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ABSTRACT

Multiple lines of evidence point to a major diversification of Eukarya in the late Tonian period, ca. 800-720 Ma ago. Regular
steranes, lipid biomarkers primarily sourced from eukaryotes, are first unambiguously reported from multiple sites. Here, we
present lipid biomarker stratigraphic records from two drill-cores from the Lena-Anabar Basin in northern Siberia, in addi-
tion to new biomarker data from the Walcott Member of the Chuar Group, USA. The Siberian drill-cores span the late Tonian
(ca. 800-750 Ma) and late Ediacaran-early Cambrian periods (ca. 565-539 Ma), with Cryogenian strata absent. Compositional
differences in sedimentary organic matter were assessed using a suite of biomarker hydrocarbon parameters, with seawa-
ter redox and phosphorus availability determined using iron speciation, trace metals, and phosphorus phase partitioning.
Steranes were consistently detected in Tonian strata in the Siberian drill-cores, with sterane/hopane (S/H) values being uni-
formly low (< 0.05), consistent with a low-productivity, marine environment in which bacteria outcompeted eukaryotes for
limited nutrients. This was confirmed by phosphorus phase partitioning data that suggest that phosphorus was a key limiter
of late Tonian marine eukaryote abundance. Unlike Siberia, late Tonian samples from the Chuar Group showed consistently
higher S/H values (up to 0.38) and elevated total organic carbon content (1.3-5.6 wt.%) indicative of higher algal productiv-
ity in a eutrophic marine setting. Tonian strata primarily yielded cholestane (C,, sterane), indicating red algal dominance
with small contributions of cryostane and ergostane (C,, steranes), while Ediacaran strata in both Siberian drill-cores were
dominated by stigmastane (C,, sterane), indicating green algal dominance, capturing this global secular shift in a single
location. The distinctive C, -sterane dominance commonly found for the late Tonian is captured here for the first time from
an oligotrophic marine environment that sustained oxic to weakly reducing redox conditions, supporting the idea that the
Tonian rise of algae occurred widely across the oceans.

1 | Introduction stasis of the so-called “Boring Billion” to the upheaval of

the late Neoproterozoic (Planavsky et al. 2015). Prior to the
The Tonian Period (1000-720 millions of years ago, Ma), ca. 717-635Ma Snowball Earth glaciations, the superconti-
particularly its final 100 million years, was a dramatic tran- nent Rodinia fragmented at ca. 825-720Ma (Li et al. 2013),
sition in the Earth System, linking the apparent relative atmosphere-ocean oxygen concentrations began to rise
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in a fluctuating manner (Krause et al. 2022; Turner and
Bekker 2016), the first large-magnitude carbon isotope excur-
sions in a billion years occurred (Halverson et al. 2005, 2010),
and eukaryotic life flourished and diversified (Cohen and
Macdonald 2015; Isson et al. 2018; Riedman and Sadler 2018;
Xiao and Tang 2018). Hence, this interval represents a criti-
cal period for the evolution of complex life, yet the temporal
dynamics, causes, and consequences of the Tonian rise of eu-
karyotes remain debated.

Evidence for a eukaryotic radiation in the late Tonian derives,
in part, from lipid biomarker records. The pre-Sturtian record
of regular (4-desmethyl) steranes suggests that eukaryotic life
was relatively scarce in the oceans prior to an ecological rise
that began in the late Tonian period (Love and Zumberge 2021;
Zumberge et al. 2020). Steranes are the diagenetic products
of sterols, membrane lipids that are ubiquitous across the
Eukaryotic tree of life (Desmond and Gribaldo 2009), although
a few species of heterotrophic eukaryotes lack sterols (Takishita
et al. 2017). As such, synthesis of regular steroids is often con-
sidered a synapomorphy for eukaryotes. The abundance ratio of
summed steranes to their bacterial analogue, hopanes (S/H) is a
widely used and convenient proxy for the relative contributions
of eukaryotes and bacteria to sedimentary organic matter, given
the broadly similar recalcitrance of these polycyclic compound
classes to degradation during prolonged burial and thermal
maturation.

The oldest widely accepted regular steranes are found in the
<820Ma Bitter Springs Group (Brocks et al. 2017), as well
as in the 777-717Ma Buldya Group (Brocks et al. 2017), the
753+5.9Ma Visingsé Group (Brocks et al. 2016; Planavsky
et al. 2023; Zumberge et al. 2020) and the 735-729Ma upper
Walcott Member of the Chuar Group (Brocks et al. 2016; Dehler
et al. 2023; Summons et al. 1988; Summons and Walter 1990;
Vogel et al. 2005; Zumberge et al. 2020). Dakhnova et al. (2014)
previously identified regular steranes in solvent extracts from
only four samples from a one-meter interval of the Burskaya-3410
drill-core in the Tonian Lena-Anabar Basin but did not report
sterane distributions or provide S/H values.

The possibility of contamination from exogenous sources is a
persistent concern in studies of ancient biomarkers, and me-
ticulous analytical protocols and compound screening are re-
quired minimize and identify potential organic contamination
(French et al. 2015). Pre-Tonian sedimentary units of suitably
low thermal maturity that are not compromised by suspicious
exogenous lipids commonly yield complex lipid assemblages
dominated by bacterial sources, yet typically lack regular ster-
anes. Biomarker assemblages from the ca. 1.0-1.1 Ga Malgina
Formation in eastern Siberia (Suslova et al. 2017), the ca. 1.08 Ga
Nonesuch Formation in Laurentia (Gallagher et al. 2017), the ca.
1.1 Ga EI Mreiti Group in West Africa (Blumenberg et al. 2012;
Gueneli et al. 2018), the ca. 1.1 Ga Lakhanda Group in eastern
Siberia (Duda et al. 2021), the ca. 1.38 Ga Roper Group in north-
ern Australia (Flannery and George 2014; Jarrett et al. 2019;
Nguyen et al. 2019), the ca. 1.38 Ga Xiamaling (Luo et al. 2015)
and ca. 1.46 Ga Hongshuizhuang formations (Luo et al. 2016)
in North China, and the ca. 1.64Ga Barney Creek (Brocks
et al. 2005; French et al. 2020) and ca. 1.73 Ga Wollongorong for-
mations (Vinnichenko et al. 2020) in northern Australia have

yielded no detectable regular steranes, despite the presence of
well-preserved bacterial biomarkers, including hopanes and
methylhopanes. Taken together, this body of evidence suggests
that the scarcity of modern-type steroid-producing eukaryotes
is a pervasive feature of mid-Proterozoic open-marine settings.

Although a molecular taphonomic bias resulting from selective
destruction of steroids in microbial mats has been proposed
to explain this early absence of steranes (the “mat seal” hy-
pothesis; Pawlowska et al. 2013), studies of modern microbial
mats that contain eukaryotes (Lee, Love, Jahnke, et al. 2019;
Lee et al. 2021; Shen et al. 2018) demonstrate that substantial
amounts of steroids survive degradation within mats and are
rapidly incorporated into and preserved by covalent binding
within a macromolecular matrix (“proto-kerogen”) on timescale
of only years to decades. Additionally, extensive mat facies per-
sist into the Cambrian (Buatois et al. 2014; Tarhan et al. 2015),
long after the full suite of C,,-C, steranes became ubiquitous in
the Ediacaran Period. Consequently, a mat seal taphonomic bias
cannot adequately account for the lack of regular steranes in
Mesoproterozoic and older sedimentary rocks and oils. Overall,
the composite Proterozoic lipid biomarker record suggests that
eukaryotes, including algae, were not environmentally abun-
dant and contributed minimally to Mesoproterozoic open-
marine ecosystems.

Multiple lines of evidence from the microfossil record fur-
ther support a Tonian radiation of microbial eukaryotes
(Butterfield 2015; Cohen and Macdonald 2015; Knoll et al. 2006;
Riedman and Sadler 2018; Xiao and Tang 2018). Fossils assigned
to several crown eukaryote lineages appeared just prior to or
during the Tonian, including red and green algae by ca. 1000Ma
(Butterfield 2000; Gibson et al. 2018; Tang et al. 2020), fungi
by ca. 1000 Ma or ca. 890Ma (Hermann and Podkovyrov 2006,
2010; Loron et al. 2019), and amoebozoans by ca. 750Ma (Lahr
et al. 2019; Riedman et al. 2018; Riedman and Sadler 2018).
Some microfossil diversity metrics also indicate an increase
in the late Tonian (Cohen and Macdonald 2015; Riedman and
Sadler 2018; Xiao and Tang 2018), although this pattern has
been recently questioned as a potential sampling artifact (Porter
et al. 2025). Regardless, innovations such as predation (Cohen
and Riedman 2018; Porter 2016) and protist biomineralization
(Cohen et al. 2017; Cohen and Knoll 2012; Morais et al. 2017)
first appear in the late Tonian ocean.

While eukaryotes—typically algae—are considered the primary
ancient producers of regular steroids, biosynthetic precursors of
these compounds also have an extensive geological record and
may reflect multiple sources (Brocks et al. 2005, 2023). Several
upstream steps of sterol biosynthesis may have originated in
bacteria (Hoshino and Gaucher 2021, 2024; Wei et al. 2016),
and some extant bacteria inhabiting microaerobic ecosystems
are capable of synthesizing steroid precursors (Wei et al. 2016),
including the principal compounds lanosterol and cycloartenol,
which retain A-ring methylations at the C-4 position. These
compounds are not accumulated as terminal sterol products in
most modern eukaryotes.

Geological forms of 4-methyl steroids, or “protosteroids,” in-
clude lanostane (aliphatic) and 4-methyl mono-, di-, and triar-
omatic steroids. Lanostane occurs repeatedly throughout the
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Phanerozoic (Birgel and Peckmann 2008; Chen et al. 1989; Chen
and Summons 2001; Parfenova 2011; Peckmann et al. 2004),
often associated with methane seeps or redox-stratified saline
lakes. The oldest detected lanostane is from the ca. 1640Ma
Barney Creek Formation (Brocks et al. 2023), although lanos-
tanes are not commonly observed as major biomarker constitu-
ents of Precambrian sedimentary rocks. Aromatic protosteroids
were first reported from immature Paleoproterozoic rocks from
the Barney Creek Formation (Brocks et al. 2005) and have
also been found in younger Proterozoic and Phanerozoic rocks
(Brocks et al. 2023).

Protosteroids have been interpreted as deriving either from bac-
teria (Brocks et al. 2005) or stem eukaryotes (Brocks et al. 2023),
and their record remains a topic of ongoing debate (Hoshino
and Gaucher 2024). Additionally, trace amounts of 4,24-methyl,
aromatic “ursteroids” reported from four shales of the mid-
Proterozoic Velkerri Formation, Roper Group, have been in-
terpreted as potentially sourced from stem-group eukaryotes
(Brocks et al. 2023). Taken together, these data suggest a wide-
spread Tonian rise of modern-type steroids derived from eu-
karyotes is plausible, although additional environmental facies
require further investigation.

Changes in sterane compound distributions are important for
recognizing shifts in Neoproterozoic microbial ecology and for
tracking the evolution of steroid biosynthesis pathways (Hoshino
et al. 2017; Knoll et al. 2007). A predominance of C,, (stigmas-
tane, 24-ethyl cholestane) over C,, (cholestane) and C, steranes
is commonly interpreted as a green algal dominance within
the eukaryotic phytoplankton community (Kodner et al. 2008).
The oldest occurrence of this pattern is found in Oman rocks
deposited around the Cryogenian-Ediacaran boundary (Love
et al. 2009), after which a C,, sterane preference is com-
monly observed in Ediacaran (Brocks 2018; Brocks et al. 2017;
Duda et al. 2020; Dutta et al. 2013; Grosjean et al. 2009; Kelly
et al. 2011; Love et al. 2009; Pehr et al. 2018) and Paleozoic
(Grantham and Wakefield 1988; Schwark and Empt 2006) ma-
rine sedimentary rocks and oils. As a caveat, few Ediacaran
units from Australia contain C,, steranes, but not as the domi-
nant component (McKirdy et al. 2006).

By contrast, Tonian sediments younger than ca. 820Ma
show a C,, predominance, which is interpreted as reflecting
major eukaryotic contributions from unicellular heterotrophs
(Brocks et al. 2017) and/or red algae (Summons et al. 1988;
Zumberge et al. 2020). Red and green algae are evolutionary
sister groups within the Archaeoplastida (Burki et al. 2020),
and microfossils of both have been reported in rocks as old
as ca. 1000Ma (Butterfield 2000; Gibson et al. 2018; Tang
et al. 2020). The delayed first appearance of steroids from
these groups therefore appears puzzling. A sampling gap in
the rock record between ca. 1000 and 820 Ma, due to a scarcity
of thermally immature rocks (Zumberge et al. 2020), partially
explains this discrepancy. Additionally, these temporal offsets
between the molecular and microfossil records may reflect
ecological differences in the relative abundance of each clade,
habitat preferences, or the delayed evolution of stigmasteroid
and other steroid biosynthetic pathways until the Cryogenian
(Hoshino et al. 2017). To date, the timing of the red-to-green
algal transition has been inferred only from biomarker records

of sedimentary successions at different locations. Observing a
switch from C,, to C,, sterane dominance at a single location,
captured across multiple samples in two cores over a signif-
icant stratigraphic interval, would provide strong evidence
for this first-order, secular change in the pre- versus post-
Snowball Earth marine biosphere. Therefore, much remains
to be learned about the precise timing and drivers of this fun-
damental change in Neoproterozoic sterane distributions.

Lipid biomarkers reflect the major, ancient biogenic sources
of sedimentary organic matter, which 80% or more is typically
derived from primary producers (Killops and Killops 2005;
Meyers 1997). As such, the relative and absolute abundance
of steranes should track local algal productivity. In modern
aquatic environments, eukaryotic phytoplankton contributions
to biomass are geographically variable and correlate with nu-
trient availability across multiple scales (Biddanda et al. 2001;
Chisholm 1992; Huete-Ortega et al. 2010; Maraién 2015).
Regional heterogeneity in S/H values has been observed in
Ediacaran sedimentary rocks, with S/H values ranging from
<0.3 in Siberia and Baltica basins (Duda et al. 2020; Pehr
et al. 2018) to values above 1.0 (mainly in the 0.5-2.0 range) in
source rocks and oils from Oman (Grosjean et al. 2009; Love
et al. 2009; Stolper et al. 2017) and oils from Eastern Siberia
(Kelly et al. 2011). This variability has been interpreted as rep-
resenting regional differences in competition and abundance
between algae and bacteria, with low S/H corresponding to
low algal productivity in an oligotrophic environment (Pehr
et al. 2018). A similar pattern has been observed for the late
Tonian, where higher sterane abundances correspond to higher
algal productivity (Zumberge et al. 2020). Moderate-high S/H
values, indicative of a substantial algal contribution to photo-
autotrophy, were found in organic-rich shales from the Walcott
Member of the Kwagunt Formation, Chuar Group (Arizona,
USA), compared to more organic-lean, siliciclastic rocks from
the Visingso Group (Sweden).

However, existing late Tonian biomarker data are limited to a
few successions that do not fully capture the diversity of marine
environments, with highly oligotrophic settings notably under-
represented. Environmental heterogeneity within the global
ocean must therefore be considered when assessing changes
in marine ecosystem composition between the Tonian and
Ediacaran. Local drivers of ecosystem change, such as regional
nutrient controls on primary productivity and eukaryotic abun-
dance, must be distinguished from first-order secular changes.

In this study, we combined both organic and inorganic geo-
chemical approaches to assess both the magnitude of eukary-
otic contribution and the influence of local environmental
controls on Neoproterozoic marine microbial ecology. Our
analyses focused primarily on high-resolution studies of
thermally immature sedimentary rocks deposited in the late
Tonian and Ediacaran-Cambrian in the Lena-Anabar Basin,
Siberia. Given that ocean oxygenation has been frequently
linked to the rise of eukaryotes (Lenton et al. 2014; Lyons
et al. 2021; Xiao and Tang 2018), we used iron speciation and
redox-sensitive element concentrations to assess local aquatic
redox conditions. Because increased phosphorus availability
in the late Tonian ocean has also been proposed as a poten-
tial driver for eukaryotic expansion (Planavsky et al. 2023;
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Reinhard et al. 2020), we conducted phosphorus phase par-
titioning measurements to assess phosphorus availability in
the basin.

The above geochemical proxies were coupled with lipid bio-
marker stratigraphic records, as well as carbon and strontium
isotope chemostratigraphy, to reconstruct a comprehensive
picture of coupled biosphere-and-environmental changes from
the late Tonian to the Ediacaran-Cambrian transition. The late
Tonian biomarker records from northern Siberia provide a valu-
able comparison with other environments, such as the Visingso
Group (Zumberge et al. 2020), and are augmented here with
new lipid biomarker data from thermally immature shales of the
upper Walcott Member of the Chuar Group. This integrated ap-
proach allows us to investigate the secular rise of Neoproterozoic
eukaryotes while accounting for local paleoenvironmental con-
ditions, thereby improving our understanding of the dynamic,
late Tonian marine biosphere.

2 | Geologic Setting

We analyzed sedimentary rocks from two drill-cores,
Burskaya-3410 and Khastakhskaya-930, located about 50km
apart in the Lena-Anabar monocline of northern Siberia
(Figure 1), drilled in the 1980s by Lenaneftegazgeologiya. The
Neoproterozoic succession sampled from these drill-cores was
deposited on the eastern margin of the Siberia Craton, facing the
open ocean (Merdith et al. 2017, 2021; figure 1).

The analyzed rocks span the late Tonian to earliest Cambrian
(ca. 800-539Ma) interval. We utilized the stratigraphic sub-
divisions of Nagovitsin et al. (2015), and the age model for
these drill-cores was based on their biostratigraphy, aug-
mented with chemostratigraphy presented in our paper. The
acritarch Cerebrosphaera globosa (= C. buickii) is present in
the Kulady and lowermost Khastakh formations in both drill-
cores (Figure 2), which constrains these units to ca. 800-
743Ma (Dehler et al. 2023; Riedman and Sadler 2018). The
upper Khastakh Formation contains microfossil taxa that lack
tightly constrained biostratigraphic ranges, but are typical for
the Tonian, including Chuaria circularis, Proterocladus major
and Osculosphaera sp. (Butterfield et al. 1994), suggesting
that this stratigraphic interval is between ca. 800 and 720 Ma
in age. Cryogenian (720-635Ma) strata are not preserved in
these cores, and there is a recognized hiatus corresponding
to that interval throughout northern Siberia (Kontorovich
et al. 2013) where our drill-cores are located. The region lacks
Tonian chemostratigraphic and geochronological age con-
straints, although a negative carbonate carbon isotope excur-
sion, possibly corresponding to the ca. 810 Ma Bitter Springs
Excursion (Halverson et al. 2005; Thomson et al. 2015), has
been observed in the nearby Kharaulakh Range (Khabarov
and Izokh 2014). As described by Nagovitsin et al. (2015), the
Kulady Formation consists of interbedded gray shales and
sandstones, transitioning into interbedded gray shales and
laminated or hummocky cross-stratified limestones, while
the overlying Khastakh Formation consists of gray shales in-
terbedded with lenticular and wave-rippled sandstones. Gray
and black shales and micritic limestones were sampled for bio-
marker analysis.

The Taimylyr Formation, present only in the Burskaya-3410 drill-
core (Figure 2), was inferred to be Tonian in age by Nagovitsin
etal. (2015); however, the only microfossils described from the unit
are long-ranging, biostratigraphically uninformative leiospherid
and bacterial Bavlinella microfossils that do not provide a spe-
cific age constraint. The formation lies stratigraphically beneath
the Khatyspyt Formation, which contains Avalon-type Ediacaran
macrofossils (Grazhdankin et al. 2008), providing a minimum age
constraint of the late Ediacaran (Yang et al. 2021) for the Taimylyr
Formation. In this study, we present new carbon and strontium
isotope data that refine the age of the formation. The Taimylyr
Formation consists of microbially laminated dolostones inferred
by Nagovitsin et al. (2015) to represent a shallow-marine setting.

The Oppokun Formation, present in the Khastakhskaya-930
drill-core, contains the small shelly fossils Cambrotubulus de-
curvatus and Anabarites korobovi (Grazhdankin et al. 2020;
Nagovitsin et al. 2015; Rogov et al. 2015). Nagovitsin
et al. (2015) interpreted the unit as Ediacaran-Cambrian
in age. The Oppokun Formation has been correlated to the
Syhargalakh Formation of the Olenek Uplift, which con-
tains an ash bed that gives the unit a depositional U-Pb age
of 542.8 +1.3Ma (Bowring et al. 1993; Maloof et al. 2010).
However, these data may have been subject to Pb loss (Maloof
et al. 2010), and future reanalysis with modern techniques
may revise the date. Carbon isotope chemostratigraphy sug-
gests that the underlying Turkut Formation extends to the
Cambrian boundary (Bowyer et al. 2022, 2024). Taken to-
gether, this suggests that the Oppokun Formation is likely
earliest Cambrian in age, though future geochronology may
refine this assignment. Laminated gray to black, calcareous
shales were sampled for this study; overall the unit consists
of interbedded, gray laminated shales, calcareous shales and
micritic limestones interbedded with thin sandstones in the
lower part, and grading into shales and mudstones up section
(Nagovitsin et al. 2015; Grazhdankin et al. 2020).

To assess paleogeographical heterogeneity and environmental
controls on lipid biomarker distributions between our sites in
Siberia and other paleotropical locations, we also analyzed new
outcrop samples from Laurentia, specifically from the Sixtymile
Canyon locality of the Chuar Group, Grand Canyon, Arizona
(Dehler et al. 2023). Existing paleogeographical reconstructions
suggest the Siberian and Chuar locations were at similar low-
latitudes between 1000 and 750Ma (Eyster et al. 2019; Merdith
et al. 2021; figure 1). The Chuar Group was deposited in an intra-
cratonic basin that transitioned from non-marine during deposi-
tion of the underlying Galeros Formation (Rooney et al. 2017) to
marine by the time the upper Walcott Member of the Kwagunt
Formation was deposited (Dehler et al. 2017; Dehler et al. 2001).
A tuff dated to 729.0+0.9Ma at the top of the Walcott Member
provides a minimum age for our samples (Rooney et al. 2017),
and a Bayesian age model of the entire Chuar Group suggests the
upper Walcott was deposited after ca. 735Ma (Dehler et al. 2023).
Previous work on the Chuar Group has identified lateral varia-
tions in thermal maturity (Wiley et al. 2002) between different
outcrop sites, and the Sixtymile Canyon section has been shown
to be generally less thermally mature compared to the Nankoweap
Butte section (Zumberge et al. 2020). Black shales and carbonate
nodules were collected across a 38 m stratigraphic interval, imme-
diately above the upper dolostone doublet, in the upper Walcott
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FIGURE1 | (a)Map of the Siberian Craton showing the location of the Lena-Anabar Basin, with insets showing the location of the Burskaya-3410
and Khastakhskaya-930 drill-cores and the craton's location in modern Asia. Modified from Frolov et al. (2011) and Nagovitsin et al. (2015). Shaded
areas in the main map indicate Meso-Neoproterozoic sedimentary deposits. (b) Global continental configuration at 750 Ma (modified from Merdith

et al. 2021). Stars show the location of the Lena-Anabar Basin in blue, the Chuar Group in red, and the Visingd Group in orange.

Member of the Kwagunt Formation at the Sixtymile Canyon sec-
tion. The upper Walcott Member contains vase-shaped microfos-
sils of eukaryotic testate amoebae (Porter and Knoll 2000), and
was predominantly deposited under a redox-stratified water col-
umn with oxic surface waters overlying anoxic (most commonly
ferruginous) bottom waters (Johnston et al. 2010). The upper
Walcott Member hosts organic-rich shales with substantial total
organic carbon (TOC) content, often lying between 2 and 10wt%
(wt%) (Dehler et al. 2001, 2017), strongly suggesting a highly pro-
ductive (eutrophic), marine shelf setting.

3 | Materials and Methods

3.1 | Total Organic Carbon Content and HAWK
Programmed Pyrolysis Data

To constrain thermal maturity, total organic carbon (TOC) con-
tent and HAWK Programmed Pyrolysis parameters were mea-
sured at GeoMark Research (Houston, Texas). The TOC content
of all samples analyzed for biomarkers was determined using a
LECO C230 instrument. Samples were decarbonated with 1M

Geobiology, 2026

50f 31

85UB017 SUOLULLIOD BAIER.D 3|1 [dde 8y Aq pauseA0b a1 SN YO 38N J0 S3IN1 0} ARIQIT BUIUO A8|1MW UO (SUORIPUOO-PUR-SWLBYWI0D A 1M A.d]1 U UO//SANY) SUORIPUOD PUe SIS | U} 89S *[9202/0T/£0] U0 ARIqIT 3U1IUO AB]IM S0US|ROXT 818D PUB UIESH J0j aimiisu] uolieN ‘3OIN A T900L IGB/TTTT OT/I0p/w00 A8 |Im Aeld Ul uo//Sdny wo.y papeojumoa ‘G ‘9202 ‘69972LyT



c 5| Khastakhskaya-930 Burskaya-3410 S|
[} g al|® © 5
£18|3|E Ela
E > = o o|ln
wlh|O [ 1 L
= | 21001 -
< o 1600 <
£ A N &
w & 2
QOlc| [ch < 2
Ol ® @ © 4
N|= IS 1
o|la kS Sae
Q| E = | 2300 c
| © ©
D_ O (] —
1] )
2|s = S
%] 2 — ©
oS A% e | 5
“lg = o [
le) A = >
- -1-- 2500 X — g
2000 7= ‘©
= == [
o A e
5 — ]
P -
5| g |2 1 ?
wi=|3 A | _
2700 —
2200
2; 77777777777777 A
c
s B L 5
| 2900 ?; . b
o) S x
5 ~
—
sl ||| +— @ .
o .
= 3100 | B I © S » 2
o ] @ 2600— === S
) I : = |
z T © 1 m
E 3 I T CIL? )
= o 4 N 2
S === R g a = <
33004 1O SN S S =
L 2800—
-~ Anabarites L.
T 7 korobovi 8 o
o o
3500 = Cambrotubulus ™ ™~ c
= decurvatus o © &
2 Cerebrosphaera  87Sr/86Sr %
2 @ globosa =
% Trachyhystrichosphaera
aimika
? Proterocladus major 3200 =

massive sandstone mudstone @ dolostone
interbedded siliclastic A o "

olomitizied limestone
interbedded siliclasticB L] shaly dolostone =]

FIGURE 2 | Refined stratigraphy of the Khastakhskaya-930 and Burskaya-3410 drill-cores, modified from Nagovitsin et al. (2015) and
Grazhdankin et al. (2020), showing selected, biostratigraphically important microfossil taxa from these references and new Sr. isotope data for the
Burskaya-3410 drill-core. All depths in meters (m). Black boxes indicate intervals sampled for biomarkers. Here and in other figures, each formation
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onset of the Ediacaran at 2150 m and a more conservative boundary estimate at ~2070 m, which corresponds to a lithologic change. The red bar over
the Cerebrosphaera globosa distribution range indicates its age estimate scaled by the CONOP algorithm (Riedman and Sadler 2018). Age constrains
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HCI for at least 2h, with longer extraction times used for sam-
ples containing more recalcitrant carbonate minerals, rinsed
through a filtration apparatus to remove the acid, dried at low
temperature, and weighed to obtain an estimate of the carbonate
content based on weight loss. Samples were then combusted on
the LECO C230, which was calibrated with standards having
known carbon content. Samples and standards were combusted
by heating to 1200°C in the presence of oxygen; both carbon
monoxide (CO) and carbon dioxide (CO,) were generated, and
the CO was converted to CO, with a catalyst. The CO, product
mass was measured with an infrared cell. Instrument calibra-
tion was achieved using a rock standard with values determined
from a calibration curve for pure hydrocarbons of varying con-
centration. An acceptable standard deviation for TOC content
is typically <3% variation from the established value for rock
standards, which cover the TOC range of the rock samples used
in our study.

To obtain an independent measure of host-rock maturity, ap-
proximately 100mg of washed, whole-rock powder was ana-
lyzed with programmed pyrolysis using a HAWK instrument.
Measurements included S1: free bitumen content (mg hydro-
carbons/g rock), S2: remaining oil and gas generation potential
from labile kerogen (mg hydrocarbons/g rock), T, : tempera-
ture at which the maximum signal of the S2 hydrocarbon peak is
generated (°C), and S3: organic carbon dioxide yield (mg CO,/g
rock). Hydrogen Index values (HI, in mg/g TOC) were calculated
from [(S2x100)/TOC] with TOC content expressed in units of
wt.%. Production Index (PI) was calculated from [S1/(S1+ S2)].
Instrument calibration was achieved using a rock standard per-
formed after every 10 sample runs.

3.2 | Lipid Biomarker Extraction and Analysis

Lipid biomarker extraction and characterizations followed pro-
tocols verified to minimize contamination for Precambrian
biomarkers (e.g., Duda et al. 2020; Nguyen et al. 2019; Pehr
et al. 2018; Zumberge et al. 2018, 2020). The rock exterior was
removed with a water-chilled (solvent-cleaned) diamond saw.
Samples were then crushed in a puck mill that was treated with
solvents and crushed sand in between samples. Rocks contain-
ing veins, obvious external weathering, or that were too small
to remove the exterior were excluded from analysis. Procedural
blanks of crushed sand, combusted at 800°C for 24 h, were run
in parallel to assess the background signal. Solvent extraction of
rock bitumen was performed on 5-20g of rock powder per sam-
ple, using a 9:1 (v:v) dichloromethane (DCM):methanol (MeOH)
mixture in a CEM Microwave Accelerated Reaction System
(MARS) at 100°C for 15min. Elemental sulfur was removed
from the total lipid extract with the addition of activated cop-
per. 0.8-2mm copper pellets were activated by immersion in 1M
HCI for 1h, followed by successive washes in deionized water,
MeOH, DCM, and n-hexanes to remove the acid. The total bi-
tumen extract was separated into aliphatic hydrocarbons, ar-
omatics, and polar fractions on a 1mL column with 60 mesh
silica gel, eluting with n-hexane, a 1:1 (v:v) mixture of DCM and
n-hexane, and a 4:1 (v:iv) DCM to MeOH mixture, respectively.
Aliphatics were eluted in 1 mL of solvent plus the ~1.5mL “dead
volume”, while the other fractions were eluted in 4x the “dead
volume” (approximately 6 mL).

Total ion chromatograms of the aliphatic and aromatic hydro-
carbon fractions were generated in full-scan mode (monitoring
from m/z 50-600amu) on an Agilent 7890A gas chromatog-
raphy system coupled to an Agilent 5975C inert MSD mass-
spectrometer. The GC was equipped with a DB1-MS capillary
column (60m X 0.32mm internal diameter, 0.25-um film thick-
ness). Samples were injected as n-hexane solutions in splitless
injection mode with a programmable temperature vaporizing
(PTV)inlet and using He as the carrier gas. The GC temperature
program for full-scan analysis was 60°C (held for 2min), heated
to 150°C at 20°C/min, then to 325°C at 2°C/min, and held at
325°C for 20 min.

Aliphatic hydrocarbons were analyzed and biomarker ratios
generated by gas chromatography-metastable reaction monitor-
ing- mass spectrometry (GC-MRM-MS) on a Waters Autospec
Premier mass-spectrometer equipped with an Agilent 7890A
gas-chromatograph and DB-1IMS coated capillary column
(60mx0.25mm internal diameter, 0.25-um film thickness),
using He as a carrier gas. Analyses were performed via split-
less injection and the GC temperature was programmed with
an initial hold at 60°C for 2 min, then heating to 150°C at 10°C/
min rate, followed by heating to 320°C at 3°C/min rate, and a
final hold for 22min. Mass spectrometry was performed in
electron-impact mode, with an ionization energy of 70eV, a
source temperature of 300°C and an accelerating voltage of 8kV.
MRM parent-fragment ion pair transitions were monitored for
a suite of biomarker hydrocarbon compounds (comprising C,-
Cys hopanes, C,—Cy methylhopanes, Co-Cye tricyclic terpanes,
C, tetracyclic terpanes, C,-C,, and C,—C,, steranes, and Cy
methylsteranes, including transitions for lanostane and its deriv-
atives), and individual compounds were identified by retention
time, published mass spectra (for lanostane, Parfenova 2011),
and comparison to in-house standards. Lanostane was addition-
ally identified by co-elution with a pure lanostane (xaa R) stan-
dard (from Chiron AS, Norway). Compounds were quantified
using relative peak areas in comparison with a deuterated C,g
sterane standard, d,-aco-24-ethylcholestane (20R), assuming
equal response factors for analytes versus this standard com-
pound. Individual peaks had to have a minimum signal of at
least five times the area of equivalent peaks in the correspond-
ing full procedural blank, and compound series at least 10 times
the total area of the equivalent series in the blank, to qualify as
a positive occurrence. Full procedural blanks typically yielded
less than 0.1ng of individual hopane or sterane compounds per
gram of rock/combusted silica.

To verify the identity of C,, sterane isomers, selected samples
were additionally analyzed under a different temperature pro-
gram with an initial hold at 60°C for 2min, then heating to
150°C at 10°C/min rate, followed by heating to 320°C at 2°C/
min rate, and a final hold for 14 min.

3.3 | Kerogen-Bound Biomarker Analysis

Complementary to bitumen analysis, kerogen-bound biomarkers
were liberated from selected samples which had been exhaus-
tively solvent-extracted and then subjected to continuous-flow
catalytic hydropyrolysis (HyPy; Love et al. 1995). Kerogen,
or insoluble macromolecular organic matter, makes up the
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vast majority (typically >90wt% in ancient rocks) of organic
matter in sediments (Burdige 2007). Lipid biomarkers are in-
corporated into kerogen from the earliest stages of early dia-
genesis (Farrimond et al. 2003; Lee, Love, Jahnke, et al. 2019;
Lee et al. 2021), and HyPy is an established temperature-
programmed and continuous-flow method that avoids disrupt-
ing the main structural and stereochemical features of bound
biomarkers (Love et al. 1995, 2005). Kerogen-bound biomarkers
provide a useful self-consistency check for verifying biomarker
pedigree, as these are bound covalently within a pre-extracted
immobile matrix which is unaffected by oil migration and drill-
ing fluids. The HyPy-released bound biomarker pool has been
used in a number of Precambrian biomarker studies as a valu-
able self-consistency check to assess syngeneity of hydrocarbon
constituents in the bitumen phase and to assess possible con-
taminant contributions (Duda et al. 2021; French et al. 2015;
Love et al. 2009; Nguyen et al. 2019; Zumberge et al. 2018, 2020).

The HyPy procedure for hydrogen-gas pyrolysis of solvent-
extracted rocks and kerogen concentrates in a continuous-flow
configuration has been described in detail previously (French
et al. 2015; Grotheer et al. 2015; Love et al. 1995, 2009; Zumberge
et al. 2020). Pre-extracted rock powders were heated in a
stainless-steel reactor tube from ambient temperature to 250°C at
100°C/min then to 520°C at 8°C/min, a hydrogen gas pressure of
15MPa with a continuous hydrogen sweep gas flow of 6 L/min to
recover products quickly from the hot zone. The hydropyrolysate
generated from 1.0 g of powdered sample was flushed out and ad-
sorbed onto silica gel (36-70 mesh, activated at 450°C overnight)
contained within a dry ice-cooled product trap. The hydropyroly-
sate was separated into three fractions (aliphatics, aromatics, and
polars) using the same silica gel column chromatography and an-
alyzed by the same GC-MRM-MS methods described above. Full
procedural HyPy blanks were conducted as separate runs using
combusted silica gel as the heated solid substrate.

3.4 | Carbon, Oxygen and Strontium Isotope
Analyses of Bulk Rocks

Carbon isotope values were measured on bulk organic carbon
(813C0rg) and, where possible, carbonate carbon (8C_, ). All
carbon isotope values are reported relative to the Vienna Pee
Dee Belemnite (VPDB) standard. For organic carbon isotope
analysis, 30mL of 6N HCl was added to approximately 1g of
powdered rock and decarbonated overnight. The mixture was
repeatedly centrifuged and rinsed with deionized water until su-
pernatant pH reached 7, then dried in an oven and weighed. The
decarbonated powders were analyzed with a Costech ECS4010
Elemental Analyzer (EA) coupled to a Thermo Scientific Delta
V Advantage Isotope Ratio Mass Spectrometer (IRMS) through a
Thermo Scientific Conflo IV device. In the EA combustion reac-
tor, TOC reacts with O, at a set temperature of 1000°C (1800°C
with tin sample capsule burning), forming CO,, which is carried
by helium carrier gas to the Conflo IV and further to the IRMS
to determine the 8'3C value. Three certified standards (USGS40,
USGS41a and SDO-1) and one internal lab standard (EMSOIL)
were utilized in the same runs and the 513C0rg precision was
~0.2%o. Samples with 8§'3C values above —20%o were subjected to
a second round of acidification of the already decarbonated pow-
ders to exclude the possibility of carbonate contribution to 513Corg

values, and only values obtained following the second round are
reported for these samples. TOC content was measured by EA
as well as by LECO; EA TOC values are on average of 0.06 wt%
higher than LECO values, which is negligible for our purposes,
but allows a cross-check on the accuracy of LECO values.

For 813C_,, and oxygen isotope analysis, whole-rock powders
were treated with 104% phosphoric acid at 50°C for 24h in a
Thermo Scientific GasBench II device, followed by the analysis
of the product CO, gas for 8'*C and 8'%0 isotope compositions
with a Thermo Scientific Delta V Advantage IRMS. Two calibra-
tion standards, NBS18 and IAEA603 (NBS19 replacement), were
included in the same runs. Generally, the precision for §'3C
was ~0.1%o and for 880 was ~0.2%o.

carb

Strontium isotope analyses of carbonates were performed using a
stepwise dissolution procedure (Gorokhov et al. 1995). First, the
sample powder (~100 mg) was treated twice with 1 N ammonium
acetate at room temperature for 30 min. This leachate (called
AMA phase) represents the late epigenetic generation of carbon-
ate minerals since it has higher radiogenic Sr. and Rb contents
(Gorokhov et al. 1995, 2022; Kuznetsov et al. 2003, 2006, 2013,
2019). Following this step, samples were dissolved in 10% acetic
acid (Kuznetsov et al. 2003; Montafiez et al. 1996). This leachate
(called ACA phase) could still contain a contribution from epigen-
etic minerals, but mainly targets the primary carbonate fraction
and so is more likely to record seawater Sr. isotope composition.
Sr. isotope composition of the ACA-phase was measured without
a spike using a Triton Ti mass-spectrometer. Average 37Sr/36Sr
ratios of NIST SRM-987 and USGS EN-1 standards measured
during this study and normalized to the 3¢Sr/38Sr ratio of 0.1194
were 0.710272 £0.000005 (2 6, n=23) and 0.709197 = 0.000007
(2 6, n=16), respectively. Reproducibility of 87Sr/36Sr based on
duplicate analyses of the ACA fraction was better than 0.00004.

3.4.1 | Iron Speciation and Major and Trace
Element Analyses

Iron speciation analyses were conducted via the sequential
extraction procedure of Poulton and Canfield (2005), where
acid-volatile sulphides (Fe,,,; below detection in all cases) and
pyrite Fe (Fepy) were quantified gravimetrically via a two-step
chromous chloride distillation (Canfield et al. 1986). The se-
quential extraction protocol extracts different, operationally
defined Fe pools, including carbonates such as siderite (Fe_, ),
ferric oxides such as goethite and hematite (Fe_ ), and magne-
tite (Femag). These phases define an Fe pool considered “highly
reactive” (Fe,,) to sulfidization during sedimentation and di-
agenesis (Raiswell and Canfield 1998), determined as the sum
of Fe ,p+Feg +Fe,, +Fe,. A boiling HCI extraction was
performed to determine an Fe pool (consisting largely of sheet-
silicate Fe) that is poorly reactive during diagenesis (Fegg;
Raiswell and Canfield 1996), but which includes Fe-rich clay
minerals that may have been formed from non-sulfidized Fe
during diagenesis (Doyle et al. 2018; Poulton et al. 2010). Iron
solutions were analyzed by atomic adsorption spectrometry
(AAS). Accuracy was ensured by comparison to international
reference material, WHIT (Alcott et al. 2020), with a RSD of
< 5% for all analyses (including Fe , ., Fe ,Fe Fe . and total

carb’ ox’ mag’

Fe; Fe,). Carbonate rocks with TOC < 0.5wt% (measured by EA)
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and Fe; <0.5wt% were excluded from analysis, as these can lead
to spurious results (Clarkson et al. 2014).

To determine major and trace elements, samples were ashed at
550°C for 8h, followed by quantitative digestion using concen-
trated HNO,, HF, and HCIO,. H,BO, was added to prevent the
formation of Al-hexafluorate complexes. Finally, the residues
were re-dissolved with near-boiling HNO, and diluted with
ultrapure 18MQ H,O prior to analysis by inductively coupled
plasma-optical emission spectrometry (ICP-OES) for major el-
ements (specifically Al, P, Fe) and inductively coupled plasma-
mass spectrometry (ICP-MS) for trace elements (specifically V,
Mo, U). Accuracy and precision, estimated from repeat analyses
of USGS standard SGR- 1b (Green River Shale), were better than
5% for all reported elements.

3.4.2 | Phosphorus Phase Partitioning

We used a modified SEDEX sequential extraction scheme for an-
cient rocks (Thompson et al. 2019) to analyze phosphorus parti-
tioning. Briefly, samples were extracted at room temperature in
a pH7.6 citrate-dithionite-bicarbonate (CDB) buffer for 8h to
remove Fe-bound P (Pp,). After each step, residues were washed
up to three times with 1M MgCl, and then with water until the
concentration of P in solution was less than 0.2ppm to reverse
secondary re-adsorption of extracted P. For the next step, residues
were extracted in a pH 4.0 Na-acetate solution for 6 h to dissolve au-
thigenic, carbonate-associated and biogenic P (P, ). The residue
was then extracted in 1M HCl for 16 h to release detrital, crystalline
apatite (Pcryst). This was followed immediately by a 6h extraction
in 0.2M ammonium oxalate/0.17M oxalic acid solution (Poulton
and Canfield 2005) to release P associated with magnetite (Pmag).
After additional washes, the residue was ashed at 550°C for 2h and
then extracted in 1M HCI for 16h to recover organic P (Porg). Total
phosphorus (P, ) was determined in a separate HNO -HF-HCIO, -
H,BO,-HCl extraction on whole-rock samples. For the late Tonian
Khastakh Formation, phosphate recovery (3 P/P,..,) dropped to
consistently below 66%, which is unusual given that this sequential
extraction scheme typically yields recovery above 75% (Thompson
etal. 2019). We thus added an additional HNO,-HF-HCIO -H,BO,-
HCI extraction step on the residue from the POrg extraction (e.g.,
Guilbaud et al. 2020) for these samples to extract any remaining re-
calcitrant P phases associated with silicate minerals and Al oxides,
termed P, , to differentiate from the P, of Thompson et al. (2019),
which corresponds to our Pcryst. When the P, fraction is included,
the average recovery was 95% * 6%. Reactive P (P . ) was calculated
as the sum of P, P, .., Prag and Pore Phosphorus concentrations
were determined spectrophotometrically using the molybdate-blue
method on a Spectonic GENESYS 6 at 880nm, except for the CDB
step, which was measured using ICP-OES. Replicate extractions
gave a RSD of < 5% for all steps.

4 | Results
4.1 | Chemostratigraphy
In the Tonian strata, a secular increase of ca. 15%o in 513C0rg

values is observed in both drill-cores. Values range from as low
as —32.8%o at the base of Burskaya-3410 core in the Tukulan

Formation and to as high as —15.5%. in the upper Khastakh
Formation (Figure 3i, Table S1). In the Taimylyr Formation,
813C org values range from —29.0%o to —21.7%o. Carbon isotope
values in the earliest Cambrian Oppokun Formation range from
—33.1%o to —25.6%0 and show no clear stratigraphic trend. In the
Burskaya-3410 drill-core, an 8.3%. shift is observed between
depths of 2244 and 2150m, similar in magnitude to the differ-
ence between the Tonian Khastakh Formation and the earli-
est Cambrian Oppokun Formation in the Khastakhskaya-930
drill-core.

To better constrain the age of the Taimylyr Formation and its
boundary with the underlying Khastakh Formation, carbonates
from the Burskaya-3410 drill-core were analyzed for 83C_,
and 37Sr/%Sr ratios. Because Tonian units are largely siliciclas-
tic, only a limited number of 8'*C_, , data points are available.
In the Khastakhskaya-930 drill-core, 8'*C_, , values for carbon-
ates in the upper Kulady Formation range between 5%. and 6%o
(Figure 3iii, Table S1). In the Taimylyr Formation, §'3C_, , val-
ues vary from 2.7%o to 5.7%o. The few §'3C_, , values obtained
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FIGURE 3 | Selected chemostratigraphy for the (a)
Khastakhskaya-930 and (b) Burskaya-3410 drill-cores. Ed. = Ediacaran,
T. = Tukulan Formation, Tk. = Turkut Formation, Op. = Oppokun
Formation. See Figure 2 caption for more detailed explanation of stra-
tigraphy. (i) 8'3C of bulk organic matter (%o VPDB) (ii) wt.% TOC content
of bulk rock, measured by EA-IRMS. (iii) 8'3C of carbonates (%o VPDB)
(iv) wt.% carbonate content of bulk rock.
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from the Oppokun Formation are close to 4%., with an overall
variation of only 0.28%o.

For strontium isotope composition, following Kuznetsov
et al. (2017), carbonate samples are considered relatively unal-
tered with and capable of recording seawater Sr isotope compo-
sition if they have Mn/Sr < 5; based on this criteria, samples were
selected for Sr isotope analyses (Figure S1). All but one sample
also meet the more stringent Mn/Sr <3 threshold of Kaufman
et al. (1993). Although carbon and oxygen isotope values were
not measured on the same samples analyzed for strontium iso-
tope ratios, carbonate samples analyzed for C and O isotopes
have values above the above —10%. VPDB cutoff proposed by
Kuznetsov et al. (2017) for carbonates likely to preserve a sea-
water signal (Table S1). Limestones of the Kulady and Khastakh
formations are well-preserved, as indicated by Mn/Sr <0.2 and
Fe/Sr <5 (Kuznetsov et al. 2003).

Dolostones of the Taimylyr Formation exhibit Mn/Sr ratios
ranging from 0.8 to 4.1, and Fe/Sr ratios ranging from 21 to 38.
Although Fe/Sr and Mn/Sr show no correlation with 37Sr/%6Sr
values within the Taimylyr Formation (Figure S1), there is an
overall positive association between Fe/Sr and both Mn/Sr. and
87Sr/3%Sr across the entire drill-core. The Taimylyr Formation
consistently exhibits higher values for all these parameters, sug-
gesting that partial disturbance of the Sr isotope system is pos-
sible. Nevertheless, all but one Taimylyr Formation dolostone
sample selected for Sr isotope analysis meet the Mn/Sr <2-3
threshold proposed by Gorokhov et al. (2022) and Kaufman and
Knoll (1995), indicating that these samples preserve a primary
seawater Sr isotope signal.

Having established that the samples most likely preserve a
robust seawater Sr isotope signature. 7Sr/%Sr values in the
Burskaya-3410 drill-core between 2760 and 2151 m—spanning
the Kulady and Khastakh formations—range from 0.70651
to 0.70680 (Figure 2). At 2050 m depth, however, Sr concen-
trations decrease by approximately an order of magnitude
(Table S2), indicating a change in primary carbonate min-
eralogy and potentially in environmental conditions. Above
2043 m, 37Sr/86Sr values increase markedly from 0.70829 to
0.70870.

4.2 | Organic Geochemistry

Both drill-cores contain thermally well-preserved strata within
the early- to middle-oil window maturity. T, values (Table 1)
derived from HAWK pyrolysis for the Burskaya-3410 drill-core
range from early-mid oil window maturity (T, =436°C-441°C,
Espitalie et al. 1977; Peters 1986; Peters and Cassa 1994) at the
base of the sampled interval to early oil window in the Taimylyr
Formation (T, =434°C-435°C). The Khastakhskaya-930
drill-core succession, which experienced slightly greater burial,
yields consistently higher Tmax values of 445°C-448°C, al-
though these values may be influenced by thermal maturity and
source composition effects. It should be noted that T, does not
represent the actual burial temperatures experienced during
subsurface maturation; rather, it is a parameter obtained using
an industry-standard pyrolysis technique but applied elevated

temperature and a helium sweep gas to simulate oil generation

on a rapid timescale. The S2 peak exceeds 0.2mg HC/g rock for
all samples except Bur-29 (S2=0.17mg/g), suggesting that T,
values are generally reliable for this sample set (Peters 1986).

HI, a measure of labile kerogen content, ranges from 44 to
376 mg/g TOC, with the highest values observed in the Ediacaran
Taimylyr Formation. These elevated HI values correspond to
the highest biomarker yields within this dataset (Table S5). HI
values do not show a simple or systematic decrease with depth,
which is expected given the strong influence of organic matter
type, extent of microbial reworking, and thermal maturity on
HI. PI values are <0.15 for all samples, indicating an absence of
migrated bitumen and a low-moderate thermal maturity of the
host rocks (Espitalie et al. 1977; Peters 1986), even in samples
with low HI values (< 100 mg/g TOC).

Biomarker maturity indicators (Table 1, Figure 4) are broadly
consistent with T . values indicating overall maturities rang-
ing from early to middle oil window. The C,; af3 S/S+ R hopane
isomer ratio is close to its equilibrium value (Peters et al. 2005) of
~0.6 throughout both drill-cores. In the Burskaya-3410drill-core,
C,, aaa S/(S+R) sterane isomer ratios (5a(H), 14c(H),17c(H)-
20S/5a(H), 14a(H),17a(H)-20S+ 5a(H), 14a(H),17a(H)-20R)
for the bitumen phase range from 0.40 to 0.49, whereas in the
Khastakhskaya-930 drill-core approach the thermal equilib-
rium value of 0.54 (Peters et al. 2005), indicating a maturity
near peak (middle) oil window conditions. Calculated vitrinite
reflectance equivalents (%R ) derived from the methylphenan-
thrine index (MPI-1) range from 0.59% to 0.87%, with a mean
of 0.75% in the Burskaya-3410 drill-core and 0.73% (n=2) in the
Khastakhskaya-970 drill-core. The Chuar Group shales used
here for comparative biomarker analysis exhibit very similar
thermal maturity with vitrinite reflectance equivalent of ~0.8%
(Table S4). Overall, the level of thermal maturity is well matched
across the rock sample set used for geochemical investigation in
this study.

Steranes are detectable in all but one of 13 samples from the
Lena-Anabar Basin, highlighting the near-ubiquity of steranes
in the late Tonian in northern Siberia (Table 1). The sole ex-
ception, sample Khast-17, also exhibits a very low hopane yield
(0.62ppm of TOC, Table S5), suggesting generally poor lipid
preservation rather than a true absence of steranes. All samples
yielded a typical suite of n-alkanes in addition to the other bio-
markers discussed here (Figure S2).

C,, steranes are the primary sterane in all the Tonian units,
and their presence as a primary constituent is confirmed by
HyPy fragmentation of the corresponding (insoluble) ker-
ogen phase (Figure 4). Low abundance of ergostane (C,g,
24-methylcholestane, reaching up to 46% of total steranes but
at a low absolute concentration of 0.02ppm of TOC) occurs in
a subset of Khastakh Formation samples from both drill-cores.
Cryostane (C,g, 26-methylcholestane), an unusual C,; sterane
that may be a diagenetic alteration product from C,, steranes or
aprimary sterane structure (Adam et al. 2018; Brocks et al. 2016;
Zumberge et al. 2018, 2020), is present in some, but not all,
samples at 11% or less of the total sterane pool. C,, steranes are
absent from all Tonian rock samples in both drill-cores, and
peaks observed in the mass 400 >217 ion chromatograms in-
stead reflect background hopane signals (Figure 4). In contrast,
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FIGURE4 | GC-MRM-MS chromatograms comparing compound distributions for: (a) C,, steranes, using m/z 372 > 217 transition, and (b) C,, ho-

panes, using m/z 412 > 191 transition, for an Ediacaran sample (Bur-67, for extractable bitumen), and a late Tonian sample (Bur-40, for both bitumen

and kerogen). The in-house mixed oil standard (GMK Oil Standard) is shown for compound identification verification. y=gammacerane. Note, the

absence of diasteranes (Ba S and Ba R) in the kerogen product, since diasteranes (and diahopanes) predominantly occur only as free hydrocarbons in
the extractable bitumen, but not as kerogen-bound constituents (Duda et al. 2016; Love et al. 1995, 2009; Wang et al. 2025; Zumberge et al. 2020). The
aaa S peak identification for cholestane in Bur-40 was confirmed using an authentic standard and analyzed using different GC conditions (Figure S3).

all seven Ediacaran-Cambrian samples from the Taimylyr and
Oppokun formations contain a diverse series of C,~C,, ster-
anes, with C,; commonly the most abundant steranes (Figures 4
and 5). C,, steranes are generally absent or present only at
trace levels, consistent with the previous observations from
late Ediacaran rocks of the Khatyspyt Formation from Siberia
(Duda et al. 2020). Notably, all three series of C,, steranes—24-
n-propylcholestane (24-npc), 24-isopropylcholestane (24-ipc),
and 26-methylstigmastanes (26-mes)—are absent from all the
Tonian rock samples analyzed in this study.

Lanostanes (C,, methylsteranes), derived from lanosterol and/
or cycloartenol sterol precursors, may be sourced from bacte-
ria and/or eukaryotes (Wei et al. 2016, and references therein)
are not present as significant hydrocarbon constituents in any
of the samples analyzed in this study (Figure S4). Lanostane
is detected only at trace levels (<0.2% of total C,~C,, ster-
anes) in biomarker-rich samples from the Ediacaran Taimylyr
Formation. Lanostane is not detectable above trace levels (<
0.5% of steranes) in any of the Tonian samples, including those
with elevated 3-MeHI values, and is below the detection limits
in most of the rock extracts.

Gammacerane ratio (G.R. = Gammacerane/C,, a3 hopane) are
commonly used to identify hypersaline and highly restricted

basinal settings (Sinninghe Damsté et al. 1995; Tulipani
et al. 2015). In the Tonian strata, G.R. values are generally very
low- (< 0.05), with the exception of sample Khast-10, which yields
a low-to-moderate value of 0.2 (Table 1, Figure 6). In contrast,
the Taimylyr Formation exhibits substantially elevated and vari-
able gammacerane contents, with G.R. values ranging from 0.23
to 0.94 (Figure 6; Table 1). GRs for the Oppokun Formation are
higher than those for the Tonian strata (mean =0.11), but remain
markedly lower than those observed in the Taimylyr Formation.

Most samples display low to moderate 33-methylhopane index
(3-MeHI) values within the typical ancient marine range of
1%-3% (Farrimond et al. 2004; Rohrssen et al. 2013). However,
several samples from the upper Kulady to lower Khastakh for-
mations in both drill-cores show substantially higher values,
reaching up to 9%. For consistency, C,, 33-methylhopanes are
used in all the 3-MeHI calculations (3-MeHI=100 X }C,, 3f-
methyl hopanes/(}'C,, aff hopanes + Y,C,, 3-methyl hopanes)),
as the main C,; 38-methylhopane compound coelutes with a
methygammacerane peak (Duda et al. 2020) in gammacerane-
rich samples from the Taimylyr Formation.

The C, /C,. tricyclic terpane ratio provides an additional
proxy for depositional salinity, with values <1.0 typically as-
sociated with normal marine conditions and values >1.2
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FIGURE5 | GC-MRM-MS chromatograms showing the distributions of C,,-C,, steranes in the extractable bitumen for (a) Khast-10, a Tonian
rock sample, and (b) Bur-67, an Ediacaran sample. x's mark hopane ghost peaks. Compound C in the 386> 217 ion chromatograms refers to cryos-
tane (26-methylcholestane, an unconventional C,, sterane), which is commonly found in late Tonian rocks (Brocks et al. 2016; Zumberge et al. 2020).
Relative abundances (as % highest signal intensity) are listed as a guide for each MRM transition.

indicative of freshwater/brackish settings across a range of geo-
logic ages (Zumberge 1987). In this dataset, the C,./C, ratio
value is < 1.0 for most late Tonian samples from both drill-cores.
Stratigraphically higher in the late Tonian succession, values be-
tween 1.1 and 1.3 occur only in the upper Khastakh Formation
of the Burskaya-3410 drill-core. In the Taimylyr Formation, C,./
C,; tricyclic triterpenoid ratios are consistently (>0.7), while in
the Oppokun Formation, the C,/C, tricyclic terpane ratios are
< 1.0, with a mean value of 0.93.

Although steranes are ubiquitous in the late Tonian strata of
the Lena-Anabar Basin, S/H ratios are substantially lower than
those reported for other Tonian localities (Figure 8). In both
drill-cores, S/H ratios range only from 0.01 to 0.05 (Figures 6
and 8, Table 1), while absolute sterane yields range from 0.01
to 2.55ppm of TOC (mean: 1.2ppm of TOC; Table S5). These
S/H values are approximately an order of magnitude lower
than those observed for the Chuar Group (Figure 8, Table S4),
which range from 0.13 to 0.3 in this study and up to 0.38 in pre-
vious work Zumberge et al. (2020). Sterane yields in the Lena-
Anabar Basin are also orders of magnitude lower than those
for the Chuar Group, which range from 6.0 to 123 ppm of TOC
(mean: 52.0ppm of TOC; Table S5). TOC contents in Tonian
Lena-Anabar Basin samples are correspondingly low, ranging
from 0.17 to 1.13wt.% (LECO) in biomarker-analyzed samples
(Figure 6, Table 1), compared to 1.33-3.9wt.% in new Chuar
Group data and up to 5.61wt.% reported previously Zumberge
et al. (2020).

Sedimentary rocks from the Ediacaran Taimylyr Formation
display much higher S/H values (0.50-0.90; mean=0.63),

within the lower end for the Phanerozoic average (0.5 to
2.0; Peters et al. 2005), and yield much higher sterane con-
centrations (174-1236ppm of TOC), despite low TOC
contents (0.14-0.41wt.%). However, the younger, early
Cambrian Oppokun Formation samples exhibit low S/H ra-
tios (0.03-0.06, mean =0.05), within the Tonian range, with
their total sterane yields only slightly higher than the Tonian
samples (2.26-9.24 ppm of TOC) and contain very low TOC
(0.21-0.31wt%, mean = 0.31 wWt%).

4.3 | Iron and Phosphorus Phase Partitioning

The environmental redox conditions during deposition of the
successions sampled from the drill-cores of the Lena-Anabar
Basin were determined through two independent measures:
iron speciation and redox-sensitive trace-element concentra-
tions (Figure 7; Table S3). For iron speciation, most samples
plot in the equivocal Fe,/Fe; range of 0.22-0.38 (Poulton
and Canfield 2011). While a handful of samples record anoxic
Fe;z/Fe, values (>0.38), only one Tonian sample (Khast-24)
has an elevated U content (U/Al=1.84ppm/wt% Al), while
the remainder, ranging between 0.01 and 0.43 ppm/wt%, fall
close to the upper continental crust average of 0.34 ppm/wt%
(McLennan 2001). This U/Al range also falls below the thresh-
old for low-oxygen environments such as oxygen-minimum
zones (OMZs; Bennett and Canfield 2020). Uranium en-
richment factors (U/Alsample/U/Alcrusla1 ) are also below the
threshold of 1.37 inferred by Li et al. (2023) to reflect anoxic
depositional settings (Figures S5 and S6) for all Tonian samples
barring the outlier.

Geobiology, 2026
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not exceed 10% of total steranes. (iii) Gammacerane ratio (G.R) = Gammacerane/C,, «f hopane. (iv) 3-MeHI=100 X }C,, 3-methyl hopanes/(}'C,,
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Ts). S/H (B) in Table 1. Phanerozoic average range for S/H of 0.5-2 (upper end cut off) is shaded in yellow.

Data are limited for the Taimylyr Formation (Burskaya-3410
drill-core; figure 7), as most samples do not pass the
iron-mineral speciation screening criteria due to low Fe,
(<0.5wt%) concentrations (cf. Clarkson et al. 2014). However,
the single sample that does contain sufficient Fe, (Bur-67)
yields strongly anoxic (Fe;,/Fe;=1.0) and marginally eux-
inic (Fepy/FeHR: 0.71) values (note that redox-sensitive trace-
metal concentrations are not presented for this interval, due
to interpretational complications when applied to carbonates).
In the Oppokun Formation, one sample, Khast-41, with an
elevated Fe,/Fe; and an Fe /Fey, in the possibly euxinic

range (Poulton 2021), has a U/Al ratio of 5.50 ppm/wt% and
a Mo/Al ratio of 3.41ppm/wt%, consistent with deposition
under a stable OMZ (Bennett and Canfield 2020). However,
the remaining Oppokun Formation samples have iron specia-
tion and redox-sensitive trace element values below thresholds
for anoxia, with Fe;,/Fe,, U/Al, and Mo/Al ranging between
0.13 and 0.35, 0.14 and 0.26 ppm/wt%, and 0.6 and 0.7 ppm/
wt%, respectively.

Phosphorus phase partitioning was used to constrain paleo-
environmental phosphorus availability in the water column
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FIGURE 7 | Inorganic environmental redox and phosphorus speciation parameters for (a) Khastakhskaya-930 and (b) Burskaya-3410 drill-cores.
Stratigraphic abbreviations as for Figure 3. (i) Fe;z/Fe,. Dotted line indicates the 0.22 cutoff for oxic conditions; solid line indicates the 0.38 thresh-
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phosphorus (ppm). (vii) Molar ratio of organic carbon to organic phosphorus (solid squares) and reactive phosphorous (open triangles). Solid line is
the conventional Redfield ratio (C:P of 106:1); dashed line is 300:1, a proposed value for P-limited Precambrian biomass (Reinhard et al. 2017). (viii)
Phosphorus speciation parameters showing P, P P P__,and P, (residual recalcitrant phosphorus following the P extraction step, prom-
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inent in Tonian samples only). Pmag was < 2.5% of total P in all samples and is not plotted here.

during sediment deposition in the Lena-Anabar Basin. Total Molar Corg/POrg and Corg/Preac ratios (Figure 7, Figure S7)

phosphorus contents are consistently low in the Kulady and
Khastakh formations (Figure 7), with a mean of 284 + 112 ppm
(in comparison with 700ppm for average upper continen-
tal crust; McLennan 2001). The average P content of strati-
graphically shallower sedimentary rocks in the drill-cores
is also below the upper continental crust average (700 ppm;
McLennan 2001; figure 7), with a mean of 3554100 and
571+271ppm for the Taimylyr and Oppokun formations,
respectively.

are also low in the Tonian samples, with most values falling
below the conventional Redfield Ratio values for atomic ratios
of C:N:P =106:16:1 found in marine organic matter. However,

a limited number of Tonian samples have Corg/POrg ratios
above the usual Redfield Ratio value (up to 792; Figure 7),
and these samples also have elevated Corg/PmlC ratios (up to

450; Figure 7). In the Taimylyr Formation, all Corg/P and

. . . . org
Corg/Pm1C ratios lie below the Redfield Ratio. The Oppokun

Formation also has Corg/P and Corg/P ratios values below

org reac
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Lena-Anabar Basin samples are listed in Table 1 with S/H (formula C) plotted here. For Chuar Group, TOC and S/H values are listed in Table S4,
with S/H (formula C) plotted here. See Zumberge et al. (2020) for Visingsé Group data (their S/H (2) values were plotted here). For Walcott Member
rocks (Chuar Group), samples from Sixtymile Canyon (60 MC) outcrop location were used since these were of a low thermal maturity similar to the
other rocks plotted (from early to middle oil window maturity, with none exceeding 0.9% for equivalent vitrinite reflectance level). Chuar Group data
are assumed to be anoxic based on Johnston et al. (2010), who inferred persistent anoxia in the upper Walcott Member based on iron speciation data.
(b) S/H vs. Feyp/Fe, using the same data as in (a). Dotted lines indicate the 0.22 cutoff for oxic conditions and the 0.38 threshold cutoff for anoxic

samples. Chuar Group rocks are excluded because same-sample iron speciation data were not available.

the Redfield Ratio, except for two stratigraphically adjacent
samples with C__/P_ . up to 564, one of which also has ele-
vated Fep /Feygr and Mo/Al, but with Corg/Preac below the
Redfield value.

Through the upper Tonian Khastakh Formation there is a distinct
increase in Al content in both drill-cores, reaching levels as high
as 19.5wt% (Figure 7), which is well above the upper continental
crust average of 8.04wt% (McLennan 2001). Across the same strati-
graphic interval, the proportion of P present in the P, fraction
increases considerably, largely at the expense of the P, and Poryst
fractions, which are almost completely absent (Figure 7, Table S3).
This very unusual depletion in P, ,, and enrichments in P,, and
Al are not observed in either the Taimylyr or Oppokun formations.

5 | Discussion
5.1 | Age of the Studied Units
A combined evaluation of Sr. and carbonate carbon isotope

ratios suggests that the Taimylyr Formation, starting above
2150m depth in the Burskaya-3410 drill-core, is of Ediacaran

age (Figure 2). Between 2760 and 2151 m depth, 87Sr/36Sr ra-
tios fall within the range previously reported for the interval
800-720 Ma (Cox et al. 2016; Halverson et al. 2010; Kuznetsov
et al. 2017, 2019), consistent with microfossil indicators of
a late Tonian age for these units. However, above 2043 m,
87Sr/86Sr ratios are significantly higher than Tonian seawater
values, but remain well within the range typical for Ediacaran
seawater range. Comparable values were observed in the over-
lying late Ediacaran Khatyspyt Formation (Cui et al. 2016).
813C_,,, values of the Taimylyr Formation likely place the
unit in the late Ediacaran after the Shuram Excursion (ca.
656-539 Ma, Bowyer et al. 2022, 2024; Halverson et al. 2018;
Yang et al. 2021). These observations imply that the Tonian-
Ediacaran boundary occurs between 2150 and 2050 m depth,
perhaps at a lithologic boundary at approximately 2070 m
shown by Nagovitsin et al. (2015). Further work is needed
to determine whether carbonates in the lowermost Taimylyr
Formation should be stratigraphically reassigned and the
stratigraphic boundary moved.

513C0rg isotope values (Figure 3) also support a post-Bitter
Springs Anomaly (ca. 802Ma), Tonian age for the Kulady and
Khastakh formations, which our biomarker data suggest were
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deposited in an open-marine setting (see next section). Similarly
high 513COrg values to those reported here have been observed
in the 751 + 7Ma Awatubi Member of the Chuar Group (Dehler
et al. 2017; Rooney et al. 2017). Global compilations of late
Tonian 8"*C_, , values, which range from approximately —5%o
during the ca. 810-802Ma Bitter Springs Excursion to 10%. at
ca. 750 Ma (Halverson et al. 2010, 2018; Thomson et al. 2015;
Turner and Bekker 2016), see a similar magnitude increase to
that observed in 8"*C,, values in our study. If we assume that
513C0rg values track the global dissolved inorganic carbon pool
with the typical pre-Mesozoic offset (A3C) of 25%0-32%o (Hayes
et al. 1999), our 8'*C_, values are consistent with previously
published late Tonian 8'3C_, , values. Together with biostrati-
graphic and Sr. isotope constraints, the whole-rock 513C0rg sig-
natures suggest that the upper Khastakh Formation was most
likely deposited at ca. 750 Ma during the late Tonian. The carbon
isotope discontinuity in the Burskaya-3410 drill-core further
supports a significant difference in age and deposition in this
depth interval.

5.2 | Biomarker Data Integrity

Throughout both drill-cores in the Lena-Anabar Basin, bio-
marker maturity indicators based on hopanes, steranes, and
aromatics align with independent HAWK pyrolysis-based
maturity indicators. C,; hopane 225/(S + R) ratios, C,, sterane
aaa S/(S+R) ratios, MPI-1 based % R_ (not exceeding 0.9%),
and HAWK T, ,  all indicate early to peak oil window matu-
rity, with a maximum burial temperature not exceeding 100°C
(Mackenzie and McKenzie 1983) and variation consistent with
increasing maturity at depth. This maturity is appropriately
low to preserve a diverse range of lipid biomarkers, includ-
ing steranes, with good retention of primary structural fea-
tures. Given that the thermal maturity of extracted bitumen
is like that indicated by HAWK pyrolysis, biomarker patterns
most likely represent endogenous organic matter rather than
contamination.

A few molecular maturity ratios, namely the C,, hopane
Ts/(Ts+Tm), C,, app/aca sterane, and C,, diasterane/regular
sterane ratios vary in a manner that deviates from a simple rela-
tionship with burial depth (Table 1). However, these parameters
are all affected by organic matter source and early diagenesis as
well as maturity and observed discrepancies correspond to sig-
nificant changes in lithology and inferred depositional environ-
ment. Elevated Ts/(Ts+ Tm) and af/acc have been associated
with high salinity (Rullkétter and Marzi 1988), plausible for the
Taimylyr Formation, which was inferred to represent a shallow-
marine depositional environment (Nagovitsin et al. 2015).
Ts/(Ts+Tm) has been found to be elevated in carbonates and
suppressed by high clay content (French et al. 2012), consis-
tent with our data, where Ts/(Ts+Tm) is highest in carbon-
ates and consistently lower in the Khastakh and Oppokun
Formation shales. All samples in the Khastakh Formation have
Al content that exceeds the upper crustal average (8.04wt.%,
McLennan 2001) by at least 3% (Table S3), further supporting
this mineralogical control. Low aff steranes in some of the
late Tonian samples may indicate a source from So(H)-stanols
as primary inputs, generating mainly aoaa steranes during

diagenesis and catagenesis. 5a(H)-stanols are found in various
algae (Volkman et al. 1990, 1998), and the actar stereochemistry
in a fully saturated tetracyclic core is already found in 5a(H)-
stanols, while stenol precursors are more prone to yielding af3f
stereoisomers through diagenesis (Peakman and Maxwell 1988).
Elevated diasteranes, like those found the Taimylyr Formation,
are not uncommon in carbonates and may be enhanced in rocks
with high clay/TOC (van Kaam-Peters et al. 1998) particularly
for low-TOC rocks. Despite these complications, the HAWK py-
rolysis and molecular maturity parameters less sensitive to li-
thology and organic matter source are consistent and confirm
an overall mild thermal history for the studied drill-cores.

HyPy data from fragmentation of exhaustively extracted rock
powders further confirms the syngeneity of extracted bitumens.
The kerogen-bound biomarkers from the Tonian sample Bur-40
closely replicate key features of the bitumen (Figure 4, Table 1),
with the exception of an absence of diasteranes, which is a char-
acteristic feature of a genuine covalently linked sterane pool
(Love et al. 1995, 2009; Zumberge et al. 2020, and references
therein). Rearranged steranes, particularly diasteranes, are not
typically generated from the kerogen-bound pool from chemoly-
sis or pyrolysis since diasteranes are exclusively formed as free
hydrocarbons in the bitumen phase (Love et al. 1995). Major
biomarker features of the Tonian samples from both drill-cores,
particularly the C,, dominance and absence of C,, and C, ster-
anes, replicate and validate the Bur-40 kerogen sterane profiles.

5.3 | The Ediacaran Rise of Green Algae: Changing
Sterane Sources

This study confirms the ubiquity of C,, steranes in the Tonian
Period. The observed absence of C,y steranes in the Tonian
samples of this study is also consistent with previous studies
of Tonian biomarker distributions (Brocks et al. 2016, 2017;
Zumberge et al. 2020). These sterane distributions support mo-
lecular clock data that places the acquisition of the second sterol
methyltransferase (SMT2) gene necessary for stigmasteroid bio-
synthesis in algae (Hoshino et al. 2017) as well as in other lin-
eages of eukaryotes (Brunoir et al. 2023) in the late Cryogenian.
The dominance of C,, steroids and the absence of C,, steroids for
the late Tonian as a primary biomarker signal was further con-
firmed here by analysis of the distribution of triaromatic steroids
(Figure S8; Table S6), which show compatible carbon number
patterns with the steranes in the same samples.

Likewise, the strong C,, sterane dominance observed in
all Ediacaran samples in this study is consistent with other
Ediacaran biomarker investigations of well-preserved rocks and
oils (Duda et al. 2016, 2020; Dutta et al. 2013; Goryl et al. 2018;
Grosjean et al. 2009; Kelly et al. 2011; Love et al. 2009; Melnik
et al. 2024; Pehr et al. 2018). While a fundamental shift from
C,, to C,, sterol producers from the Tonian to the Ediacaran
has been proposed before from composite records (Brocks
et al. 2017; Hoshino et al. 2017; Isson et al. 2018; Summons
et al. 1988; Zumberge et al. 2020), this study is the first to cap-
ture both endpoints of this secular and stratigraphic change in
one location, with consistent sterane pattern trends obtained for
both cores investigated.
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A C,, sterane dominance characterizes both the Taimylyr
and Oppokun formations, despite their contrasting deposi-
tional environments. The Taimylyr Formation was deposited
on a shallow-marine, carbonate platform that periodically ex-
perienced elevated salinity and basin restriction (Nagovitsin
et al. 2015; this study), while the Oppokun Formation was de-
posited under more distal conditions (see discussion below);
yet, the sterane carbon number patterns are very similar. This
lends further support to the idea that the C,,-C,, sterane shift
represents a global secular trend rather than just environmental
difference within the ocean (see later discussion).

The transition from a C,, dominance to a C,, sterane prefer-
ence seems to occur broadly around the Cryogenian-Ediacaran
boundary (Love et al. 2009), although a sparsity of samples and
poor radiometric age constraints means that the timing of the
switch in patterns needs to be verified with more biomarker
data. C,, sterols are produced by a wide range of eukaryotes
including animals, but they are the major sterol of red algae
(Kodner et al. 2008; Patterson 1971) and are often attributed
to phytoplankton sources in modern oceans (Volkman 2005),
leading Zumberge et al. (2020) and Brocks et al. (2023) to inter-
pret that these late Tonian C,, steranes were mainly sourced
from populations of red algae, especially in eutrophic marine
settings. The 27-to-29 sterane switch likely records an ecolog-
ical shift from a eukaryotic population consisting mainly of
red algae to one dominated by green algae, though both algal
clades were present before and after the Cryogenian glacia-
tions. Brocks et al. (2016, 2017) argued that Tonian C,, ster-
anes were primarily sourced from heterotrophic protists, and
indeed de novo cholesterol biosynthesis has been identified in
a few heterotrophic bacteria (Lee et al. 2023). Given the low
abundance of steranes in the Tonian strata from Siberia (mean
0.37 ppm of TOC; Table S5), we cannot rule out contributions to
C,, steranes from biogenic sources other than red algae for the
Lena-Anabar Basin samples. However, for the upper Walcott
Member of the Chuar Group, the higher S/H values approach
those found for Phanerozoic source rocks (0.5-2.0, mean
value=1.0, Love and Zumberge 2021), which together with
high absolute abundance of total steranes strongly suggests a
eukaryotic primary producer (algal) origin rather than from a
primary consumer. The secular trend in C,, sterane ubiquity
appears to be consistent with fossil evidence for a radiation
of (possibly crown-group) eukaryotes in the late Tonian (Xiao
and Tang 2018), supporting an eukaryotic primary producer
source for most of the late Tonian C,, sterane signals.

Our detection of ergostane (a C,, regular sterane, Figure 6) along-
side higher amounts of C,, steranes confirms previous reports
from the late Tonian Visingsoé Group, confirmed by the detection
in pyrolysis products from the parallel analysis of the kerogen-
bound biomarker pool (Zumberge et al. 2020). Additionally, the
presence of low amounts of ergostane might speculatively point
to a more cryptic record of pre-Sturtian green algae prior to the
predicted Cryogenian evolution of stigmasteroid biosynthesis
(Hoshino et al. 2017). Prasinophyte algae produce C, sterols as
their major sterol, and many other green algae also produce them
in addition to C, sterols (Kodner et al. 2008), so Tonian ergostane
could have a green algal source, though red algae and other or-
ganisms can also produce C,g sterols. In the Lena-Anabar Basin,
the green algal fossil Proterocladus major has been detected in the

upper Khastakh Formation of both drill-cores (figure 2; Nagovitsin
et al. 2015), supporting the possibility of a minor contribution from
green algae during deposition of this stratigraphic interval. Given
that ergostane is nevertheless a relatively rare component of Tonian
sterane assemblages, green algae were relatively minor contribu-
tors to photosynthetic primary production in the late Tonian ma-
rine realm in the Lena-Anabar Basin and elsewhere until after the
Sturtian glaciation. No traces of either C,, or C,, (24-npc, 24-ipc or
26-mes) steranes are found in any of the pre-Sturtian rocks from
northern Siberia or from our Chuar Group rocks, consistent with
the sterane patterns reported previously from late Tonian rocks
from the Visings6 and Chuar groups (Zumberge et al. 2020).

5.4 | Marine Paleoenvironment Evolution in
Northern Siberia

Lipid biomarker proxies help further constrain the depositional
environments of the Tonian successions in the Lena-Anabar
Basin of northern Siberia (Figure 6). Gammacerane, derived
from tetrahymanol, sourced by ciliates inhabiting redox gradi-
ents and certain groups of bacteria (see Duda et al. 2020, and
references therein), has been used as a proxy for stratification in
salinity and/or redox (Moldowan et al. 1985; Peters et al. 2005;
Sinninghe Damsté et al. 1995; ten Haven et al. 1988, 1989;
Tulipani et al. 2015). Low GRs in our Tonian samples are more
consistent with normal marine salinity than sustained redox
stratification or hypersalinity in the water column.

While most samples record low to moderate 33-methylhopane
index (3-MeH) values, within the typical, Phanerozoic marine
range of 1%-3% (Farrimond et al. 2004; Rohrssen et al. 2013), sev-
eral samples in the upper Kulady to lower Khastakh formations
have values up to 14%, an indicator of bacterial methanotrophy and
a strong methane cycle in the depositional environment. The sam-
ples in the Burskaya-3410 drill-core with the highest 3-MeH also
have Fe,./Fe values that plot as anoxic, and as such this interval
may represent an incursion of anoxic deep waters. While 3-MeH
is often elevated in lacustrine settings (Farrimond et al. 2004), our
samples with high 3-MeH lack other distinguishing biomarker
characteristics typically associated with ancient saline, alkaline
lakes (Xia et al. 2021), such as high GRs and -carotane, arguing
for a marine rather than lacustrine depositional environment.

The C,,/C,, tricyclic terpane ratio has less commonly been ap-
plied to Tonian (Zumberge et al. 2020) and Ediacaran (Pehr
et al. 2023) rocks, but there is no a priori reason why this proxy
will not work for thermally well preserved Neoproterozoic rocks.
Indeed, a biomarker study by Pehr et al. (2023) showed that un-
usual 3C-enriched bulk carbon isotope signatures found for late
Ediacaran rocks were consistently associated with C,/C, tricy-
clic values of >1.2, consistent with a coastal brackish water en-
vironment for this stratigraphic interval in Baltica. Most Tonian
samples in the Lena-Anabar Basin have C,/C,; tricyclic terpane
ratios < 1.0, typical for a normal marine salinity setting (Peters
et al. 2005; Zumberge 1987). Additionally, an increase in the C, ./
C,, tricyclic terpane value in the upper Khastakh Formation of the
Burskaya-3410 drill-core corresponds with an increase in 613C0rg
value (Figure 3), wt% Al (Figure 7) and upward-coarsening litho-
logical trend (Figure 2; Nagovitsin et al. 2015) for the same strati-
graphic interval. Together, this suggests an upward-shallowing
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trend below the major, protracted hiatus in deposition in north-
ern Siberia that encompasses the entire Cryogenian, before
subsidence resumed in the late Ediacaran. Overall, these lipid
biomarker proxies support a marine depositional environment for
most of the late Tonian succession in the studied drill-cores.

Several lipid biomarker proxies in the Ediacaran Taimylyr
Formation differ considerably from the Tonian strata of the
Lena-Anabar Basin, suggesting a change in depositional envi-
ronment. GR values are uniformly higher but variable, reaching
up to 0.94, indicating variably stratified conditions with input
from marine ciliates or certain groups of bacteria (Sinninghe
Damsté et al. 1995; ten Haven et al. 1988). Variable G.R. val-
ues (0.06-0.58) have also been reported for carbonate-rich
strata of the late Ediacaran Khatyspyt Formation in the Olenek
Uplift, Siberia (Duda et al. 2020), a stratigraphic unit that sits
above the Taimylyr Formation in the Burskaya-3410 drill-core.
Gammacerane-based evidence for stratification as well as the
microbially laminated dolostone lithology of the Taimylyr
Formation (Nagovitsin et al. 2015) are consistent with episodi-
cally high salinity and basin restriction in the Lena-Anabar Basin
in the late Ediacaran. Higher salinity could also account for pre-
viously discussed discrepancies in Ts/(Ts+Tm) and C,, sterane
aff/aaa ratios in the Taimylyr Formation (cf. Rullkotter and
Marzi 1988). Widespread deposition of halite and sulfate evap-
orites during the Ediacaran-Cambrian have been documented
across Siberia during the so-called Yudomski Event (Claypool
et al. 1980; Crockford et al. 2019; Mel'nikov 2009). Combined
sedimentologic and organic geochemistry evidence indicate
deposition in a semi-restricted, shallow-marine setting that expe-
rienced environmental variability.

Environment-related lipid biomarker proxies in the earliest
Cambrian Oppokun Formation are more like those from the
late Tonian strata of northern Siberia analyzed in our study than
those from the Taimylyr Formation. GRs are lower than those
for the Taimylyr Formation and do not point to significant strat-
ification. The 3-MeHI value is also low (< 1%), indicating limited
bacterial methanotrophy in the water column and in sediment
pore-waters during deposition of the unit. C,./C,. tricyclic ter-
pane ratios are also within the typical Phanerozoic marine range
of <1 (Peters et al. 2005; Zumberge 1987) and similar to Tonian
values in the Khastakhskaya-930 drill-core. Overall, these lipid
biomarker proxies suggest that the Oppokun Formation was de-
posited under open marine, rather than restricted conditions.

5.5 | Environmental Redox Reconstruction From
Inorganic Geochemistry

While most Tonian samples in the Lena-Anabar Basin have
Fe,; /Fe, ratios in the equivocal zone with some anoxic val-
ues, the lack of U enrichment suggests that the water column
in the Tonian Lena-Anabar Basin was oxic for most of the time.
Possible rare incursions of upwelled, deep anoxic waters could
account for moderately elevated Fey;/Fe; in some samples.
Upwelling would have resulted in precipitation of Fe,, phases
in oxic, shallow-marine waters, which would have led to ele-
vated Fe,;p/Fe, but with an absence of U enrichment (e.g., Song
et al. 2023). Alternatively, high Fe;,/Fe  values may reflect in-
tense chemical weathering recorded in a fluvially-influenced,

tropical depositional environment (Wei et al. 2021; but see
below). Tropical, fluvial sediments commonly have elevated
Fe,p/Fe; ratios relative to oxic, marine sediments and locally,
where the fluvial sediments bypass the inner shore that nor-
mally traps Fe,, phases (Poulton and Raiswell 2002), elevated
Fe,; /Fe, ratios may develop in nearshore, marine environ-
ments (Wei et al. 2021).

Nevertheless, despite the potential for occasional upwelling
of anoxic, ferruginous waters into shallower settings, there is
no compelling evidence for sustained euxinia in the Tonian
Lena-Anabar Basin. A number of samples have Fe,/Fe; ra-
tios higher than 0.38, potentially indicating anoxic conditions,
and FePy/FeHR values of 0.6-0.8 within the possible euxinic
range (Poulton 2021). However, Mo/Al (0.03-0.20 ppm/wt%,
Figure 7), as an independent indicator of possible euxinia
(Bennett and Canfield 2020), consistently falls below the upper
continental crust average (0.22ppm/wt%; McLennan 2001) in
the range for sediments deposited under oxic conditions (Mo/
Al <0.4; Bennett and Canfield 2020). The potentially anoxic
samples are distinct from the definitively oxic samples by com-
monly having elevated Fepy/ Feyy, and the few oxic samples that
have elevated Fepy/FeHR occur stratigraphically close to these
samples (Figure 7). The elevated Fepy/FeHR suggests enhanced
pyrite formation during periods with more rapid development
of anoxic pore-waters in shallow sediments, which is more con-
sistent with short-lived episodes of more reducing water-column
conditions (likely during upwelling of deep, anoxic waters) than
a chemical weathering control on iron-mineral speciation.

Limited data for the Taimylyr Formation make redox interpre-
tation difficult, but the one sample with reliable iron speciation
data plots as possibly euxinic. For this sample, moderate G.R.
of 0.23 (Figure 7) supports water-column redox stratification.
Elevated G.R. is shared to some degree across all the Taimylyr
Formation samples, leaving open the possibility of redox strati-
fication in the basin during deposition of these samples as well.
The lower interval of the overlying Khatyspyt Formation, ex-
posed at the nearby Olenek Uplift, has been inferred to been de-
posited in euxinic conditions on the basis of §34S values and high
total sulfur content (Cui et al. 2016), although this does not rule
out that sulfidization processes occurred within shallow sedi-
ments rather than in the water column.

The earliest Cambrian Oppokun Formation (Khastakhskaya-930
drill-core) was likely deposited under fluctuating redox conditions,
based on trends in iron speciation and redox-sensitive, trace ele-
ment data (Figure 7). Elevated Fe; /Fe,, FePy/ Fe ;. U/Aland Mo/
Al values in one sample point to deposition under a stable OMZ
(Bennett and Canfield 2020), but other samples appear to have
been deposited under oxic conditions. Like the late Tonian Kulady
and Khastakh formations, the Oppokun Formation thus appears
to have been deposited in a predominantly oxic and open-marine
setting, with only episodically developed redox stratification.

5.6 | Phosphorus Partitioning and Nutrient
Cycling

Total phosphorus concentrations (Figure 7) in the Tonian
strata of the Lena-Anabar Basin are very low, falling below the
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pre-Cryogenian mean (Reinhard et al. 2017) and similar to val-
ues for the oligotrophic early Tonian Huainan basin (Guilbaud
et al. 2020). Accurate interpretation of phosphorus abundance
data requires careful consideration of the redox characteristics
gleaned from iron speciation and trace metal geochemistry.
This integrated interpretation is necessary since, in theory, low
sedimentary phosphorus contents could be caused by either low
phosphorus delivery to the basin, indicating nutrient-depleted
conditions, or from extensive regeneration of sedimentary phos-
phorus back to the water column (Ingall et al. 1993; Ingall and
Jahnke 1994, 1997).

However, extensive P recycling from sediments results in el-
evated Corg/POrg ratios, well above the conventional Redfield
ratio (Ingall and Jahnke 1997; Slomp et al. 2004; Van Cappellen
and Ingall 1994), as anaerobic remineralization preferentially
releases P relative to aerobic organic matter oxidation. The
low molar Corg/POrg ratios observed in most Tonian samples
(Figure 7) rule out extensive phosphorus release from sediments
to the water column. Additionally, low Corg/ P, ratios indicate
additional P drawdown and sequestration from the water col-
umn in sedimentary Fe-oxides (Guilbaud et al. 2020). Taken to-
gether,low P, Corg/ Poo and Corg/ P,.,. values point to a water
column with little available P due to limited P delivery to the

basin and limited recycling from sediments.

However, a few Tonian samples with Corg/Porg and Corg/Preac
ratios above the Redfield Ratio indicate some degree of regen-
eration of phosphorus from the sediments back to the water
column, which commonly occurs under anoxic conditions,
particularly when sulfide is generated in the water column or
during early sedimentary diagenesis (e.g., Alcott et al. 2022;
Ingall and Jahnke 1994, 1997). Indeed, most of these outlier
samples have elevated Fey;;/Fe; and/or relatively high Fe,,/
Feyg, suggesting that episodic development of anoxic condi-
tions (as discussed above), with enhanced sulfide generation
during early sedimentary diagenesis, promoted some P recy-
cling. This may have led to limited interval infrequent episodes
of increased productivity, since these samples commonly have
somewhat higher TOC content (Figure 7) and higher lipid
yields (Table S5). The extent of P recycling was likely moder-
ate, however, since the C Org/ P,., ratios are typically lower than
Corg/ Porg, consistent with those found in low-sulfate, modern
euxinic settings that are considered analogous to Precambrian

oceans (Xiong et al. 2019).

Taken together, the P phase partitioning data thus provide
strong support for our redox interpretation, whereby domi-
nantly oxic conditions led to retention of phosphorus in the
sediments, and the occasional development of more reduc-
ing conditions led to a limited degree of phosphate recycling.
Since the total P contents of the Tonian samples are below
the pre-Cryogenian mean of 510 ppm (Reinhard et al. 2017),
these observations suggest that the late Tonian Lena-Anabar
Basin was persistently phosphorus-limited, with low overall
marine primary productivity (see the following section). This
relationship between P availability, marine productivity and
the prevailing redox conditions supports the idea of marine
chemical and biological heterogeneity from region to region,
due to non-uniform biogeochemical cycling affecting nutrient
delivery to the late Tonian ocean system.

The phosphorus phase partitioning dataset allows additional
insights into controls on P delivery to the Lena-Anabar Basin.
For most of the Tonian strata, sedimentary P is primarily pres-
ent as the recalcitrant Py, which is strongly correlated with
Al (R?>=0.87; Figure S9), suggesting that this refractory phos-
phorus fraction is associated with aluminum phases, either in
the form of silicate minerals or discrete Al-oxides. Al concen-
trations more than two times crustal values in the same strati-
graphic interval strongly suggest that terrestrial weathering
was enhanced in the late Tonian in northern Siberia, which
was located at tropical latitudes (figure 1; Merdith et al. 2021).
Together, these results suggest that rather than becoming
bioavailable, the P released upon weathering from detrital
apatite (i.e., Pcryst) and other phases was incorporated into
secondary Al-minerals on land. Phosphorus retention within
aluminum oxides and hydroxides (Bortoluzzi et al. 2015;
Fonseca et al. 2011) and/or clay minerals (Xiong et al. 2022)
has been demonstrated in modern, deeply weathered tropical
soils and sediments, and we propose that the same mecha-
nism may have operated locally in the late Tonian in northern
Siberia. This would have offset the increase in P influx that
otherwise would have been expected due to increased chem-
ical weathering. In this proposed scenario, rather than being
exported to the Lena-Anabar Basin, some fraction of solid P
was retained in terrestrial catchments, contributing to the low
P, Observed in this study. A substantial remainder would
have been delivered to the marine realm in non-bioavailable,
particulate form as P, ,, rather than in dissolved or reactive
particulate form, leading to high P, contribution to sedi-
mentary P in the late Tonian Lena-Anabar Basin. Neoformed
clay minerals, produced via reverse weathering (Isson and
Planavsky 2018; Poulton et al. 2010) during early diagenesis,
may also have contributed to P retention in a recalcitrant form
as P, ., in the marine sediments. Together, these mechanisms
would have maintained low water-column P availability and
sustained chronic oligotrophic conditions in the late Tonian
Lena-Anabar Basin.

While ocean upwelling is generally regarded as a major source
of P to coastal marine settings (Van Cappellen and Ingall 1994),
upwelling was likely limited in the Lena-Anabar Basin due to
ocean circulation at its paleogeographic position on a tropical
western ocean margin (figure 1; Merdith et al. 2021), contrib-
uting to low P availability. Upwelled waters may have also been
nutrient-depleted in the late Tonian (Guilbaud et al. 2020; Laakso
and Schrag 2019). However, the late Tonian Lena-Anabar Basin
provides a counterexample to the Laakso and Schrag (2019)
proposal that terrestrially influenced environments were more
productive. Despite evidence for a high terrestrial weathering
influence on the Khastakh Formation depositional site, such
as high Al content, increased incidence of sandstone units,
and an upward-shallowing trend (Nagovitsin et al. 2015), this
stratigraphic interval remained P-limited as indicated by low
C/Pvalues and total P content. Phosphorus sequestration via Al-
rich mineral phases, as proposed herein, explains this apparent
conundrum.

Given that a secular rise in bioavailable P has been proposed
more broadly for the late Tonian oceans (Planavsky et al. 2023),
the strong suppression of bioavailable P delivery to the marine
settings in the Lena-Anabar Basin may have been a regional
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phenomenon that further exacerbated oligotrophic conditions
in comparison with other late Tonian marine settings. Further
investigation is needed to verify whether enhanced Al con-
tents and associated P dynamics were a common feature of late
Tonian sedimentary rocks or whether this mode of chronic P
limitation was restricted to the northern Siberian region.

Ediacaran-Cambrian sedimentary rocks of the Lena-Anabar
Basin are also characterized by P contents below the upper
continental crustal average and predominantly low C/P ratios.
In the Taimylyr Formation, Corg/POrg and Corg/Preac ratios are
mostly below the conventional Redfield Ratio, including for
the single rock sample tentatively identified as possibly eux-
inic. This suggests that preferential regeneration of phosphorus
from organic matter was not substantial (indicated by low Corg/
POrg ratios), and that phosphorus was not substantially recycled
back to the water column (indicated by low Corg/Preac ratios).
Instead, phosphorus was either retained in preserved organic
matter (Porg is the most abundant phase) or converted to auth-
igenic forms via sink switching (Ingall et al. 1993; Ingall and
Jahnke 1994, 1997; Ruttenberg and Berner 1993). Most samples
in the Oppokun Formation have Corg/POrg and Corg/Preac below
the Redfield Ratio, but a few have elevated Corg/POrg paired
with low Corg/PreaC. These latter samples suggest that while
phosphorus regeneration back to the water column may have
been slightly more efficient during deposition of the Oppokun
Formation, P was largely retained in the sediments by sorption
onto Fe-(oxyhydr)oxides. The Oppokun Formation also has a
very low TOC content (0.02-0.31wt%, mean <0.1wt%), which
may have been maintained by low productivity and nutrient-
limited conditions as indicated by phosphorus phase parti-
tioning. In contrast to the Tonian part of the succession, P,
was not a major constituent of any of the Ediacaran-Cambrian
sedimentary rocks in this study (< 10% of summed phosphorus;
Figure 7), suggesting that sequestration with Al-rich mineral
phases described above was not a major contributor to P cycling
during the Ediacaran-Cambrian interval at this location.

5.7 | S/H Ratios and Environmental Heterogeneity
in the Neoproterozoic Oceans

The chronic phosphate limitation in the late Tonian Lena-
Anabar Basin has important implications for understanding the
local environmental controls modulating the rise of eukaryotes
to ecological prominence in Neoproterozoic oceans. In mod-
ern aquatic environments, the nutrient budget, the amount of
primary productivity that can be sustained and the eukaryotic
contribution to biomass are all tightly correlated, with eukary-
otic plankton generally thriving in more eutrophic and nutrient-
replete environments (Biddanda et al. 2001; Chisholm 1992;
Huete-Ortega et al. 2010; Marafién 2015). The S/H ratio broadly
reflects the ratio of algal to bacterial productivity. Accordingly,
organic-lean sedimentary successions with low S/H values in
the Ediacaran (S/H<0.1, and as low as 0.01, Pehr et al. 2018)
and Paleozoic (S/H<O0.1, Lee, Love, Hopkins, et al. 2019;
Marshall et al. 2023; Rohrssen et al. 2013) have been interpreted
as oligotrophy-prone environments with low algal productivity.
Low S/H ratios in Cryogenian rocks are also associated with P
limitation in marine settings as indicated by phosphorus phase

partitioning (Bowyer et al. 2023). Further, absolute sterane
yields normalized to TOC content help assess the relative con-
tribution of eukaryotes to sedimentary organic matter across
sample sets of similar thermal maturity, providing a broad com-
parative measure of algal contribution to productivity.

With this in mind, we interpret the low S/H and correspond-
ing low sterane yields for the late Tonian Lena-Anabar Basin
rocks in our drill-cores as representing low algal productivity.
S/H values from the late Tonian Lena-Anabar Basin (<0.05)
are an order of magnitude lower than the minimum end of the
Phanerozoic marine average range for oils and source rocks
(S/H=0.5-2.0), while sterane yields normalized to TOC are 3-4
orders of magnitude lower than those of the Ediacaran Taimylyr
Formation (Table S5). These differences in sterane yields con-
stitute large magnitude differences with eutrophic paleoenvi-
ronments. The persistent phosphorus limitation inferred in this
study for the Lena-Anabar Basin during the late Tonian would
have maintained low primary productivity and favored bacte-
rial dominance, given the limited nutrient resources for growth
(Reinhard et al. 2020). The unusual partitioning of P into a re-
calcitrant Al-rich mineral phase in northern Siberia effectively
suppressed the delivery supply of bioavailable phosphorus into
this marine basin and sustained chronic local P-limitation.

The higher S/H values (>0.2) found for our late Tonian rocks
are associated with moderate-high TOC rocks (Figure 8) across
these basins, suggesting that heterogeneity in algal productiv-
ity reflects regional differences in total productivity (Zumberge
et al. 2020), linked strongly to nutrient availability. While TOC
content of ancient rocks is also controlled by sedimentation rate
and water-column redox conditions, in addition to productivity
(Felix 2014), differences in spatial variations in sedimentary
TOC in modern oceans often broadly track productivity in over-
lying waters (Berger and Herguera 1992). The large range of
TOC values within our sample set encompassing over an order
of magnitude difference between the organic-lean and organic-
replete rocks helps identify the high and low productivity end-
members. The Lena-Anabar samples consistently plot near the
origin (Figure 8), all having consistently low TOC and low S/H
values, which is where samples from a low productivity setting
in which bacteria outcompete algae are predicted to fall.

S/H values from the Lena-Anabar Basin are typically an order
of magnitude lower than S/H for the Chuar Group (Figure 8,
Table S4) and near the lower end of those for the Visingso
Group (Zumberge et al. 2020), but are similar to the range of
ratios reported for the ca. 800 Ma Bitter Springs Group (Brocks
et al. 2017). Sterane yields for the upper Walcott Member of the
Chuar Group are also three orders of magnitude higher than
those for the Lena-Anabar Basin (Table S5). This evidence for
low algal productivity in the Lena-Anabar Basin, as indicated by
very low S/H and total sterane abundance yields, supported by
our phosphorus phase partitioning data, is consistent with depo-
sition in an oligotrophic, marine environment. Additionally,
mean total phosphorus content for shales in the Visingsd Group
is an order of magnitude higher (2350 ppm, n=124, Planavsky
et al. 2023) than in the Lena-Anabar Basin, suggesting that
greater P availability may have been a factor in higher S/H and
algal productivity found for the Visingsd Group.
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Low sterane abundances persisted in northern Siberia under
predominantly oxic conditions (Figure 8a), while they are sig-
nificantly more abundant in the strongly redox-stratified ma-
rine environments in which the Chuar Group was deposited,
counter to hypotheses suggesting oxygen availability was the
dominant local control on eukaryotic environmental abundance.
In our data and in other Neoproterozoic biomarker data with
same-sample redox controls, there is no relationship between
redox as indicated by Fe,/Fe; and S/H (Figure 8b). Bobrovskiy
et al. (2024) have argued that oxic decomposition can lower the
S/H ratio from the original biological material, but the results
of this study are not consistent with their materials or methods.
Their ancient samples consist of thin organic films removed with
tweezers, rather than multiple grams of powdered rock analyzed
here, and their ancient samples lack maturity and oxidation con-
trols from programmed pyrolysis and contain TOC of <0.1%.
Moreover, their experimental results predict that C,¢ and C, ster-
anes are preferentially lost under oxidizing conditions. Amongst
Ediacaran samples from this study and the literature, there is no
relationship between C,,/C,, and Fe,;,/Fe, (Figure S10), while
C,, steranes are absent even from the most anoxic and high TOC
Tonian samples. This suggests that within the carefully screened
samples examined here, sterane ratios are driven by age, not
redox, and that careful sample screening for biomarker preserva-
tion using established protocols (French et al. 2015) avoids tapho-
nomic biases created by intense oxidative degradation.

Anoxia and productivity are not unconnected. Indeed, sus-
tained primary productivity from phytoplankton in the photic
zone can drive prolonged euxinia in the lower part of the water
column (Liu et al. 2018; Meyer and Kump 2008; Zimmerman
and Canuel 2000), as organic matter exported from the oxic
surface layer to deeper waters consumes oxidants (including
dissolved O,), such that P availability and the biological pump
are major controls on marine redox on long timescales (Meyer
et al. 2016; Van Cappellen and Ingall 1996). Highly produc-
tive and alga-rich ancient marine settings are often associated
with redox-stratification and anoxic-euxinic bottom waters
(Martinez et al. 2019), and similar mechanisms may explain the
association between algal productivity and redox in the Chuar
Group. However, sulfide-limited, ferruginous anoxic conditions
and oligotrophy often coexist for Proterozoic rocks (e.g., Song
et al. 2023), where iron minerals retain P in sediments and pre-
vent its release into the water column, limiting its availability to
marine organisms. These nuances may explain the lack of any
obvious relationship between S/H and redox state observed in
our data.

The S/H values also vary considerably in Ediacaran samples
(Figure 6), consistent with spatial and temporal heterogeneity
in eukaryote abundance driven by variations in local environ-
mental conditions through time. Samples from the Taimylyr
Formation yielded moderate S/H values within the lower end of
the Phanerozoic average. These S/H values are similar to those
for the Ediacaran Ara Group carbonates of Oman (0.43-1.30,
mean =0.85; Grosjean et al. 2009; Love et al. 2009), from a
similar, shallow-marine, carbonate environment, and overlap
with the lower end of S/H values for oils from eastern Siberia
(0.47-4.63, mean=1.18; Kelly et al. 2011). High sterane yields
(mean =616 ppm of TOC; Table S5), along with some evidence
for intermittent euxinia, suggest that the Taimylyr Formation

was deposited in a generally more productive setting than that
of the late Tonian interval given the relationship between eu-
xinia and productivity (Meyer and Kump 2008). However, the
moderately low TOC contents (mean =0.31wt%), together with
temporal variations in salinity and basin restriction, further
complicate the overall interpretation for this interval.

Unlike the Taimylyr Formation, the early Cambrian Oppokun
Formation exhibits similar S/H (<0.06) to Tonian samples and
only slightly higher sterane yields, suggesting similarly low lev-
els of algal productivity. Comparably low S/H ratios and TOC
contents have been observed in late Ediacaran rocks depos-
ited in shallow-marine, epicontinental basins of Baltica (Pehr
et al. 2018). In northern Siberia, S/H ratios for the Khatyspyt
Formation (Duda et al. 2020; Melnik et al. 2024), stratigraph-
ically positioned between the Taimylyr and Oppokun forma-
tions, are intermediate between those for these units (0.1-0.3).
The phosphorus phase partitioning results from this study also
suggest phosphorus limitation during deposition of the Oppokun
Formation. Our results for Ediacaran-Cambrian sedimentary
rocks support previous work highlighting regional heterogene-
ity in eukaryote abundance in the Ediacaran ocean, with low
S/H typically associated with low productivity environments
and deposition of organic-lean sediments (Duda et al. 2020;
Goryl et al. 2018; Pehr et al. 2018).

A strong nutrient control on ocean ecology and carbon cy-
cling may also explain a broader, secular trend proposed for
Neoproterozoic oxygenation and the evolution of complex
life. Specifically, increased phosphate input to the late Tonian
ocean system may have facilitated the rise of eukaryotes and
more complex food webs leading to a stronger biological carbon
pump and increased atmosphere-ocean oxygenation (Reinhard
et al. 2020). While our results are consistent with this hypothe-
sis, our data underscore the importance of local environmental
phenomena in potentially interacting with this global secular
trend. Closer examination of Tonian biomarker datasets might
also point speculatively to a secular shift in ecology in the lat-
est Tonian, as the Walcott Member of the Chuar Group, with
the highest S/H values found in this study, was deposited be-
tween 735 and 729 Ma (Rooney et al. 2017; Dehler et al. 2023).
The highest known Tonian S/H value, 0.42, is from the Steptoe
Formation of Western Australia, with an estimated age of 725-
717Ma (Brocks et al. 2017). In comparison, the carbonaceous
shales of the upper Visingsé Group, which contain appreciable
regular steranes and low to moderate TOC contents (Zumberge
et al. 2020), were dated at 753.3 + 5.9 Ma with Re-Os geochronol-
ogy (Planavsky et al. 2023), while the Tonian strata from north-
ern Siberia with lower S/H are unlikely to be much younger
than 750 Ma, based on our chemostratigraphic data. Enhanced
continental weathering associated with the Tonian breakup of
Rodinia may be a common cause behind both the proposed in-
crease in marine phosphorus inputs and eukaryote abundance
as well as the onset of the Sturtian glaciation (Cox et al. 2016;
Horton 2015) that commenced at ca. 717 Ma (Macdonald and
Swanson-Hysell 2023) and persisted till ca. 661 Ma. However, as
our phosphorus data indicate, sequestration of weathered phos-
phorus into a recalcitrant mineral phase that was not readily
bioavailable and was not efficiently delivered from continents to
the adjacent marine basins may have created competing and net
counterintuitive local effects that need to be recognized.

22 of 31

Geobiology, 2026

85U8017 SUOLULIOD BAIER.D 3|1 (ddde 8y Aq pauseA0b a1 SN YO (38N JO S3IN1 10} ARIQIT BUIUO A8]1M UO (SUORIPUO-PUR-SULRYW0Y A8 1M Ae.d]1 U UO//SANY) SUORIPUOD PUe SWLS | 8U) 89S *[9202/0T/£0] U0 ARIqIT aU1lUO AB]IM S0UB|OXT 818D PUB UiESH J0j imiisu| uolieN ‘SOIN AQ T900L"IGB/TTTT OT/I0p/wo0™ A8 1w AReidq 1|pu1juo// Ay WOy popeojumoq ‘G ‘9202 ‘699r2LyT



This possible secular trend in S/H highlights the need for better
radiometric age constraints for late Tonian sedimentary records,
together with strategic sampling to obtain organic geochemical
data, especially to fill the conspicuous ca. 1000-800Ma gap
in the lipid biomarker record. Better temporal control should
be accompanied by examination of different basins and envi-
ronmental settings to constrain the onset and trajectory of the
Neoproterozoic rise of eukaryotes. Assessments of first-order
changes in eukaryote abundance through time need to factor
in paleogeographic mapping to gauge the degree of regional
heterogeneity in community structure between nutrient-replete
and oligotrophic settings through a particular geologic interval.

A late Tonian radiation of oxygenic algal phytoplankton in
the oxic surface waters of the open ocean may have enhanced
organic carbon export and burial of organic matter in the un-
derlying deep ocean and boosted the net production of oxygen
(Lenton et al. 2014; Tziperman et al. 2011). While these first-
order secular changes in microbial ecology happened in concert
with contemporaneous shifts in paleogeography and plate tec-
tonics, a planktonic algal conquest of the Neoproterozoic surface
ocean distal from the shoreline may have ushered in a transi-
tion to an Earth System with a modified ocean carbon cycle and
major glaciations (Hiilse and Ridgwell 2025) and presaged the
evolution of complex multicellular life.

6 | Conclusions

Lipid biomarker distributions from the Lena-Anabar Basin of
northern Siberia confirm the ubiquity of regular steranes in
late Tonian sedimentary rocks, with a strong C,, sterane pref-
erence and an absence of C, sterane in the geological record
prior to the Sturtian glaciation contrasting with the full C,.-
C,, series and C,, preference found for Ediacaran intervals.
Our detailed geochemical investigation of multiple samples
from two adjacent drill-cores from Siberia adds to a growing
body of biomarker evidence suggesting that the shift from red
algal (C,,) to green algal (C,,) preference likely reflects a first
order secular trend related to widespread ecological and envi-
ronmental change in the Neoproterozoic ocean, perhaps in re-
sponse to the Snowball Earth glaciations and/or other natural
selection drivers.

The Lena-Anabar Basin represents an oligotrophic endmember
within late Tonian marine settings, with very low S/H ratios
(<0.05) and substantially lower absolute sterane abundances
compared to the Chuar Group for equivalent thermal maturity
samples, reflecting a low, but non-zero environmental abun-
dance of marine eukaryotes, including algae. Oligotrophy was
sustained locally by chronic phosphorus limitation in these
dominantly oxic to weakly reducing marine environments. The
Taimylyr Formation, determined here to be of late Ediacaran
age and deposited in a shallow-marine, redox-stratified set-
ting, sustained higher levels of algal (eukaryotic) productivity
in surface waters. The younger (earliest Cambrian) Oppokun
Formation was deposited under open-marine conditions that
were strongly nutrient-limited, consistent with very low TOC
content and uniformly low S/H values. No discernible environ-
mental redox controls on S/H values and sterane carbon number
distribution patterns were observed for the suite of Tonian and

Ediacaran rocks. These results emphasize the strong influence
of nutrient limitation, particularly of bioavailable phosphorus,
in regulating primary productivity and sustaining biological
and chemical regional heterogeneity within the Neoproterozoic
ocean. Our study also underscores the importance of sampling a
variety of depositional environments and locations when assess-
ing the evolution of the ancient marine biosphere.

Unlike Mesoproterozoic records, regular steranes are ubiqui-
tous lipid biomarker constituents in late Tonian and younger
sedimentary rocks, even for highly oligotrophic ancient paleo-
environments in which bacteria outcompete eukaryotes for
scarce nutrient resources. C,, steranes are the dominant ster-
anes, and no significant amounts of C,g or C,, (24-ipc, 24-npc,
or 26-mes) steranes are found in the pre-Sturtian sedimentary
rocks from northern Siberia, consistent with the biomarker
distributions previously reported for late Tonian sedimentary
rocks from the Visingsé and Chuar groups. The emergence
and ecological rise of oxygenic algal phytoplankton in the sur-
face layer of the deep ocean during the late Tonian may have
irreversibly changed the carbon cycle, allowing for higher or-
ganic carbon burial in the deep ocean and an oxygenation of
the biosphere.
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Information section. Table S1: Organic and inorganic carbon isotopes
and carbonate oxygen isotopes for Lena-Anabar Basin samples. All iso-
tope values are relative to the Vienna Pee Dee Belemnite (VPDB) isotope
standard. Table S2: Strontium isotope data and related parameters for
the Burskaya-3410 drill-core, Lena-Anabar Basin. Table S3: Iron, phos-
phorus, and major and minor element abundance data for Lena-Anabar
Basin and Visings6 Group samples. Table S4: Lipid biomarker ratio pa-
rameters for sedimentary rocks from the Upper Walcott Member, Chuar
Group. Table S5: Absolute abundances of selected polycyclic biomarker
alkane compounds for Chuar Group and Lena-Anabar Basin rocks
analyzed in this investigation. Table S6: Selected triaromatic steroid
data (m/z 231) from Lena-Anabar Basin and the Chuar Group. Figure
S1: gbi70061-sup-0007-Supinfo.docx. ¥7Sr/%°Sr as a function of Fe/Sr.
(left) and Mn/Sr. right for selected carbonates from the Burskaya-3410
core. Shaded ranges indicate late Tonian (post-Bitter Springs excursion)
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and late Ediacaran (post-Gaskiers)-earliest Cambrian 87Sr/%0Sr ranges
(Kuznetsov et al. 2017). In the Taimylyr Formation samples, Fe/Sr.
(-6%x107%, R>=0.07) and Mn/Sr. (m=-2 x107%, R?>=0.0) are uncor-
related with 87Sr/%¢Sr. All but one sample has Mn/Sr. <3, a threshold
suggested by Kaufman et al. (1993) to increase chances of robust stron-
tium isotopes, and excluding the outlier does not change the inferred
age of the Taimylyr Formation. Figure S2: Total Ion Current (TIC)
chromatograms for the extractable saturated hydrocarbon fractions
for: (top) Bur-40, a representative Tonian sample, and (bottom) Bur-67,
an Ediacaran sample. The n-alkane peaks are labeled by their carbon
number signifying the overall linear chain length; Pr=pristane (acyclic
C,, isoprenoid), Ph=phytane (acyclic C,, isoprenoid). Figure S3: MRM
chromatograms for C,, steranes (372— 217 transition) analyzed with
a 2°C/min oven heating rate to demonstrate separation between Baa
R and aaa S steranes. Top: HyPy pyrolysate of Ciocalypta carballoi, a
demosponge (Zumberge et al. 2018). This is biomass that has not under-
gone diagenesis or catagenesis and as such contains only the immature
Boo and oot R isomers. Under these chromatographic conditions, faa
R elutes 0.1 min after aaar S. The Bur-56 and Bur-40 samples contain
predominantly aoa S, not faax R. Figure S4: GC-MRM-MS chromato-
gram of the m/z 414> 259 transition for saturated fractions. The Tonian
Bur-40 (Top), from the Khastakh formation of the Burskaya core in the
Lena-Anabar basin, the Tonian V19 from the Visingsé Group (second
from top, Zumberge et al. 2020), FN 4065, extracted from Permian sed-
imentary rock deposited in a saline alkaline lake (Xia et al. 2021), and
a synthetic lanostane standard (Chiron). TPP =tetracyclic polyprenoids
(Holba et al. 2000), a doublet peak that is common in many geological
samples. Lan =lanostane. Figure S5: Additional trace metal redox pa-
rameters for (a) Khastakhskaya-930 and (b) Burskaya-3410 cores. See
Figure 3 for stratigraphic abbreviations. (i) wt. % TOC (ii) U (ppm), with
the upper crustal average of 2.8 ppm (McLennan 2001) shown as a verti-
calline. (iii) Uy, defined as (U/Al) ample/(U/Al)UC A» Where UCA is upper
crustal average. Vertical line is at U, =1.37, identified as a threshold
for anoxia by Li et al. (2023) in their calibration. (iv) U/Mo, with U/
Mo =2 shown as a vertical line. U/Mo <2 may indicate euxinic condi-
tions if consistent with other factors (Li et al. 2023). (v) Mo (ppm), with
upper crustal average Mo =1.5ppm (McLennan 2001) shown as a verti-
cal line. (vi) Moy, defined as per Uy, with the 4.8 threshold for euxinia
calibrated by Li et al. (2023) shown as a vertical line. Figure S6: (a)
Ugp vs. Feyp/Fe, (Song et al. 2023) differentiated by aluminum content,
for samples with <50% carbonate from all sampled formations from
both cores in the Lena-Anabar Basin. For a given element X, X .= (X/
Al)sample/(X/Al) uce Where UCC=average upper continental crust
value (McLennan 2001). Figure S7: Molar ratios of C org VS- POrg (filled
symbols) and P, . (open symbols) for Tonian and Ediacaran samples
from the Lena-Anabar Basin, coded by redox. Triangles are samples
where redox could not be assigned due to Fe; <0.5wt%, oxic squares are
samples with Fe;,/Fe; <0.38, anoxic circles are samples with Fe . /Fe .
>0.38. Plots show the canonical Redfield ratio of C/P=106:1, as well
as the proposed Precambrian P-limited biological ratio of C/P=300:1
(Reinhard et al. 2017). Figure S8: Partial Ion Chromatogram of m/z
231 for aromatic hydrocarbon fractions showing triaromatic steroids
in two samples from the Burskaya-3410 core. C, triaromatic steroids
are derived from C,, sterols (e.g., cholesterol), C,, triaromatic steroids
are derived from C,g sterols, and C,, triaromatic steroids are derived
from C,, sterols (e.g., stigmasterol). Note the C,, triaromatic sterane
dominance in the late Tonian rocks which matches and confirms the
C,, (cholestane) dominance for steranes. Data are tabulated in Table Sé.
Figure S9: Plot of P, the recalcitrant, residual P fraction, versus
Al (weight %) from all sampled formations from both cores in Lena-
Anabar Basin. Linear fit trendline shows a strong relationship between
P,.., and sedimentary aluminum content (R*=0.87, p <2e-16). Figure
$10: C,,/C,, sterane ratios vs. Fe,;;/Fe,, indicating water column redox,
for Neoproterozoic samples with available iron speciation data. Dotted
lines indicate the 0.22 cutoff for oxic conditions and the 0.38 threshold
cutoff for anoxic samples. All Tonian samples have a value of 0 for C,,/
C,,. Visingso Group sterane data from Zumberge et al. (2020), Baltica
data from Pehr et al. (2023). Same-sample iron speciation data were not
measured for the Chuar Group so they are not plotted, but they are pre-
sumed to be anoxic based on Johnston et al. (2010).
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