironmental conditions were perturbed through sea level and 
climatic changes and other local and global factors. Local biomarker 
overprints and changes in biomarker assemblages through time are 
anticipated for any marine basin, but fluctuations in biomarker distri
butions are particularly acute for these semi-restricted inner shelf en
vironments since water chemistry and biological communities are 
typically more variable over time than those in distal marine settings. 
Despite these complications, some first-order and consistent patterns are 
evident in drill-core 25 biomarker data. The lipid biomarker assem
blages from the middle Silurian to Early Devonian carbonates from drill- 
core 25 clearly share some broad primary characteristics similar to those 
reported from Ordovician marine sedimentary rocks of various lithol
ogies and from different marine depositional settings (Rohrssen et al., 
2013, 2015; Spaak et al., 2017; Lee et al., 2019). Ordovician marine 
sedimentary rocks and oils usually exhibit some distinctive biomarker 
characteristics: elevated hopane/sterane ratios (often > 3 in organic- 
lean rocks), abundant 3β-methylhopanes from all rock lithologies, and 

Fig. 4. Selected lipid biomarker ratios measured through drill-core 25. (A) Total organic carbon content (TOC; in weight percent); (B) Hopane/sterane (sum of 
C27–C35 hopanes/sum of C27–C29 diasteranes and regular steranes); (C) 3β-methylhopane index (3-MeHI%; C31 3β-methylhopane/(3β-methylhopane + C30 
αβ-hopane) × 100); (D) 2α-methylhopane index in percent (2-MeHI%; C31 2α-methylhopane/(2α-methylhopane + C30 αβ-hopane) × 100) (E) Gammacerane ratio 
(Gammacerane/C30 αβ-hopane). (F) Replotted δ13Ccarb values from Kaljo et al. (2012) with gray shaded horizontal bars marking carbon isotope events. D – Devonian; 
Lo – Lokhovian; Form – Formation; F – Furmanivka; P – Pryhorodok; Tro – Troubchin; Dzv – Dzvenigorod; Khu – Khudikivtsy; Post-Pry. – Post-Pryhorodok low; Late 
Přídolí excur. – Late Přídolí excursion; SIDE – Silurian-Devonian boundary excursion. Gray shaded vertical bars in (B) and (C) represent the Phanerozoic marine 
average range values. 

Fig. 5. Selected sterane and hopane biomarker ratios found in solvent extracts from drill-core 25 samples. (A) Total organic carbon content (TOC; in weight precent); 
(B) % steranes for C27 (filled circles), C28 (open squares), and C29 (black diamonds); % steranes for C27, C28, and C29; (C) C27/C29 steranes; (D) C28/C29 steranes; (E) 
C29/C30 hopane. D – Devonian; Lo – Lokhovian; Form – Formation; F – Furmanivka; P – Pryhorodok; Tro – Troubchin; Dzv – Dzvenigorod; Khu – Khudikivtsy. 
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an absence and/or only trace abundances of regular C30 steranes. In this 
respect, the Silurian biomarker distributions from drill-core 25 are much 
more similar in composition to those typically found in Ordovician rocks 
than they are in comparison with the biomarker hydrocarbon assem
blages reported thus far for Late Devonian sedimentary rocks (Haddad 
et al., 2016; Martinez et al., 2019). 

5.1. Bacterially rich communities sustained Silurian, shallow-marine reef 
ecosystems 

The ratio of the sum of all major hopane (C27–C35) versus sterane 
(C27–C29) constituents (H/St) gives a broad, but informative measure as 
to whether the balance of microbial communities, encompassing the 
major primary producers and consumers, was bacterially dominated or 
algal-rich. The Phanerozoic H/St average for organic-rich sedimentary 
rocks and oils derived from marine sediments deposited in nutrient- 
replete settings fall typically in the 0.5–2.0 (Rohrssen et al., 2013), 
signifying substantial eukaryotic source inputs. The H/St ratios found 
for most drill-core 25 samples are elevated (range: 1.4–39; mean: 10.3; 
most values > 3), implying a high bacterial contribution. The values of 
H/St ratios do not correlate with TOC content, which remains low (≤
0.5 wt%) throughout the sedimentary succession. The high proportion 
of bacterial source contribution to the preserved organic matter and the 
generally low TOC content for drill-core 25 have also been found pre
viously for Ordovician rocks deposited in shallow, epeiric seaways at 
tropical paleolatitudes (Rohrssen et al., 2013; Lee et al., 2019). 

The appreciable amounts of 2α-methylhopanes and 3β-methyl
hopanes imply that the high hopane series abundance in drill-core 25 
was derived from mixed bacterial input, encompassing bacterial primary 
producers and methanotrophs as well as bacterial heterotrophs. 
Generally, bacterial picoplankton outcompete algae in nutrient-limited 
aquatic ecosystems, which only sustain low net biomass in oligotro
phic marine settings of the modern ocean (Biddanda et al., 2001). The 
setting behind the reef tract in a lagoon and muted nutrient supply from 
the open ocean likely contributed to the persistently low primary pro
ductivity and low net biomass over millions of years of deposition on this 
carbonate platform through the Silurian. In contrast with drill-core 25, 
H/St ratios are low (0.3–1.0) in contemporaneous organic-rich shales 
and marlstones from Lithuania (TOC > 1 wt%, ranging up to 19.2 wt%). 
The low H/St ratios in Lithuania are consistent with high algal pro
ductivity being sustained in nutrient-replete, open-marine conditions of 
deeper-water settings within the Baltic Depression (Zdanaviciute and 
Lazauskiene, 2007). 

The major alkane constituents of the rock extracts from drill-core 25 
are dominated by a marine n-alkane signal extending from C15 to C40 
that begins to tail off in abundance with increasing carbon numbers 
above n-C23 or n-C25 (Supplementary Fig. S1). Samples demonstrate a 
slight, but discernible carbon number preference for odd-over-even 
carbon numbered n-alkanes in the C23 to C30 range in total ion chro
matograms (TICs) from full scan GC–MS analysis (Supplementary 
Fig. S1). This abundance pattern is likely attributable to moderate green 
and other algal inputs superimposed on a bacterially sourced envelope 
of n-alkanes. Consistent with this strong bacterial contribution, hopanes 
[particularly C29 α β, C30 αβ, and C31 αβ (22S and 22R)] are the most 
abundant polycyclic alkane signals detected as major peaks in full scan 
TICs. The magnitude of the slight odd-over-even n-alkane preference is 
more pronounced in the upper core interval as expected, in part due to 
the lower thermal maturity of these host rocks preserving the original 
carbon number patterns to a slightly higher degree. 

A homologous series of 2α-methylhopanes is present in all samples in 
moderate abundance, with an average value for 2-MeHI of 3.2% and a 
range of 1.3–5.7%. Biological precursors of 2α-methylhopanes are 
sourced mainly from cyanobacteria (Summons and Jahnke, 1990; 
Summons et al., 1999; Doughty et al., 2009; Welander et al., 2010; Naafs 
et al., 2022) and/or α-proteobacteria (Rashby et al., 2007; Welander 
et al., 2010; Naafs et al., 2022). The 2-MeHI values from drill-core 25 are 

hence assessed as moderate, especially for carbonate lithologies, which 
normally yield higher values than contemporaneous shales (Summons 
et al., 1999), but the ubiquity and appreciable amounts of 2α-methyl
hopanes mean that these are significant lipid biomarker constituents in 
the drill-core. 

5.2. Sterane patterns for Silurian rocks compared to Late Ordovician and 
Devonian patterns 

C29 steranes are commonly the most abundant steranes found in most 
Paleozoic marine rocks and oils (Grantham and Wakefield, 1988; 
Schwark and Empt, 2006), including Cambrian and Silurian samples 
that pre-date the radiation and expansion of vascular plants in the 
terrestrial realm with the Devonian. C29 steroids are preferentially 
produced by most green algal clades (Volkman et al., 1994; Kodner 
et al., 2008), consistent with green algae being the major eukaryotic 
marine phytoplankton in the Paleozoic Era. Some prasinophyte (green) 
microalgae can produce higher relative amounts of C28 steroids (Kodner 
et al., 2008), as well as abundant C29 steroids. In contrast, C27 and C28 
are the most abundant steroids constituents of red algae, with rhodo
phytes producing a very strong C27 steroid dominance within their pri
mary sterols (Kodner et al., 2008). Higher relative contributions of C28 
steroids may also be sourced from red algal-derived lineages synthe
sizing chlorophyll a + c pigments, but these mainly radiated later in 
Mesozoic and younger oceans (dinoflagellates and coccolithophores 
initially, followed by diatoms during the Cretaceous and younger). 

C29 steranes are commonly the most abundant sterane signal in most 
drill-core 25 samples with an average value of 49% (of total C27–C29 
sterane signal), although the C27 steranes become as abundant as C29 
compounds in the upper two samples of the drill-core interval, which 
extends into the Early Devonian. The magnitude of C29 steranes domi
nance in the drill-core is generally not quite as pronounced as for 
Ordovician rocks. The abundance ratios of C28/C29 steranes, which 
average 0.4 for the drill-core, reach values as high as 0.8, which is 
elevated compared to the typical Middle to Late Ordovician marine 
mean value of ~ 0.3 (Rohrssen et al., 2013). The enhanced contribution 
of C28 sterane biomarkers in a few samples of the drill-core could be due 
to an increased input of red algae (mainly C27 sterol producers) and/or 
C28 sterol-producing green algae from certain prasinophytes (Kodner 
et al., 2008); both of these scenarios result in diminished sterane 
contribution from C29 sterol-producing green algae. 

The drivers governing the variability of the sterane distributions 
sourced from eukaryotic phytoplankton in the drill-core might be due to 
local factors, such as changes in local nutrient availability strongly tied 
to the temporal variation in the extent of basin restriction in this reef- 
rimmed, lagoonal depositional setting. Thus, we refrain from inter
preting these temporal changes in sterane distributions as a global trend 
in major, marine eukaryotic phytoplankton occurring through the 
middle Silurian to Early Devonian. The changes in sterane carbon 
number patterns recorded in the drill-core are more likely due to a local 
environmental overprint superimposed on a strong green algal baseline 
signal (with C29 sterane preference being the major feature), reflecting 
the changing algal source contributions and environmental conditions in 
this shallow-water depositional setting through time. 

5.3. Implications of extremely low/absent C30 regular steranes in middle 
to late Silurian marginal marine settings 

The presence of the C30 sterane, 24-n-propylcholestane (24-npc), has 
most commonly been applied to distinguish Phanerozoic marine depo
sitional environments, as opposed to lacustrine or highly restricted 
marine settings (Moldowan et al., 1990). This paleoenvironmental 
assessment has been applied by organic geochemists most commonly to 
the Devonian and younger geological records. Molecular clock esti
mates, from a time-calibrated molecular phylogeny constructed using 
sterol C-24 methyltransferase sequences, predict that marine 
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pelagophytes and their algal ancestors may not have first produced algal 
C30 sterols until the Devonian (Gold et al., 2016). Marine pelagophyte 
algae and their ancestors are hence the most likely the major source 
biota for 24-npc in Phanerozoic rocks and oils derived from Devonian 
and younger source rocks (Moldowan et al., 1990; Rohrssen et al., 2015; 
Gold et al., 2016), although foraminifera are another possible source of 
24-npc (Grabenstatter et al., 2013). 

The oldest occurrences of ancient 24-npc are found in the Cryogenian 
and Ediacaran rocks and oils from South Oman and Siberia (Love et al., 
2008, 2009; Grosjean et al., 2009; Kelly et al., 2011; Lee et al., 2013), 
although this C30 sterane is absent/below detection limits in many 
contemporaneous Ediacaran rocks from Baltica (Pehr et al., 2018). The 
source of 24-npc in these Neoproterozoic rocks and oils might be from 
demosponges (Love et al., 2009) rather than from algae, since demo
sponges are the only modern taxa capable of biosynthesizing abundant 
sterols containing 24-npc, 24-isopropylcholestane (24-ipc), and 26- 
methylcholestane (26-mes), which are found together as three resolv
able C30 sterane compounds in some Neoproterozoic rocks. Therefore, a 
major algal source of 24-npc steranes probably did not appear until well 
into the Paleozoic, which is compatible with molecular clock estimates 
(Gold et al., 2016). 

A commonly found Ordovician hiatus in the occurrence of readily 
detectable 24-npc (< 0.3% of total C27 to C29 steranes for reliable 
GC–MRM-MS detection limits) was reported previously by Rohrssen 
et al. (2015) from analysis of a suite of the Late Cambrian, Ordovician, 
and early Silurian sedimentary rocks. This Ordovician marine gap in 24- 
npc biomarker detection was later supported by analysis of Early 
Ordovician carbonates (Lee et al., 2019). In contrast, very few Silurian 
rocks and oils have been rigorously tested for 24-npc or other regular C30 
sterane occurrences. We find here that 24-npc, 24-ipc and 26-mes are all 
below reliable GC–MRM-MS detection limits (< 0.3% of summed C27 to 
C29 steranes) in our drill-core samples, which were deposited in a 
lagoonal setting on a reef-rimmed carbonate platform. 

The absence of 24-npc may just be a local environmental feature 
rather than a consistent Silurian biomarker characteristic so caution 
must be applied at this stage. It is possible that algal sources of 24-npc 
first emerged during the Silurian, but only flourished in distal, open- 
marine settings, such as the outer shelf beyond the reef-rimmed car
bonate platforms. Despite the sparse Silurian biomarker literature, this 
possibility is supported by the findings of Rohrssen et al. (2015), who 
reported low, but detectable 24-npc signal (0.3–0.8% of total steranes) 
in three analyzed early Silurian marine sedimentary rocks from Gotland, 
Sweden. Nutrient-limitation in the marginal-marine, reef-rimmed 
lagoonal setting where drill-core 25 strata were deposited made this 
habitat challenging for algae to flourish (see Section 5.1), which may 
account for the consistent absence of 24-npc signal. Thus, we need to be 
wary of extrapolating local sterane distributions to the entire Silurian 
marine sedimentary record. Thermally immature, Silurian rocks 
deposited in deeper-water, eutrophic marine settings should be targeted 
for future investigation. 

5.4. Observed 3β-methylhopane trends through the late Silurian record 
systematic changes in Early Paleozoic marine methane cycling 

Hopanes methylated at the C-3 position are typically minor com
pounds relative to the regular hopane series for most Phanerozoic ma
rine rocks and oils, as reflected by the typical low values and range of 3- 
MeHI (1–3%) for most Devonian and younger marine rocks and oils 
(Rohrssen et al., 2013; Haddad et al., 2016; Martinez et al., 2019). 3β- 
Methylhopanes derived from 3β-methylbacteriohopanepolyols and/or 
3β-methyldiploptene/diplopterol precursors are often associated with 
an origin from aerobic methanotrophic proteobacteria (Summons and 
Jahnke, 1990; Farrimond et al., 2004). Additionally, it has been found 
that an anaerobic methanotrophic bacterium, that utilizes nitrite as an 
oxidant, can synthesize 3-methylhopanoids in significant amounts (Kool 
et al., 2014). Thus, elevated abundances of 3-MeH sourced from 

bacterial methanotrophs are arguably the most likely dominant 
contributor of 3-MeH to ancient marine source rocks at circum-neutral 
seawater pH (Collister et al., 1992; Ruble et al., 1994; Farrimond 
et al., 2004), although other (mainly aerobic) bacterial sources of 3-MeH 
are possible (Welander and Summons, 2012). This source assignment is 
strongly supported by highly 13C-depleted isotopic signatures charac
teristic of a methanotrophic origin for these compounds when found in 
particularly high abundance in ancient rocks (with high 3-MeHI values), 
such as reported for immature shales from the Green River Formation 
deposited in saline lake environment (French et al., 2020; Ruble et al., 
1994; Collister et al., 1992). Other biogenic source contributions to 
ancient 3β-methylhopanes restricted to acidic paleoenvironments are 
acetic acid bacteria (Zundel and Rohmer, 1985) and one genus of 
anaerobic purple bacteria (Jahnke et al., 2014; Mayer et al., 2021), 
although such low pH-adapted organisms are not likely to thrive in 
marine and carbonate-dominated paleoenvironments. 

Methanotrophic bacteria that synthesize 3-methylhopanoids oxidize 
methane to CO2 with molecular oxygen (or use other oxidants such as 
nitrite; Kool et al., 2015) rely usually on a biogenic methane flux 
generated via methanogenesis in the water column and/or surface 
sediments as a carbon source. In modern marine sediments, methane 
oxidation largely occurs through the process of anaerobic oxidation of 
methane (AOM), although bacterial methanotrophy mediated mainly by 
type I methanotrophs occurs on the margins of the modern Eastern 
Tropical North Pacific oxygen-minimum zone (Chronopoulou et al., 
2017). AOM in modern marine environments is the dominant process of 
methane sequestration consuming > 90% of the annually produced 
methane before it can reach the water column or atmosphere (Knittel 
and Boetius, 2009; Thiel, 2018). The process of AOM is largely per
formed by a consortium of methane-oxidizing archaea and sulfate- 
reducing bacteria with sulfate being the final electron acceptor. 
Throughout most of the Paleozoic, low marine sulfate (Gill et al., 2007; 
Wu et al., 2014) and lower dissolved O2 concentrations (relative to the 
Mesozoic and younger) likely promoted greater fermentative recycling 
of organic matter and an enhanced methane flux to the water column on 
continental margins from the locus of methanogenesis within oxygen- 
minimum zones (OMZs). Elevated 3β-methylhopane indices (3-MeHI) 
of ancient marine rocks, therefore, could signify enhanced, microbially 
driven (mainly aerobic) methane oxidation in marine shelf water col
umns, which were proximal to the margins of expansive OMZs (Rohrs
sen et al., 2013). 

Previous research has demonstrated that Ordovician marine 
biomarker assemblages consistently exhibit elevated 3-MeHI values (>
3%, and commonly ca. 4–18%) for a variety of lithologies and marine 
depositional settings, particularly from low-latitude sites (Rohrssen 
et al., 2013; Spaak et al., 2017; Lee et al., 2019). In contrast, Late 
Devonian and younger sedimentary rocks and oils appear to consistently 
yield much lower 3-MeHI values of ca. 1–3% (Haddad et al., 2016; 
Martinez et al., 2019) that may reflect an increasingly muted marine 
methane cycle and/or more oxygenated oceans. This might be related 
mechanistically to a contraction of OMZs in response to a Devonian rise 
of atmospheric oxygen and a concomitant increase in dissolved marine 
oxidants (Algeo et al., 2015; Haddad et al., 2016; Martinez et al., 2019; 
Stolper and Bucholz, 2019; Sperling et al., 2021), though the timing of 
any global-scale secular 3-MeHI change needs to be better constrained in 
the Phanerozoic. 

Elevated 3-MeHI values (range: 3–13%, mean: 6.4%) are found 
throughout the drill-core. The 3-MeHI values do show a slight temporal 
decrease in magnitude through the Přídolí Stage and into the late 
Silurian–Early Devonian transition, compared with the underlying 
Silurian interval (Figs. 4 and 6). Given the sparseness of the Silurian 
biomarker record, the temporal trend of decreasing 3-MeHI moving 
stratigraphically up in the drill-core may reflect a local environmental 
change and not necessarily a widespread or global-scale trend. Despite 
this warranted caution, the values of 3-MeHI (4–10.3%) for the youngest 
strata deposited during the Silurian–Devonian transition are still 
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consistently elevated in magnitude relative to younger Phanerozoic 
marine average values (1–3%). This result supports the interpretation 
that a vigorous marine methane cycle was sustained, at least locally at 
the southern margin of Baltica, for million years (Fig. 7). Bacterial 
methanotrophy, fueled by a biogenic methane flux delivered from 
deeper-water settings and shallow sediments which advected into 
shallow-marine waters, was likely a prevalent component of the marine 
carbon cycle on shelf settings during both the Ordovician and Silurian. 

5.5. Implications of sustained bacterially dominated primary productivity 
on Silurian shallow marine environments for interpretating Silurian 
positive carbon isotope excursions on Baltica 

Silurian carbon isotope stratigraphic records from Baltica have been 
well studied and show up to four major positive δ13Ccarb excursions 

across the period, many of which have now been globally correlated at 
multiple sites (Kaljo and Martma, 2006; Kaljo et al., 2007, 2012; Sadler, 
2012; Hammarlund et al., 2019; Bowman et al., 2021; Hartke et al., 
2021). The climatic and environmental context for these excursions 
remains up for debate, however one mechanistic driver proposed in
volves changes in thermohaline ocean circulation that shifted the locus 
of high primary productivity and carbon burial to distal marine settings 
(Jeppsson, 1990; Cramer and Saltzman, 2005; Calner, 2008; Munnecke 
et al., 2010) and affected ocean redox conditions. This would have 
impacted the global carbon isotope balance in favor a more 13C-enriched 
dissolved inorganic carbon pool available for primary production for a 
significant period of geologic time (< 1 million years of duration) until 
strong negative biogeochemical feedbacks gradually restored to the pre- 
excursion baseline δ13Ccarb values of around 0‰. 

Drill-core 25 strata were deposited in a reef-rimmed, lagoonal setting 

Fig. 6. Partial MRM ion chromatograms for selected samples from drill-core 25, comparing samples from 104.2 m and 339.6 m drill-core depth and highlighting the 
distributions and relative abundances of free hopanes and methylhopanes. The peak signal in % is based on the relative peak intensity of the largest peak. (A) C30 αβ 
and βα hopanes (white fill), γ = gammacerane; C31 2α-methylhopane (light-gray fill); C31 αβ-(S and R) hopanes (white fill); C31 3β-methylhopane (light-gray fill); (C) 
C31 αβ-(S and R) hopanes (light-gray fill); C32 2α-methylhopanes (light-gray fill) and 3β-methylhopanes (light-gray fill); C33 2α-methylhopanes (light-gray fill) and 3β- 
methylhopanes (light-gray fill). 
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and offer a unique opportunity to investigate the microbial ecology and 
redox conditions in Silurian marginal-marine settings. The mode of 
primary productivity, though somewhat variable, remained largely 
bacterially dominated throughout the depositional history of the drill- 
core. Additionally, there appears to be no fundamental shift in the 
TOC content of drill-core 25 marine sediments, with low TOC content 
prevalent. This characteristic along with the shallow-marine deposi
tional setting and key biomarker features (low gammacerane ratio and 
low HHI) suggest that oxic environmental conditions on the inner shelf 
were maintained. 

Across the interval of time that drill-core 25 spans at least one 
negative and two positive δ13Ccarb isotope excursions have been recog
nized across Baltica (Kaljo et al., 2007, 2012). The pair of positive 
δ13Ccarb excursions during the Přídolí Age (reaching up to +4‰) and 
across the Silurian-Devonian boundary (SIDE) have been recorded 
offshore of several continents. Both of these excursions are also captured 
in the carbonate carbon isotope record of drill-core 25 (Kaljo et al., 
2012). It seems increasingly likely that the Silurian positive carbon 
isotope excursions were driven by changes in organic carbon cycling and 
organic matter burial in offshore marine settings, overriding biogeo
chemical processes which occurred in shallow, epeiric seaways and 
inner carbonate platform marine environments (Cramer and Saltzman, 
2005; Hartke et al., 2021). This interpretation though requires further 
testing using a combination of high-resolution lipid biomarker and 
isotope stratigraphic records spanning through Silurian events. 

6. Conclusions 

Lipid biomarker records were generated for the > 400 m-thick 
middle Silurian to Early Devonian succession of sedimentary carbonates 
in drill-core 25 from Podillya, Ukraine (Baltica), deposited in a shallow- 
marine, reef-rimmed lagoonal tropical setting. This is the first detailed, 
stratigraphic Silurian biomarker study using GC–MRM-MS to resolve the 
distributions of the main biomarker hydrocarbon constituents. The 
biomarker assemblages suggest that organic-lean (with TOC ≤ 0.5 wt%) 
samples were deposited in a nutrient-depleted and shallow-marine, 
oxygenated environment with communities dominated by bacterial 
primary producers and consumers. High source contributions of bacteria 
are indicated by generally high hopane/sterane (H/St) ratio values 
(range: 1.4–37, mean: 10.7) for both the bitumen and kerogen phases, 

along with abundant methylhopanes. With respect to the main algal 
primary producers, the major regular steranes are mainly C29 from green 
algae, but with no appreciable contribution of any C30 regular sterane 
compounds. High 3β-methylhopane index (3-MeHI) values (mean: 
6.4%, range: 3–13%) are consistently found throughout drill-core 25, 
which is a characteristic usually associated with significant inputs from 
methanotrophic bacteria. Our study extends the time span of consis
tently high 3-MeHI values, established for the Ordovician, to encompass 
Silurian marine environments. 
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