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Abstract

The Khatyspyt Lagerstatte (~544 Ma, Russia) provides a valuable window into late
Ediacaran Avalon-type ecosystems with rangeomorphs, arboreomorphs, and mega-
algae. Here, we tackle the geobiology of this Lagerstatte by the combined analysis
of paleontological features, sedimentary facies, and lipid biomarkers. The Khatyspyt
Formation was deposited in carbonate ramp environments. Organic matter (0.12-
2.22 wt.% TOC) displays characteristic Ediacaran biomarker features (e.g., eukary-
otic steranes dominated by the C,, stigmastane). Some samples contain a putative
2-methylgammacerane that was likely sourced by ciliates and/or bacteria. 24-isopro-
pylcholestane and 26-methylstigmastane are consistently scarce (<0.4% and <0.2%
of 3C,, 5, regular steranes, respectively). Thus, Avalon-type organisms occupied dif-
ferent niches than organisms capable of directly synthesizing C,, sterane precursors
among their major lipids. Relative abundances of eukaryotic steranes and bacterial
hopanes (sterane/hopane ratios = 0.07-0.30) demonstrate oligotrophic and bacteri-
ally dominated marine environments, similar to findings from other successions with
Ediacara-type fossils. Ediacara-type fossils occur in facies characterized by microbial
mats and biomarkers indicative for a stratified marine environment with normal-
moderate salinities (moderate-high gammacerane index of 2.3-5.7; low C;5 homo-
hopane index of 0.1-0.2). Mega-algae, in contrast, are abundant in facies that almost
entirely consist of allochthonous event layers. Biomarkers in these samples indicate
a non-stratified marine environment and normal salinities (low gammacerane index
of 0.6-0.8; low C,; homohopane index of 0.1). Vertical burrowers occur in similar fa-
cies but with biomarker evidence for stratification in the water column or around the
seafloor (high gammacerane index of 5.6). Thus, the distribution of macro-organisms
and burrowers was controlled by various, dynamically changing environmental fac-
tors. It appears likely that dynamic settings like the Khatyspyt Lagerstatte provided
metabolic challenges for sustenance and growth which primed eukaryotic organisms
to cope with changing environmental habitats, allowing for a later diversification and

expansion of complex macroscopic life in the marine realm.
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1 | INTRODUCTION

The Ediacaran (ca. 635-541 million years, Ma) records the diver-
sification of complex macroscopic life on our planet (best exem-
plified by “Ediacara-type organisms”), which heralded one of the
most fundamental geobiological transitions in Earth’s history (Knoll,
Walter, Narbonne, & Christie-Blick, 2004, 2006; Narbonne, 2005;
Narbonne, Xiao, Shields, & Gehling, 2012; Xiao & Laflamme, 2009).
The biological affinity of Ediacara-type organisms is still puzzling,
but some forms might represent early metazoans (e.g., Fedonkin,
1990; Gehling, 1991; Glaessner, 1984). Furthermore, still little is
known about the geobiology of the host ecosystems, that is, includ-
ing microbial communities and environmental conditions. This is
because fossils of Ediacara-type organisms are usually preserved as
imprints in siliciclastic or volcaniclastic facies (e.g., Narbonne, 2005),
resulting in a significant loss of textural and biogeochemical infor-
mation (Duda, 2014; Duda, Blumenberg, et al., 2014; Duda, Thiel,
et al., 2014; Duda, Thiel, Reitner, & Grazhdankin, 2016; Grazhdankin,
Balthasar, Nagovitsin, & Kochnev, 2008). Carbonate records such as
the Khatyspyt Formation (ca. 544 Ma, Arctic Siberia) provide com-
plementary taphonomic windows and may give important insights
into prevailing ecological baseline conditions.

The Khatyspyt Formation has been attracting much attention as it
contains a great diversity of Ediacara-type fossils (Avalon-type assem-
blage including rangeomorphs and arboreomorphs), carbonaceous
compression fossils (informally grouped as “mega-algae” sensu Steiner,
Erdtmann, & Chen, 1992), and trace fossils (Bykova, Gill, Grazhdankin,
Rogov, & Xiao, 2017; Fedonkin, 1990; Grazhdankin et al., 2008;
Nagovitsin et al., 2015; Rogov et al., 2012; Sokolov & Fedonkin, 1984;
Vodanjuk, 1989). Because of the exceptional preservation of fossils
from the macro to the molecular scale (i.e., organic biomarkers), it
has been considered a fossil lagerstatte sensu Seilacher (1970) (Duda
et al., 2016). Interestingly, distinct body and trace fossil associations
occur in different sedimentary facies, possibly indicating biological
responses to shifting environmental conditions. Indeed, preliminary
biomarker data and inorganic geochemical proxies (e.g., stable carbon
and sulfur isotopes) hint at a relation between paleo-redox conditions
and macrofossil occurrences (Cui et al., 2016; Duda et al., 2016, 2019;
Melnik, Parfenova, Grazhdankin, & Rogov, 2019). Detailed analyses
of organic biomarker assemblages in different facies of the Khatyspyt
Formation can help to assess environmental controls on biological
variability in this unique fossil lagerstatte further.

This study tackles the geobiology of the Khatyspyt Lagerstatte
by combining detailed paleontological and sedimentological obser-
vations with systematic organic biomarker analyses of different fa-
cies. This integrative approach taps the full geobiological potential
of the Khatyspyt record, providing valuable insights into ecosys-

tem functioning at this critical transition of Earth’s history. We will

reconstruct biological communities and environmental conditions in
the Khatyspyt Lagerstatte and test potential controls on the distribu-
tion of Avalon-type macro-organisms and mega-algae. Furthermore,
we will discuss our results in the light of findings from other Ediacaran

marine ecosystems (e.g., Oman, Baltica, South China).

2 | GEOLOGICAL SETTING

The Khatyspyt Formation crops out along the Khorbusuonka River
which cuts through the north-western slope of the Olenek Uplift on the
northeastern Siberian Platform (Arctic Russia). It rests on the Maastakh
Formation and is overlaid by the Turkut Formation, all of which belong
to the terminal Ediacaran Khorbusuonka Group (Figure 1). Detailed ac-
counts on the local geology and stratigraphy are provided elsewhere
(e.g., Grazhdankin, Marusin, et al., 2020; Grazhdankin, Nagovitsin,
et al., 2020; Knoll, Grotzinger, Kaufman, & Kolosov, 1995; Nagovitsin
et al.,, 2015; Pelechaty, Grotzinger, Kashirtsev, & Zhernovsky, 1996;
Pelechaty, Kaufman, & Grotzinger, 1996; Rogov et al., 2015).

The Khatyspyt Formation is laterally not extensive and typically
less than 190 m thick (Nagovitsin et al., 2015; Pelechaty, Grotzinger,
et al., 1996; Pelechaty, Kaufman, et al., 1996). It can be subdivided into
four members mainly comprising limestones (partly dolomitized) and
shales (Nagovitsin et al., 2015) (Figure 1). In the type area, sedimen-
tary facies indicates deposition in low-energy carbonate ramp envi-
ronments below storm wave base (Knoll et al., 1995; Nagovitsin et al.,
2015). To the east and southwest, however, limestone beds exhibiting
hummocky cross-stratification become more abundant and progres-
sively thicker (e.g., Berkekit River, Kersyuke River, upper Khorbusuonka
River, Kyutingde River basin), suggesting higher hydrodynamic energies
(Nagovitsin et al., 2015). Further to the south, the Khatyspyt Formation
correlates with thick-bedded limestones and dolomites (Kyutingde
River basin, Ulakhan-Uettyakh and Balagannakh tributaries) (Nagovitsin
et al., 2015). Thus, environments to the east and southwest were likely
slightly shallower than in the type area, and the depositional system
deepened gradually to the northwest. The overlying Turkut Formation
consists of evaporitic carbonates (Knoll et al., 1995; Nagovitsin et al.,
2015; Pelechaty, Grotzinger, et al., 1996; Yakshin, 1987).

Because of the presence of ubiquitous organic matter, it was
inferred that the Khatyspyt Formation was deposited under anoxic
conditions beneath a stratified water column (Knoll et al., 1995;
Pelechaty, Kaufman, et al., 1996). Indeed, stable carbon and sulfur
isotopes suggest the initial presence of a stratified water body with
episodes of euxinic deeper water that shifted to non-euxinic condi-
tions (Cui et al., 2016). This is fairly similar to the Shibantan Member
in South China (Duda, 2014; Duda, Blumenberg, et al., 2014; Duda,
Zhu, & Reitner, 2015) and, possibly, parts of the Ara Group in south
Oman (see Schréder & Grotzinger, 2007).
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FIGURE 1 Working area and composite section of the Khatyspyt Formation (modified after Nagovitsin et al., 2015, Rogov et al., 2015;
U-Pb zircon age of 543.9 + 0.2 Ma from Bowring et al., 1993). Please note that the sample positions are only approximate and not to scale.
Samples in bold were analyzed for organic biomarkers. Ch, Chuskuna Formation; Kh, Khatyspyt Formation; Ms, Maastakh Formation; Mt,
Mattaia Formation; Sy, Syhargalakh Formation; Tr, Turkut Formation. FAD, First appearance datum. Asterisks mark samples from intervals
with abundant and well-preserved fossils of Ediacara-type organisms (*) and mega-algae (**)

The Khatyspyt Formation, together with the overlying Turkut
and Syhargalakh formations, is locally intruded by diatremes that ex-
hibit a U-Pb zircon age of 543.9 + 0.2 Ma (Bowring et al., 1993; Knoll
et al., 1995; Nagovitsin et al., 2015; Rogov et al., 2015) (Figure 1). The
Turkut Formation contains internal molds of various tubular fossils of
uncertain affinity, possibly including poorly preserved cloudinids and/
or Cambrotubulus decurvatus (Khomentovsky & Karlova, 1993; Rogov
et al,, 2015). The current index fossil for the Ediacaran-Cambrian
boundary (Treptichnus pedum: Brasier, Cowie, & Taylor, 1994; Landing,
1994; Markov, Rogov, Karlova, & Grazhdankin, 2019) first appears in
the uppermost Syhargalakh Formation (Grazhdankin, Marusin, et al.,
2020; Grazhdankin, Nagovitsin, et al., 2020; Nagovitsin et al., 2015).
The Khatyspyt Formation is thus of uppermost Ediacaran age (ca.
544 Ma) (Nagovitsin et al., 2015; Rogov et al., 2015), which is further
supported by chemostratigraphic correlation (Cui et al., 2016, 2019).

3 | MATERIAL AND METHODS
3.1 | Petrography and bulk analyses

The analyzed samples were stored in collections of the Trofimuk
Institute of Petroleum Geology and Geophysics, Siberian Branch of
the Russian Academy of Sciences (Novosibirsk, Russia). Thin sections
(vertical cross sections) were prepared for all samples. Petrographic

observation of thin sections (transmitted and reflected light) was

conducted with a Zeiss SteREO Discovery.V8 stereomicroscope
linked to an AxioCam MRc5 5-megapixel camera.

Contents of total organic carbon (TOC), sulfur (S, ,), and nitrogen
(Ntot
and a Leco RC612 temperature programmable carbon analyzer. All

) were determined with a Hekatech Euro EA elemental analyzer

values are reported in weight % (wt.%) of bulk sedimentary rock.
Rock-Eval pyrolysis was performed on unextracted sample pow-
ders with a Rock-Eval 6 instrument following the method described
by Espitalié et al. (1977). Briefly, the temperature was ramped from
300°C (held for 3 min) to 650°C at 25°C/min. Pyrolysis products
and released CO, were analyzed with a flame ionization detector
(FID) and an infrared cell, respectively. The measurements included
quantities of free hydrocarbons (S1, mg HC/g rock) and hydrocar-
bons yielded from the labile kerogen (52, mg HC/g rock), tempera-

tures at maximum yields of S2 hydrocarbons (T °C), as well as

max’
the CO, generated from organic carbon at higher temperature up
to 650°C (S3, mg CO,/g rock). All these data were used to calculate
the hydrogen index (HI; S2/TOC * 100), oxygen index (Ol; S3/TOC *

100), and production index (PI; S1/(S1 + S2)) for each sample.
3.2 | Sample preparation for organic
biomarker analysis

Selected samples of different Khatyspyt facies were analyzed

for lipid biomarkers using established methodology (Duda, 2014;
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Duda, Blumenberg, et al., 2014; Duda, Thiel, et al., 2014; Duda
et al., 2016) (Figure 1). All glassware and other laboratory materi-
als were heated to 500°C for 3 hr and/or extensively rinsed with
acetone to circumvent trace organic contamination transfer to
rocks and rock powders. Full procedural blanks (pre-combusted
sea sand) were prepared and analyzed in parallel to monitor labo-
ratory contaminations.

Exterior parts of all samples (25 mm) were removed with a
pre-cleaned precision saw (Buehler IsoMet 1000). The exterior
and interior parts were then crushed and powdered using a peb-
ble mill (Retsch MM 301). Ground sample material (ca. 20 g) was
extracted in the following steps: (a) dichloromethane (DCM), (b)
DCM/n-hexane (1/1; v/v), and (c) n-hexane (20 min ultrasonica-
tion, respectively). The resulting extracts were combined, de-
sulfurized with activated copper, and gently concentrated using
a pre-cleaned rotary evaporator and N, to avoid a major loss of
low-boiling compounds (Ahmed & George, 2004). The isolates
were then fractionated by column chromatography (1.5 cm in di-
ameter, 8 cm in height; 7 g of dry silica gel). The saturated fraction
(F1) was eluted with n-hexane (27 ml), the aromatic fraction (F2)
with n-hexane/DCM (1/1; v/v; 32 ml), and a polar residue (F3) with
DCM/MeOH (1/1; v/v; 40 ml).

Our results reported are for the interior rock portions which
are much less prone to containing contaminant contributions.
Comparisons between outer and inner portions were performed
(Figure S1) and showed very similar compound profiles and negligi-

ble contamination of outer portions in all cases.

3.3 | Gas chromatography-mass spectrometry

Gas chromatography-mass spectrometry (GC-MS) analyses were
carried out with a Thermo Scientific Trace 1300 Series GC coupled
to a Thermo Scientific Quantum XLS Ultra MS. The GC was equipped
with a Phenomenex Zebron ZB-5 column (30 m length, 0.25 mm
inner diameter, 0.25 um film thickness). Saturated and aromatic frac-
tions were injected into a splitless injector and transferred to the GC
column at 300°C. Helium was used as carrier gas with a flow rate of
1.5 ml/min. The GC oven temperature was ramped from 80°C (held
for 1 min) to 310°C (held for 20 min) at 5°C/min. Electron ionization
mass spectra were recorded in full-scan mode at an electron energy

of 70 eV with a mass range of m/z 50-600 and scan time of 0.42 s.

3.4 | Metastable reaction monitoring-gas
chromatography-mass spectrometry

Metastable reaction monitoring-gas chromatography-mass spec-
trometry (MRM-GC-MS) was conducted on a Waters Autospec
Premier MS coupled to an Agilent 7890A GC. The GC was equipped
with a DB-1MS column (60 m length, 0.25 mm inner diameter,
0.25 pm film thickness). 1-2 ul of the saturated hydrocarbon frac-

tions dissolved in n-hexane were injected onto the GC column in

splitless injection mode and transferred to the GC column at 320°C.
Helium was used as carrier gas with a flow rate of 1.0 ml/min. The
GC oven temperature was ramped from 60°C (held for 2 min) to
150°C at 10°C/min and then to 320°C at 3°C/min (held for 22.5 min).
Analyses were performed in electron impact (EI) mode with an ioni-
zation energy of 70 eV and an accelerating voltage of 8 kV. The
analysis included MRM transitions for tricyclic terpanes (C,,-C,,),
tetracyclic terpanes (C,,), steranes (C,,-C,, and C,,-C,), methyl-

steranes (C,), hopanes (C,,-C,;), and methylhopanes (C,,-C,,).

3.5 | Calculated biomarker indices

Carbon preference indexes (CPI) for n-alkanes, as well as triterpane-
and sterane-based indices, were calculated from full-scan GC-MS by
integrating peak areas in partial mass chromatograms (m/z 85, 191,
and 217, respectively) following established formulae (Bray & Evans,
1961; Killops & Killops, 2005; Mello et al., 1988; Peters, Walters, &
Moldowan, 2005; Seifert & Moldowan, 1978, 1980, 1986). The only
MRM-GC-MS data-based indices are relative abundances of regular
C,,~C,, steranes (C27, C,g and C,, sterane channels, respectively),
relative C,, sterane abundances (summed C,,~C, sterane channels),
and a newly proposed methylgammacerane index (MGI; 412 — 191
and 426 — 205 Da ion transitions for gammacerane and methylgam-
macerane, respectively). CPls were calculated as 0.5 * [(C,5—Cj5,) 44/
(€247 Ca2)even + (C257Caadoga/ (C26~Casdevenl (Bray & Evans, 1961). Cyg
homohopane indexes were calculated as the ratio C35/(C31—C35)
homohopanes. Gammacerane indexes (Gl) and MGI were calcu-
lated using the formulas 10 * gammacerane/(gammacerane + C,
af hopane) (after Peters et al., 2005) and 10 * methylgammacerane/
(methylgammacerane + gammacerane).

Polyaromatic hydrocarbon (PAH) parameters were calculated
from full-scan GC-MS based on phenanthrene (P) and methyl-
phenanthrenes (MP) using m/z 178 and 192 fragmentograms, re-
spectively. The methylphenanthrene index (MPI-1) was calculated as
1.5 * (2MP + 3MP)/(P + 1MP + 9MP) (Radke & Welte, 1983; Radtke,
Welte, & Willsch, 1982). Equivalent vitrinite reflectance (R) was
calculated from MPI-1 values using the formula 0.7 * MPI-1 + 0.22
since P/MP ratios are <1 for all samples (Boreham, Crick, & Powell,
1988) (Table 1). Methylphenanthrene ratios (MPR) were calculated
as 2MP/1MP (Radke, Welte, & Willsch, 1986).

Formulae for all other molecular indices are provided in the text.

4 | RESULTS
4.1 | Petrographic features

The Khatyspyt Formation comprises finely laminated bituminous
limestones, marls, and shales (Figure 1). Most of the observed sam-
ples contain abundant um-sized pyrite crystals.

Fossils of macroscopic, complex organisms are most abundant

and best preserved in two distinct stratigraphic intervals (Figure 1,
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TABLE 1 Maturity-sensitive aliphatic and aromatic biomarker hydrocarbon ratios

C;, hopane 225/ Ts/ C,ysterane 20S/  C,4 sterane
Sample ID CPI (22S + 22R) (Ts+Tm)  (20S + 20R) pp/(Bp + @)  MPI-1 P/MP  R(MPI-1)  MPR
k602-53.5 0.99 0.57 0.30 0.50 0.42 0.43 0.72 0.52 0.93
k602-38.8 1.02 0.59 0.28 0.48 0.46 0.65 0.36 0.68 1.23
k605-11.3-11.5a 114 0.59 0.34 0.49 0.34 0.31 0.99 0.44 0.89
k605-11.3-11.5b 1.16 0.59 0.35 0.47 0.30 0.32 0.94 0.45 0.89
k601c-13.5-15.0a 0.99 0.58 0.27 0.52 0.46 0.52 0.80 0.58 1.45
k601c-13.5-15.0b 1.07 0.57 0.28 0.47 0.55 0.49 0.60 0.57 0.89
k601c-6.0 (1.02)  (0.62) (0.45) (0.51) (0.53) (0.31) (0.91) (0.44) (0.72)
k601a-3.5 1.00 0.60 0.37 0.51 0.51 0.45 0.41 0.53 0.75

Note: The presented data suggest early oil window maturity levels of organic matter, substantially prior to peak oil generation. Please note that lipid

biomarker data cannot be considered absolutely valid for sample k601c-6.0.

Abbreviations: C5, hopane isomers, 17a(H),21p(H) 22S + 22R; C,, sterane isomers, 5a(H),14a(H),17a(H) 20S + 20R, 5a(H),14(H),17p(H)

20R + 20S; CPI, carbon preference index, calculated as 0.5"[(C,5-Cy53)040/(Coa=Cso)even + (C25~Cas)oaa/ (Co6=Cas)

Bray & Evans, 1961); MP,

even] (

methylphenanthrenes; MPI-1, methylphenanthrene index, calculated as 1.5%(2MP + 3MP)/(P + 1MP + 9MP) (Radke & Welte, 1983; Radtke et al.,
1982); MPR, methylphenanthrene ratios, calculated as 2MP/1MP (Radke et al., 1986); P, phenanthrene; R_ (MPI-1), Vvitrinite reflectance calculated
from MPI-1 values as 0.7*MPI-1 + 0.22 since P/MP ratios are <1 for all samples (Boreham et al., 1988); Ts and Tm, 22,29,30-trisnorhopanes (C,-).

Table 2). Mega-algae assemblages tend to occur in laminated lime-
stones consisting of an alternation of thin (<1 mm) micritic to fine-
grained calcite layers (k605-11.3-11.5a,b; Figure 2a). Fossils of
Ediacara-type organisms, in contrast, are preserved in facies that
additionally exhibit interwoven networks of very thin, dark-brown-
ish laminae (k601c-13.5-15.0a,b; Figure 2b). Notably, some of the
samples from this interval are recrystallized to an extent that any
other primary features such as grains are lost (k601c-13.5-15.0b;
Figure 2c).

In samples from other parts of the Khatyspyt Formation, primary
sedimentary features such as the original bedding and lamination
appear to be disturbed (e.g., k701b-4.25; Figure 2d). In addition, the
formation comprises bituminous limestones that are not laminated
on the microfacies scale (e.g., k601c-6.0; Figure 2e). Grainy layers
in undisturbed and well-preserved facies commonly exhibit sparry
calcite cements (Figure 2f). These cements are very prominent and
can even be recognized in hand specimens by the unaided eye.

In cross section, samples from the interval with Ediacara-type
fossils locally comprise small (<1 mm) circular to oval structures
that are filled with grains or carbonate cements (k601c-13.5-15.0a;
Figure 3a). These structures are oriented parallel to bedding and
typically less compacted than the surrounding layers. Some sam-
ples from the top of the sections also exhibit structures that extend
vertically (k602-38.8, k701b-4.25). In case of well-layered samples,
these structures display distinct fishhook- and antler-like shapes
(Figure 3b,c). Structures in samples with disturbed bedding are not
as distinctly shaped and filled with small sparite cements (Figure 2d).
Notably, these structures are typically associated with mottled fab-
rics (Figure 3d).

Some samples from the Khatyspyt Formation contain small
(<380 um) components of various shapes (Figure S2). Some of
these might be remains of shelly organisms, but this requires fur-
ther investigation. Therefore, the components are classified as
incertae sedis.

4.2 | Organic geochemistry—bulk characteristics

Bulk sedimentary organic matter data are listed in Table 3. TOC con-
tents of the analyzed samples range from very low to high values
(0.12-2.22 wt.%). Sulfur and nitrogen contents are low (0.01-0.08
and 0.01-0.04 wt.%, respectively). Rock-Eval data are only con-
sidered totally robust here if TOC contents are >0.2 wt.% and S2
values are >0.5 mg HC/g rock (see Peters, 1986; Peters & Cassa,
1994). Robust T, values range between 429 and 437°C. Pl values
range between 0.02 and 0.34. HI and Ol values show a wide range
of variation (162-419 mg HC/g TOC and 19-105 mg CO,/g TOC,
respectively). There is no obvious stratigraphic trend to the organic
geochemical bulk data. The chromatograms exhibit no appreciable
hump of an unresolved complex mixture of organic compounds
(UCM) (Figure 4).

4.3 | Organic biomarker inventories
4.3.1 | Linear and branched alkanes

A series of n-alkanes is detected, mostly in the range from C,,
to C,4 (Figure 4). Most samples show no strong carbon number
predominance, but few have distinct maxima at C,, and C, (e.g.,
k605-11.3-11.5a; Figure 4). CPl,,_,, values are generally consist-
ent (0.99-1.16; Table 1). Terminally methyl-branched alkanes (iso-
and anteisoisomers) are present in all analyzed samples, with chain
lengths typically ranging from C,, (i.e., methyl-C,,) to C,, (i.e.,
methyl-C, ). Mid-chain methyl-branched alkanes including X-peaks
(C14-Cyo, With greatest abundance between C,, and C,,; Love,
Stalvies, Grosjean, Meredith, & Snape, 2008) are only present in
traces. Cyclohexylalkanes are prominent compounds in all samples
where they usually range from C,, to C,, and show no carbon num-
ber preferences (Figure 4).
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k601c-13.5-15.0a

FIGURE 2 Thin section photographs of selected Khatyspyt facies (cross sections). (a, b) Finely laminated bituminous limestones and

marls. The lamination is due to an alternation of thin (<1 mm) micritic to fine-grained layers (a, b) and, additionally, to microbial lamination
and pressure solution seams (examples marked by arrows in b). Fossils of Ediacara-type organisms and mega-algae are preserved in these
facies. (c) Laminated but recrystallized bituminous limestone. Note that primary features such as grains are lost. (d) Limestone facies with
disturbed bedding (dashed white arrows) and sparitic structures (continuous orange arrows). The same facies also exhibit mottled fabrics
(Figure 3d). All these features are typical traits of ichnofabrics that were produced by vertical burrowers. (e) Bituminous limestone that is
not laminated on the microfacies scale. (f) Sparry calcite overgrowth cements in a grainy layer (arrows). These cements are widespread in
the Khatyspyt Formation and can even be recognized in hand specimens by the unaided eye. Note also microbial laminae that interweave

sedimentary grains at the top of the photo
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(a) k601c-13.5-15.0a : : Gt R k602-38.8

k701b-4.25

FIGURE 3 Thin section photographs of selected Khatyspyt ichnofabrics (cross sections). (a) Circular to oval structures filled with
carbonate cement (arrow) interpreted as horizontal burrow. (b, c) Structures with fishhook- and antler-like shapes (arrows) interpreted as
vertical burrows (c is a close up of b). (d) Mottled fabrics (arrows) occurring in limestone facies that exhibits disturbed bedding as well as sites
of selective replacement and preferential cementation (Figure 2d). These features are typically produced by vertical burrowers, as commonly
observed in Phanerozoic carbonates

TABLE 3 Total organic carbon (TOC) contents and Rock-Eval pyrolysis parameters (non-robust Rock-Eval data in italics)

Stot Niot
TOC (mean (mean T . S1(mg S2 (mg S3 (mg Pl (S1/ HI (mg Ol (mg
Sample ID (wt.%) wt%) wt%) (°C) HC/grock) HC/grock) CO,/grock) (S1+S2) HC/gTOC) CO,/gTOC)
k602-53.5 0.59 0.01 0.02 432  0.04 1.92 0.29 0.02 325 49
k602-38.8 0.20 0.01 0.01 442  0.02 0.30 0.25 0.06 150 125
k605-11.3-11.5a 0.42 0.05 0.02 432 0.11 1.54 0.18 0.07 367 43
k605 11.3-11.5b 0.74 0.02 0.02 431  0.10 1.87 0.78 0.05 253 105
k601c-13.5-15.0a 2.22 0.08 0.04 429  0.82 9.31 0.42 0.08 419 19
k601c-13.5-15.0b  0.15 0.06 0.01 445  0.05 0.27 0.24 0.16 180 160
k601c-6.0 0.39 0.03 0.02 437  0.32 0.63 0.36 0.34 162 92
k601a-3.5 0.12 0.02 0.01 428  0.01 0.13 0.11 0.07 108 92

Abbreviations: HC, hydrocarbons; Hl, hydrogen index, calculated as S2/TOC * 100; OI, oxygen index, calculated as S3/TOC * 100; PI, production
index, calculated as S1/(S1 + S2); S1, measured quantities of free hydrocarbons; S2, measured quantities of hydrocarbons yielded from the kerogen;
S3, measured quantities of CO, generated from organic carbon up to 650°C.
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FIGURE 4 Full-scan chromatograms (total ion current; TIC) of saturated hydrocarbon fractions. Note that all runs lack a hump of an
unresolved complex mixture (UCM). Black circles: n-alkanes; Regular crosses: cyclohexylalkanes; i: iso-alkanes; ai: anteiso-alkanes; Farn:
Farnesane; TMDT: 2,6,10 trimethyltridecane; NPr: Norpristane; Pr: Pristane; Ph: Phytane; MMA: Mid-chain methyl-branched alkanes; G:
Gammacerane; MG: Methylgammacerane (likely 2-methylgammacerane). Diagonal crosses: Siloxanes (GC column or septum bleeding). The

chromatograms are scaled to the most abundant peak in each trace
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FIGURE 5 MRM-GC-MS ion chromatograms of saturated hydrocarbon fractions. (a) Summed sterane channels (m/z 217). Note the
different abundances of app R + S relative to aaa S + R isomers, here probably indicating fluctuating aquatic salinities. Asterisk: C,,
diasteranes (pa 20S + R); Cross = C,, diasteranes (pa 20S + R). Note that the C,, diasterane pa 20S isomer coelutes with the C,, regular
sterane afip R isomer. (b) Summed hopane channels (m/z 191). Note the presence of gammacerane (G) and a methylgammacerane (likely
2-methylgammacerane; MG). Relative abundances of G and C,; homohopanes vary significantly between different samples, suggesting
changes in stratification, salinity, and oxygenation of the environment. The chromatograms are scaled to the most abundant peak in each

trace
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In addition to alkanes, all samples contain abundant acyclic
isoprenoids. These include 2,6,10-trimethyldodecane (farnesane,
Farn), 2,6,10-trimethyltridecane (TMTD), 2,6,10-trimethylpen-
tadecane (norpristane, NPr), 2,6,10,14-tetramethylpentadecane
(pristane, Pr), and 2,6,10,14-tetramethylhexadecane (phytane, Ph)
(Figure 4).

4.3.2 | Steranes

All analyzed samples contain cholestane (C,,), ergostane (C,g),
and stigmastane (C,,) isomers (5a(H),14a(H),17x(H) 20S + 20R and
5a(H),14p(H),17p(H) 20R + 20S) (Figure 5a). The C,, steranes rep-
resent the most prominent pseudohomologues (62-73% relative
to total C,,-C,, steranes; Table 2). C,, steranes such as 24-iso-
propylcholestane (24-ipc) and 26-methylstigmastane (26-mes) are
only present in minor traces and difficult to quantify accurately
(Figure 6).

Some samples also comprise traces of ring methyl-
ated and dimethylated varieties of stigmastane (i.e., 30
and 31 carbon atoms, respectively). Furthermore, all sam-
ples contain a short-chain (typically
C,,-C,,), including 5a(H),14p(H),17p(H)-pregnane and 20-meth-
yl-5a(H),14p(H),178(H)-pregnane (diginane and 20-methyldig-
inane, respectively, see Requejo, Hieshima, Hsu, McDonald, &

suite of steranes

Sassen, 1997; Wingert & Pomerantz, 1986). Diasteranes are also
present in all samples but consistently less abundant than the

corresponding regular steranes (Figure 5a).

Baghewala-1
Cross-talk
C,,aaa Ster (20R)

24-ipc
24-ipc
26-mes

4.3.3 | Hopanes and tricyclic terpanes

All samples contain C,, hopanes (af and pa; possibly C,, Ts, see
Farrimond & Telnaes, 1996) and the C;,-C;5; homohopane isomers
(17a(H),21p(H) 22S + 22R and 17p(H),21a(H) 22S + 22R) (Figure 5b).
Further compounds are 22,29,30-trisnorhopanes (C,, Ts and Tm),
bisnorhopane (C,g; likely 29,30 rather than 28,30 because m/z 355
is virtually absent in the mass spectra, see Summons & Powell, 1987)
and 30-norhopanes (C,, 17a(H),21p(H) and 17p(H),21a(H); C,q Ts).
Some samples contain traces of 25-bisnorhopane (C,g; likely 25,28
because m/z 341 is absent in the mass spectra, see Aguiar, Junior,
Azevedo, & Neto, 2010) and 25-norhopanes (C,, 17a(H),214(H) and
17p(H),21a(H)) (Figure 5b). Sample k601c-13.5-15.0a additionally
comprises traces of methylhopanes.

All samples contain minor amounts of short-chain tricyclic ter-
panes <C,. and 17,21-secohopanes (particularly the C,, variety, as
confirmed by MRM-GC-MS analyzes).

4.3.4 | Gammacerane and methylgammacerane

Gammacerane abundances show significant variations in differ-
ent facies (Gl = 0.6-5.7), but also within a distinct black shale
to marl horizon (Gl = 5.7 and 2.3 in samples k601c-13.5-15.0a
and k601c-13.5-15.0b, respectively) (Figure 5b, Table 2). Some
samples additionally contain a putative methylgammacerane
(likely 2-methylgammacerane; Figures 5b and 7). Relative abun-

dances of this compound appear to be decoupled from those of

Cross-talk
C.,aB Hops (22S+22R)

26-mes

k605-11.3-11.5a
9x10° :

k601c-13.5-15.0a

Intensity (100%)

Retention time

FIGURE 6 MRM-GC-MS ion chromatograms of C,, sterane distributions (414 — 217 Da ion transitions) in selected Khatyspyt samples.
The C,, sterane trace for an Ediacaran-Cambrian reference sample (Baghewala-1 oil, India; Peters, Clark, Gupta, McCaffrey, & Lee, 1995)
containing 26-methylstigmastane (26-mes, orange), 24-isopropylcholestane (24-ipc, yellow), and 24-n-propylcholestane (24-npc, gray) is
provided for comparison. Note that 24-ipc and 26-mes are <0.4% and <0.2% of the total C,,-C, regular steranes, respectively, and that
these values are probably even overestimated due to low signal-to-noise ratios and cross talk effects. The chromatograms are scaled to the

most abundant peak in each trace
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FIGURE 7 Background-subtracted mass spectra of gammacerane (left) and the putative 2-methylgammacerane (right). The
methylgammacerane has a characteristic main fragment ion of m/z 205 instead of 191 due to the presence of an additional methyl group
(likely at position C-2). Note the absence of fragment ions at m/z 369 or 383 which are characteristics of the hopane and methylhopane

series, respectively

gammacerane (MGI = 1.7-5.6). Within the distinct black shale to
marl horizon, however, relative methylgammacerane and gammac-
erane abundances change similarly (MGI = 3.6 and 1.7 in samples
k601c-13.5-15.0a and k601¢c-13.5-15.0b, respectively) (Figure 5b,
Table 2).

4.3.5 | Further cyclic aliphatic hydrocarbons

All samples contain low abundances of C ;-C,, bicyclic sesquiter-
panes. Two of the analyzed samples (k601c-13.5-15.0a, k601c-6.0)

contain minor traces of -carotane.

5 | DISCUSSION
5.1 | Geobiology of the Khatyspyt Lagerstitte—
inferences from sedimentary facies

The alternating micritic to fine-grained layers (Figure 2a) represent-
allochthonous event deposits (Table 2). Organic laminae that inter-
weave sedimentary grains (Figure 2b,f), in contrast, are remnants of
microbial mats that thrived in the Khatyspyt environment (Table 2).
It should be noted, however, that these microbial laminae are eas-
ily confused with diagenetic pressure solution seams that can be
identified by irregular and sutured grain contacts. All these features
are remarkably similar to the Shibantan Member in South China
and emphasize the intimate relationship between allochthonous
event deposits and microbial mat growth (compare Duda, 2014;
Duda, Blumenberg, et al., 2014; Duda et al., 2015). As in case of the
Shibantan Member, the continuous delivery of allochthonous mate-
rial from adjacent ramp environments likely stimulated microbial mat
growth by providing fertile substrates. Bituminous limestones that
are not laminated on the microfacies scale (Figure 2e) are either part
of a thick allochthonous event deposit or represent an in situ formed

carbonate sludge (Table 2).

Sparry calcite overgrowth cements in grainy layers (Figure 2f) are
an important trait of the Khatyspyt Formation. Similar cements are
also widespread in limestones of the Shibantan Member in South
China (own observations). At both locations, sparry calcite over-
growth cements are restricted to coarse-grained layers, indicat-
ing that porosity is an important prerequisite for their formation.
Notably, layers exhibiting sparry calcite overgrowth cements typi-
cally occur underneath very fine-grained allochthonous material or
microbial mats (Figure 2f). It is therefore tempting to speculate that
sedimentary sealing as well as microbial activity factored into the
formation of the sparry calcite overgrowth cements.

The observed circular to oval structures filled with cements
or grains (Figure 3a,b) are classic traces of burrowing organisms.
Similar trace fossils are also known from the Shibantan Member
(Xiao, Chen, Zhou, & Yuan, 2019; own observations). In both set-
tings, these traces are horizontal and spatially associated with
microbial mats (Table 2). Such traces were likely produced by
burrowers that exploited microbial mats for resources such as
food and oxygen (Gehling, 1999; Gingras et al., 2011; Seilacher &
Pfliger, 1994).

Vertically extending structures exhibiting fishhook- and ant-
ler-like shapes in cross section (Figure 3b,c) are typically produced
by organisms that exploit deeper sediment levels (Table 2). These
structures possibly represent sections of individual Nenoxites
menisci. Likewise, disturbed bedding associated with mottled
fabrics and structures (Figures 2d and 3d) is a characteristic fea-
ture of ichnofabrics produced by vertical burrowers. This inter-
pretation is also in good accordance with the associated sparitic
structures (Figure 2d), as burrows are commonly sites of selective
replacement and preferential cementation. All these structures
and fabrics were observed in samples from the upper part of the
succession (Figure 1; Table 2) and add to findings of meniscate
burrows in the Khatyspyt ecosystem (Rogov et al., 2012, 2015).
This highlights the presence of diverse burrowing strategies in the
terminal Ediacaran, including vertical exploitation of sediment as

known from the Phanerozoic.
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5.2 | Biomarker data integrity (thermal maturity,
biodegradation & syngeneity)

Rock-Eval pyrolysis is an established tool used to assess the thermal
maturity of rocks (e.g., Espitalié et al., 1977; Peters, 1986; Tissot &
Welte, 1984). Sample k601c-6.0 exhibits a Pl >0.2 which might in-
dicate the presence of migrated oil (see Peters, 1986). On the other
hand, the Rock-Eval T, value (437°C) is consistent to the other
samples (429-432°C) (Table 3). However, Rock-Eval parameters
(T

maxe A Ol) and lipid biomarker data cannot be considered abso-

lutely valid for this sample and are therefore excluded.

Reliable Rock-Eval T, values of <432°C (Table 3) suggest early
oil window maturity levels, significantly prior to peak oil genera-
tion (see Peters, 1986). This is generally in accordance with reliable
HI and Ol values. The remarkable range of these data (HI = 253-
419 mg HC/g TOC; Ol = 19-105 CO,/g TOC: Table 3) likely reflects
substantial variations in biogenic source inputs and environmen-
tal conditions. Taken together, robust and reliable Rock-Eval data
demonstrate that the thermal maturity of Khatyspyt organic matter
is suitable for detailed lipid biomarker investigations.

Molecular parameters are a further important tool to con-
strain the thermal maturity of organic matter (Killops & Killops,
2005; MiRbach, Duda, Liunsdorf, Schmidt, & Thiel, 2016; Peters
et al, 2005; Tissot & Welte, 1984). Elevated abundances of
17B(H),21a(H)-hopanes (Figure 5b) support the inferred early oil
window maturity levels. This assessment is in good accordance with
C,, hopane isomerization [225/(S + R) = 0.57-0.60], C,, hopane ra-
tios [Ts/(Ts + Tm) = 0.27-0.37], and C,, sterane isomerization [20S/
(S + R) =0.47-0.52; BB/(Bp + aaxx) = 0.30-0.55) (Mackenzie, Patience,
Maxwell, Vandenbroucke, & Durand, 1980; Moldowan et al., 1991;
Moldowan, Sundararaman, & Schoell, 1986; Seifert & Moldowan,
1978, 1980, 1986) (Table 1). Low MPR, MPI-1, and R_ values (<1.45,
<0.65, and <0.68, respectively) are also consistent with an early
oil-generative stage (Boreham et al., 1988; Killops & Killops, 2005;
Radke & Welte, 1983). It should be noted, however, that the MPI-1
was originally developed for terrestrial organic matter (Radke et al.,
1982) and that only values of 20.7 might be robust to assess the ther-
mal maturity of Proterozoic organic matter (Boreham et al., 1988).

The analyzed samples typically exhibit high abundances of low
carbon number n-alkanes and no obvious hump due to an appre-
ciable UCM (Figure 4), indicating that alteration by secondary pro-
cesses such as biodegradation or weathering is minor (e.g., Peters
et al., 2005; Tissot & Welte, 1984). However, the presence of
25-norhopanes in some of the samples potentially indicates slight
biodegradation during early diagenesis, burial, or later exposure
(Bennett, Fustic, Farrimond, Huang, & Larter, 2006; Blanc & Connan,
1992; Moldowan & McCaffrey, 1995; Peters, Moldowan, McCaffrey,
& Fago, 1996; Seifert & Moldowan, 1979). Indeed, these compounds
appear to be particularly abundant in samples that virtually ex-
hibit low n-alkane to sterane and hopane ratios (k601c-13.5-15.0a:
Figures 4 and 5b). However, the restriction of 25-norhopanes to a
few varieties and the absence of complete suite of homologs points

against severe biodegradation (Moldowan & McCaffrey, 1995).

Thus, the effect of biodegradation appears to be negligible for the
analyzed samples.

5.3 | Geobiology of the Khatyspyt Lagerstitte—
inferences from the biomarker record

5.3.1 | Biological sources and paleo-
community structure

Photoautotrophic cyanobacteria and/or algae were major biological
sources of organic matter in the Khatyspyt Lagerstatte as evidenced
by abundant chlorophyll-derived acyclic isoprenoids such as pris-
tane and phytane in all samples (e.g., Bendoraitis, Brown, & Hepner,
1962; Peters et al., 2005; Philp, 1985; Tissot & Welte, 1984). Both
sources could also account for the observed bicyclic sesquiterpanes
(Alexander, Kagi, & Noble, 1983; Alexander, Kagi, Noble, & Volkman,
1984; Pu, Yaorong, & Baisheng, 1991). The presence of bacteria is
further evidenced by abundant hopanes and, possibly, cyclohexy-
lalkanes (de Rosa, Gambacorta, Minale, & Bu'Lock, 1971; Ourisson,
Albrecht, & Rohmer, 1979; Rohmer, Bouvier-Navé, & Ourisson, 1984;
Suzuki, Saito, Kawaguchi, Okuda, & Komagata, 1981). Important
groups likely included cyanobacteria (mid-chain branched alkanes:
Gelpi, Schneider, Mann, & Oro, 1970; Shiea, Brassell, & Ward, 1990)
and sulfate-reducing bacteria (iso- and anteiso-alkanes, see Kaneda,
1991; pyrite crystals). It should be noted, however, that cyclohexylal-
kanes and iso- and anteiso-alkanes might also be of diagenetic or cat-
agenetic origin (Gelin et al., 1994; Kissin, 1987; Rubinstein & Strausz,
1979). Mid-chain methyl-branched alkanes (“X-peaks”) in the C,,-C,,
range are not particularly abundant and therefore not indicative for
a specific biological source.

The vast majority of regular steranes in the rock record derive
from eukaryotes (Summons, Bradley, Jahnke, & Waldbauer, 2006;
Volkman, 1986, 2003; Wei, Yin, & Welander, 2016). The consistent
dominance of stigmastane (C,,) over other sterane homologues in
the Khatyspyt Formation (62-73% relative to total C,,-C,, ster-
anes; Table 2) is typical for Ediacaran rocks and oils and commonly
explained by abundant chlorophytes as primary producers (see
Grantham, 1986; Knoll, Summons, Waldbauer, & Zumberge, 2007,
Kodner, Pearson, Summons, & Knoll, 2008; Summons & Walter,
1990). Mega-algae might be an additional source for stigmastane
in the Khatyspyt Lagerstatte, but the relative importance of these
organisms in terms of total biomass remains unknown. Notably, the
Khatyspyt record spans between relative stigmastane abundances
reported for the Ediacaran of central and southwestern Baltica
(55%-60%: Goryl, Marynowski, Brocks, Bobrovskiy, & Derkowski,
2018; 59% in average: Pehr et al., 2018), the Neoproterozoic-
Cambrian of South Oman (70% in average: Grosjean, Love, Stalvies,
Fike, & Summons, 2009), and the Ediacaran of northeastern Baltica
(i.e., the Russian White Sea; 75% in average: Bobrovskiy, Hope,
Golubkova, & Brocks, 2020).

Sterane/hopane ratios are consistently low in the Khatyspyt
Lagerstatte (0.07-0.30 in the samples analyzed herein; Table 2; 0.37
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in Duda et al., 2016, not included in this sample set), thus suggesting
higher relative inputs by bacteria as compared to eukaryotes. A pref-
erential breakdown of steranes through thermal stress can be ex-
cluded as all analyzed samples are in a maturity range in which these
compounds remain stable (see, e.g., MiBbach et al., 2016). A tapho-
nomic suppression of steranes through microbial mats (“mat seal ef-
fect”: Pawlowska, Butterfield, & Brocks, 2013; Blumenberg, Thiel, &
Reitner, 2015; Shen, Thiel, Duda, & Reitner, 2018; Lee, Love, Jahnke,
Kubo, & Des Marais, 2019) can also be ruled out since the analyzed
Khatyspyt facies is demonstrably variable and microbial mats appear
to be absent in some cases (Figure 2; Table 2). Therefore, the ob-
served scarcity of steranes most likely reflects a primary ecological
fingerprint.

The ratio of eukaryotic steranes to bacterial hopanes is a well-es-
tablished measure for the relative importance of the two domains in
ancient settings (e.g., Peters et al., 2005). Sterane/hopane ratios <1
(or hopane/sterane ratios >1) reflect higher relative inputs by bacte-
ria as compared to eukaryotes. The sterane/hopane ratios observed
in the Khatyspyt Formation are systematically lower than those from
Neoproterozoic-Lower Cambrian records of eastern Siberia (0.47-
4.63, mean 1.18: Kelly, Love, Zumberge, & Summons, 2011) and
South Oman (ca. 0.40-1.30, mean 0.83: Grosjean et al., 2009; Love
et al., 2009). At the same time, they are well in line with Ediacaran
records of central and southwestern Baltica, where sterane/hopane
ratios range between 0.01 and 0.63 (mean = 0.05) and sterane/
(C;o + C;, hopane) ratios range between 0.02 and 0.47 (mean = 0.20)
(Pehr et al., 2018 and Goryl et al., 2018, respectively). They are also
in good accordance with reported values from northeastern Baltica
(i.e., the Russian White Sea; 0.06-0.59, mean = 0.20), particularly in
case of intervals with Ediacara-type fossils (0.06-0.43, mean = 0.20)
(Bobrovskiy et al., 2020, their supplementary Table 1).

Taken together, sterane/hopane ratios from all records with as-
semblages of Ediacara-type fossils are all well below 1, reflecting
higher relative inputs by bacteria as compared to eukaryotes. This
suggests that not all communities with Ediacara-type organisms in-
habited algal-rich environments, as proposed elsewhere (Bobrovskiy
et al., 2020). Furthermore, only the highest of these values fall into
the lowermost average range of post-Ediacaran rocks and oils (i.e.,
0.5-2.0, mean = 1.0: Cao et al., 2009; Peters et al., 2005), calling
the proposed similarity to nutrient-replete Phanerozoic ecosystems
(Bobrovskiy et al., 2020) into question. All lipid biomarker data avail-
able for successions with Ediacara-type fossils suggest rather oligo-
trophic environments dominated by bacteria. It remains to be tested
whether these baseline conditions also prevailed elsewhere in other

ecosystems with Ediacara-type organisms.

5.3.2 | Evidence for the presence of early animals?

C,, regular steranes with unusually alkylated side chains (i.e., 24-
ipc and 26-mes) have been utilized as lipid biomarkers to track early
animals (Love et al., 2009; McCaffrey et al., 1994; Zumberge, 2019;
Zumberge, Cardenas, Duda, Sperling, & Love, 2019; Zumberge et al.,
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2018). This is because demosponges are the only extant organisms
known to biosynthesize 24-ipc and 26-mes precursors as major
lipids, ranging up to 99 wt.% of their total sterols (e.g., Djerassi &
Silva, 1991; Giner, 1993; Hofheinz & Oesterhelt, 1979; Zumberge,
2019; Zumberge et al., 2018). Reported traces of possible 24-ipc and
26-mes precursors in modern rhizarian protists (down to <0.01% of
total steroids; Nettersheim et al., 2019), in contrast, appear to be
problematic and are subject of an ongoing discussion (Hallmann
et al., 2020; Love et al., 2020).

In the samples analyzed herein, 24-ipc and 26-mes are only pres-
ent in minor traces (<0.4% and <0.2% of the total C,,~-C,, regular
steranes, respectively) (Figure 6). The calculated relative abundances
are probably even overestimated due to low signal-to-noise ratios
and cross talk effects. Given the low thermal maturity of organic
matter in the Khatyspyt Formation (Duda et al., 2016; results of this
study), a preferential loss due to thermal stress (“thermal taphonomy”:
MiBbach et al., 2016) appears unlikely. At the same time, low quan-
tities of these compounds might form through diagenetic side chain
modification of C,, sterols, although this requires further investiga-
tion. In any case, organisms capable of directly synthesizing 24-ipc
and 26-mes were not widespread in the Khatyspyt Lagerstatte.

Late Ediacaran strata from Baltica contain similarly low amounts
of these source-specific biomarkers, with 24-ipc being <0.6% rela-
tive to the total C,,-C,, sterane ratios and below detection limits in
over half the sample set (Pehr et al., 2018). This is at least an order
of magnitude lower than in Neoproterozoic rocks and oils from other
localities such as South Oman, where 24-ipc and 26-mes typically
account for 1%-4% of the total C,,-C,, steranes (Grosjean et al.,
2009; Love et al., 2009; McCaffrey et al., 1994; Zumberge, 2019;
Zumberge et al., 2018, 2019). This suggests that Ediacara-type
organisms and mega-algae occupied different niches than demo-
sponges (oligotrophic vs eutrophic, respectively).

5.3.3 | Methylgammacerane

Some of the analyzed samples contain a putative methylgammacer-
ane (likely 2-methylgammacerane) (Figures 5b and 7). High amounts
of 2-methylgammacerane have previously been reported from
Cambrian “Q Oils” in North Oman (Grosjean, Love, Kelly, Taylor, &
Summons, 2012). 2-methylgammacerane (C,,) coelutes with/near
3p-methylhopanes, C,;pa homohopanes (S + R), and gammacerane
(C5o) (Grosjean et al., 2012). Peaks of these compounds are com-
monly not fully separated and switch their elution order depending
on chromatographic conditions. As a consequence, methylgam-
macerane may elute slightly prior to gammacerane, despite having
a higher molecular weight (M* of 426 vs M* of 412). This chroma-
tographic behavior is also known from tetrahymanol and 2-methyl-
tetrahymanol acetates (see Rashby, Sessions, Summons, & Newman,
2007; Welander, Coleman, Sessions, Summons, & Newman, 2010).
However, methylgammacerane can clearly be distinguished from
3p-methylhopanes, C,;pa homohopanes (S + R), and gammacerane

based on distinct mass spectral characteristics (i.e., main fragment
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ion at m/z 205, absence of fragment ions at m/z 369 or 383, and a
molecular ion at m/z 426: Figure 7). For the samples analyzed herein,
this interpretation was further corroborated by MRM-GC-MS
(Figure S3).

Tetrahymanol is an abundant lipid in bacterivorous cili-
ates (Harvey & McManus, 1991; ten Haven, Rohmer, Rullkéter,
& Bisseret, 1989; Sinninghe Damsté et al., 1995) and anox-
ygenic phototrophs (Rhodopseudomonas palustris; Kleemann
et al., 1990; Eickhoff, Birgel, Talbot, Peckmann, & Kappler, 2013).
Methyltetrahymanols (particularly 2-methyltetrahymanol) have
been reported in cultures of Bradyrhizobium japonicum and R. palus-
tris (Bravo, Perzl, Hartner, Kannenberg, & Rohmer, 2001; Eickhoff
et al., 2013; Rashby et al., 2007; Welander et al., 2009). It has
been suspected that 2-methyltetrahymanol is a useful marker for
anoxygenic phototrophic bacteria (Eickhoff et al., 2013). Indeed,
layers of modern microbial mats that are inhabited by anoxygenic
phototrophs were found to be enriched with 2-methyltetrahy-
menols, suggesting purple sulfur bacteria as a source (Lee, 2016).
The occurrence of methylated tetrahymanols in extant organisms
strongly suggests a primary origin of methylgammacerane in an-
cient sedimentary rocks. The decoupled gammacerane and meth-
ylgammacerane abundances (MGl = 1.7-5.6: Table 2) potentially
indicate different biological sources for both compounds.

By analogy to A-ring methylated steranes, diagenetic alkyla-
tion of tetrahymanol may constitute an alternative source for the
observed methylgammacerane. A-ring methylated steroids form via
alkylation of A%-sterene intermediates—therefore resulting in 2- and
3-alkylsteranes (see Summons & Capon, 1988, 1991). Alternatively,
a diagenetic alkylation of the hydroxyl group in tetrahymanol (i.e.,
C-3) appears conceivable. Knowledge on the exact alkylation site(s)
could thus help to assess a potential diagenetic origin of methylgam-
macerane in the Khatyspyt Lagerstatte. Unfortunately, it is unclear
whether isomers methylated at different carbon positions can be
distinguished under the chromatographic conditions used herein.
However, methylgammacerane in Oman is suspected to be mainly
alkylated at C-2 (Grosjean et al., 2012), and potential precursors are
well known from extant organisms—in contrast to 2- and 3-meth-
ylsteranes (Brocks & Summons, 2003). Furthermore, methylgam-
macerane abundances seem to be decoupled from gammacerane
(see above). Therefore, a biological origin of methylgammacerane
appears likely, although a diagenetic origin cannot completely be

excluded.

5.3.4 | Paleoenvironmental conditions

CPI values of ~1 and the predominance of short-chain n-alkanes with
maxima at <n-C,, indicate a marine environment (Peters et al., 2005)
(Figure 4, Table 1). This is in good accordance with Ediacaran records
from South China (Duda, Blumenberg, et al., 2014; Duda et al., 2015)
and the Russian White Sea (Grazhdankin, 2003). Neoproterozoic-
Cambrian sedimentary rocks in Oman were also mostly deposited

in marine environments (Gorin, Racz, & Walter, 1982), while parts of

Baltica were possibly temporarily affected by freshwater conditions
(Bojanowski et al., 2020).

Differences in the TOC contents (0.12-2.22 wt.%: Table 3) and
biomarker assemblages suggest changing environmental condi-
tions in the Khatyspyt Lagerstatte. For instance, strikingly varying
abundances of gammacerane in the analyzed samples (Gl = 0.8-5.7:
Table 2) and in previous studies (no gammacerane: Duda et al,
2016) indicate changes in water column stratification and, possi-
bly, salinity (see Moldowan, Seifert, & Gallegos, 1985; ten Haven
et al., 1989; Sinninghe Damsté et al., 1995; ten Haven, de Leeuw, &
Schenck, 1985; ten Haven et al., 1988; Figure 5b; Table 2). Changes
in the relative abundance of C,; homohopanes (C,. homohopane
index = 0.1-0.2) and regular afp sterane isomers (app R + S vs oo
S + R dominances) also indicate fluctuations in salinity and oxygen-
ation (see Farrimond et al., 2003; ten Haven, de Leeuw, Peakman, &
Maxwell, 1986; Peakman, ten Haven, Rechka, de Leeuw, & Maxwell,
1989; Peters & Moldowan, 1991; Summons & Powell, 1992; ten
Haven et al., 1988; Bishop & Farrimond, 1995; Figure 5; Table 2).
In concert, these data suggest that organisms in the Khatyspyt
Lagerstatte were confronted with dynamically changing environ-
mental conditions. This is in good accordance with findings from the
Shibantan Member (Duda, 2014; Duda, Blumenberg, et al., 2014;
Duda et al., 2015; Xiao et al., 2020).

5.4 | Geobiology of the Khatyspyt
Lagerstatte—a synthesis

The Khatyspyt Formation was deposited in marine carbonate ramp
environments, very similar to the contemporaneous Shibantan
Member in South China (see Duda, 2014; Duda, Blumenberg, et al.,
2014; Duda et al., 2015). Such environments react sensitively on abi-
otic and biological influences. It is therefore not surprising that or-
ganisms in both systems were confronted with frequently changing
chemical conditions and nutrient availabilities. The resulting fluctu-
ating selection pressures likely promoted the development of pio-
neering physiological strategies and innovative lifestyles in different
organism groups. It is tempting to speculate that these innovations
eventually provided evolutionary advantages in times of global en-
vironmental change.

Occurrences of macroscopic complex fossils appear to be
linked to specific ecological conditions. For instance, the most
diverse assemblages of Ediacara-type fossils occur in facies
characterized by prominent microbial mats and horizontal traces
(k601c-13.5-15.0a, b; Figures 2b and 3a). Lipid biomarkers indicate
a stratified marine environment, normal to moderately elevated
salinities, and low oxygen levels (Gl = 2.3-5.7; C,, homohopane
index = 0.1-0.2; equally important app R + S and aaax S + R sterane
isomers: Figure 5, Table 2). Such conditions are widely considered
problematic for macroscopic complex organisms. However, certain
Avalon-type macro-organisms (rangeomorphs, arboreomorphs)
may develop tolerances and/or life strategies that allowed them

to cope with these ecological stressors (e.g., symbiotic lifestyles,
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interaction with microbial mat communities; see also Bykova et al.,
2017).

Mega-algae, in contrast, are most abundant and diverse in fa-
cies that lack evidence for the presence of prominent microbial mats
but are dominated by layers that represent allochthonous event
deposits (samples k605-11.3-11.5a, b: Figure 2a). Lipid biomarkers
in these samples indicate a non-stratified marine environment and
normal salinities during deposition (Gl = 0.6-0.8; C,; homohopane
index = 0.1; dominant aax S + R sterane isomers: Figure 5, Table 2;
see also Duda et al., 2016). In contrast to the environments described
above, such conditions appear to be favorable for macroscopic com-
plex organisms. It seems conceivable that mega-algae proliferated in
times of intermittent event deposition, but this remains to be further
tested in futures studies.

The Khatyspyt Lagerstitte shares some striking similarities
with the Shibantan Member, including sedimentary facies and oc-
currences of Ediacara-type fossils. Unfortunately, however, lipid
biomarkers are not well preserved in the Shibantan Member (Duda,
Blumenberg, et al., 2014; Duda, Thiel, et al., 2014). A variety of lipid
biomarker characteristics of the Khatyspyt Lagerstatte are similar to
the Baltica record (e.g., low sterane/hopane ratios, scarcity of Cso
steranes; Goryl et al., 2018, Pehr et al., 2018). These lipid biomarker
records, as well as reported low sterane/hopane ratios from the
Russian White Sea (Bobrovskiy et al., 2020), suggest that the eco-
systems were oligotrophic and dominated by bacteria. Furthermore,
organisms capable of directly synthesizing the C,, steranes 24-ipc
and 26-mes (most likely candidates demosponges) appear not to
have been widespread in these environments (Table 2).

Despite these similarities, the Khatyspyt Lagerstatte is special
in that it exhibits assemblages of carbonaceous compression fossils
(mega-algae), ichnofabrics produced by vertical burrowers, and very
low to high TOC contents (0.12-2.22 wt.%; Table 3). In Baltica, TOC
contents are mostly <0.5 wt.% and rarely exceed 1.0 wt.% (Goryl
et al., 2018; Pehr et al., 2018). In South Oman, in contrast, TOC
contents are mostly >1.0 wt.% and range up to 11.0 wt.% (Grosjean
et al., 2009; Love et al., 2009). The Khatyspyt record thus ecolog-
ically bridges between Baltica and South Oman. At the same time,
the unique features of the Khatyspyt Lagerstitte demonstrate that
Ediacaran ecosystems were more highly diverse than previously
realized. Furthermore, it emphasizes the impact of sedimentary
processes and various environmental controls (water column strat-
ification, oxygen, and possibly salinity levels) on the distribution of
Avalon-type macro-organisms and mega-algae (Table 2).

6 | CONCLUSIONS

Bituminous facies of the Khatyspyt Formation were deposited in
marine carbonate ramp environments. Consistently low sterane/ho-
pane ratios reflect relatively low inputs of eukaryotic organisms to
the preserved organic matter, suggesting oligotrophic marine depo-
sitional environments in which bacteria were dominant. This is similar

to lipid biomarker findings from other successions with Ediacara-type
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fossils (Baltica, including the Russian White Sea). C,, steranes such
as 24-isopropylcholestane and 26-methylstigmastane are present
in minor traces but do not appear to be completely absent. Thus,
Avalon-type organisms occupied different niches than organisms
capable of directly synthesizing C,, sterane precursors among their
major lipids. Notably, some of the analyzed samples contain a puta-
tive methylgammacerane (possibly 2-methylgammacerane), which
was likely sourced by organisms (ciliates, anoxygenic phototrophs,
and/or purple sulfur bacteria) and may be a good proxy for strati-
fication. Striking variation in the relative abundances of C,; homo-
hopanes, gammacerane, and methylgammacerane likely reflects
overall community structures and environmental fluctuations in the
Khatyspyt Lagerstatte. The most diverse assemblages of well-pre-
served rangeomorph and arboreomorph organisms occur in facies
characterized by prominent microbial mats and horizontal traces.
Lipid biomarkers indicate a stratified marine environment, normal to
moderately elevated salinities, and low oxygen levels. Mega-algae, in
contrast, are most abundant and diverse in facies that lack evidence
for the presence of prominent microbial mats but are dominated by
allochthonous event deposits. Lipid biomarkers in these samples
indicate a non-stratified marine environment and normal salinities
during deposition. Vertical burrowers occur in similar facies but with
biomarker evidence for stratification in the water column or around
the seafloor. Thus, the distribution of Avalon-type macro-organisms,
mega-algae, and burrowers was controlled by sedimentary processes
and various environmental factors. It appears plausible that inno-
vative adaptations needed to survive in these habitats eventually
provided evolutionary advantages in times of global environmental
change. In this view, dynamic settings like the Khatyspyt Lagerstatte
could have provided metabolic challenges for sustenance and growth
which primed eukaryotic organisms to cope with changing environ-
mental habitats, allowing for a later diversification and expansion of

complex macroscopic life in the marine realm.
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