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Free and kerogen-bound biomarkers from late Tonian 
sedimentary rocks record abundant eukaryotes in mid-
Neoproterozoic marine communities

J. Alex Zumberge1, Don Rocher2, Gordon D. Love1

1Department of Earth and Planetary Sciences, University of California, Riverside, CA, USA

2GeoMark Research, Houston, TX, USA

Abstract

Lipid biomarker assemblages preserved within the bitumen and kerogen phases of sedimentary 

rocks from the ca. 780–729 Ma Chuar and Visingsö Groups facilitate paleoenvironmental 

reconstructions and reveal fundamental aspects of emerging mid-Neoproterozoic marine 

communities. The Chuar and Visingsö Groups were deposited offshore of two distinct 

paleocontinents (Laurentia and Baltica, respectively) during the Tonian Period, and the rock 

samples used had not undergone excessive metamorphism. The major polycyclic alkane 

biomarkers detected in the rock bitumens and kerogen hydropyrolysates consist of tricyclic 

terpanes, hopanes, methylhopanes, and steranes. Major features of the biomarker assemblages 

include detectable and significant contribution from eukaryotes, encompassing the first robust 

occurrences of kerogen-bound regular steranes from Tonian rocks, including 21-norcholestane, 27-

norcholestane, cholestane, ergostane, and cryostane, along with a novel unidentified C30 sterane 

series from our least thermally mature Chuar Group samples. Appreciable values for the sterane/

hopane (S/H) ratio are found for both the free and kerogen-bound biomarker pools for both the 

Chuar Group rocks (S/H between 0.09 and 1.26) and the Visingsö Group samples (S/H between 

0.03 and 0.37). The more organic-rich rock samples generally yield higher S/H ratios than for 

organic-lean substrates, which suggests a marine nutrient control on eukaryotic abundance relative 

to bacteria. A C27 sterane (cholestane) predominance among total C26–C30 steranes is a common 

feature found for all samples investigated, with lower amounts of C28 steranes (ergostane and 

crysotane) also present. No traces of known ancient C30 sterane compounds; including 24-

isopropylcholestanes, 24-n-propylcholestanes, or 26-methylstigmastanes, are detectable in any of 

these pre-Sturtian rocks. These biomarker characteristics support the view that the Tonian Period 

was a key interval in the history of life on our planet since it marked the transition from a 

bacterially dominated marine biosphere to an ocean system which became progressively enriched 

with eukaryotes. The eukaryotic source organisms likely encompassed photosynthetic primary 

producers, marking a rise in red algae, and consumers in a revamped trophic structure predating 

the Sturtian glaciation.
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1 | INTRODUCTION

Lipid biomarker assemblages recovered from thermally well-preserved sedimentary rocks 

can help unravel the temporal dynamics associated with the protracted emergence, 

diversification, and ecological expansion of Eukarya across the Proterozoic Eon (2,500–541 

Ma) and may be used to assess the quantitative impact of early eukaryotes within ancient 

marine communities (Brocks et al., 2005, 2015, 2017; Dutkiewicz, Volk, Ridley, & George, 

2003; Gallagher et al., 2017; Isson et al., 2018; Love et al., 2009; Luo, George, Xu, & 

Zhong, 2016; Nguyen et al., 2019). The mid-Proterozoic (1,800–1,000 Ma) was 

characterized by a remarkably long period of biogeochemical, tectonic, and climatic 

stability, with marine community structures buffered by feedback operating within coupled 

nutrient–carbon cycles imposed on primary production in the surface ocean (Cole et al., 

2016; Crockford et al., 2018; Hardisty et al., 2017; Holland, 2006; Lyons, Reinhard, & 

Planavsky, 2014; Ozaki, Reinhard, & Tajika, 2019; Planavsky et al., 2011, 2014; Poulton & 

Canfield, 2011). A transition to a world with elevated surface oxygenation and nutrients, 

capable of supporting a more complex and productive marine biosphere, likely occurred 

during the Neoproterozoic Era (1,000–541 Ma). This is supported by multiple lines of 

evidence for first-order perturbations in climatic and tectonic conditions (Evans, 2000; 

Hoffman et al., 2017; Hoffman, Kaufman, Halverson, & Schrag, 1998; Kuznetsov, Bekker, 

Ovchinnikova, Gorokhov, & Vasilyeva, 2017; Li et al., 2008; Li, Evans, & Halverson, 2013; 

Macdonald et al., 2010; Maloof et al., 2006; McKenzie, Hughes, Gill, & Myrow, 2014; 

Rooney et al., 2014), ocean-atmosphere redox (Canfield, 1998; Husson & Peters, 2017; 

Johnston et al., 2012; Kump, 2008; Laakso & Schrag, 2014; Lenton & Daines, 2017; 

Planavsky et al., 2014; Prince, Rainbird, & Wing, 2019; Shields-Zhou & Och, 2011; von 

Strandmann et al., 2015; Turner & Bekker, 2016), carbon and other element cycling (Ader et 

al., 2014; Bjerrum & Canfield, 2011; Canfield & Teske, 1996; Crockford et al., 2018, 2019; 

Fike, Grotzinger, Pratt, & Summons, 2006; Halverson, Hoffman, Schrag, Maloof, & Rice, 

2005; Horton, 2015; Lenton, Boyle, Poulton, Shields-Zhou, & Butterfield, 2014; Logan, 

Hayes, Hieshima, & Summons, 1995; Marais, Strauss, Summons, & Hayes, 1992; 

McFadden et al., 2008; Ridgwell & Zeebe, 2005; Schrag, Higgins, Macdonald, & Johnston, 

2013), and for biological innovations/radiations (Bosak et al., 2012; Bosak, Macdonald, 

Lahr, & Matys, 2011; Brocks et al., 2017; Butterfield, 2015; Falkowski et al., 2004; Knoll, 

2014; Love et al., 2009; Porter, 2016; Porter & Knoll, 2000; Porter, Meisterfeld, & Knoll, 

2003; Sperling & Stockey, 2018).

Consistent with this body of work, recent evidence from lipid biomarker assemblages 

suggests that primary productivity in Mesoproterozoic oceans (~1,640–1,000 Ma) was 

consistently dominated by communities rich in bacteria as revealed by a dearth of eukaryotic 

(4-desmethyl) sterane biomarkers below detection limits (Figure 1; Blumenberg, Thiel, 

Riegel, Kah, & Reitner, 2012; Brocks et al., 2005, 2015, 2017; Flannery & George, 2014; 

Gueneli et al., 2018; Isson et al., 2018; Luo, Hallmann, Xie, Ruan, & Summons, 2015; 
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Nguyen et al., 2019; Suslova, Parfenova, Saraev, & Nagovitsyn, 2017) prior to the first 

detection of extractable eukaryotic biomarkers in Neoproterozoic rocks appearing from ca. 

800 Ma and younger (Brocks et al., 2017; Grosjean, Love, Stalvies, Fike, & Summons, 

2009; Isson et al., 2018; Love et al., 2009; van Maldegem et al., 2019).

The emergence of unicellular eukaryotes in ancient marine environments during the middle 

Proterozoic between ca. 1,900 and 1,600 Ma (Betts et al., 2018; Lamb, Awramik, Chapman, 

& Zhu, 2009; Parfrey, Lahr, Knoll, & Katz, 2011) and their subsequent protracted ecological 

expansion progressively changed the composition of the Proterozoic biosphere profoundly. 

This unicellular radiation likely preceded the evolution of complex multicellular organisms 

(Erwin et al., 2011; Narbonne & Gehling, 2003; Sperling & Stockey, 2018) and the 

establishment of a global marine trophic structure encompassing both abundant eukaryotic 

producers and consumers. However, our understanding of the timing and nature of 

Proterozoic ecological shifts and the environmental and tectonic perturbations that sparked 

the expansion of eukaryotes in the marine realm is quite sparse due to a patchy record of 

microfossil and biomarker data, particularly during the Tonian Period (1,000–720 Ma). The 

resulting “temporal gap” of biomarker data for this time interval is partly due to a scarcity of 

thermally well-preserved strata suitable for molecular biomarker analyses in comparison 

with Ediacaran and younger rocks. Lipid biomarker assemblages, many rich in eukaryotic 

steroids likely recording a high abundance of eukaryotic phytoplankton, have been reported 

from rocks and oils that have undergone a mild thermal history from various Cryogenian–

Ediacaran marine paleoenvironments (~660–541 Ma; Figure 1; and references therein). For 

perspective, it should be noted that many immature Late Ediacaran rocks from oligotrophic 

basins deposited across Baltica actually possess strong bacterially sourced biomarker 

assemblages with only low eukaryotic contributions (Pehr et al., 2018). This highlights 

significant heterogeneity within the Ediacaran global ocean, in terms of the marine 

biological communities and the nutrient balance which sustained these, from one region to 

another.

In this study, we investigated the composition of the diverse biomarker assemblages 

preserved in well-preserved Tonian rocks sampled from two different paleocontinents, 

Baltica and Laurentia (Figure 2), that were deposited between ca. 780 and 729 Ma. These 

strata capture a crucial interval of geological time: leading up to, but prior to, the onset of the 

Sturtian glaciation and predating the imminent appearance of Earth’s earliest animal 

biomarker evidence found in the Cryogenian Period (Brocks et al., 2015; Love et al., 2009; 

Zumberge et al., 2018). Outcrops from the Chuar Group (Grand Canyon, Arizona, USA) and 

the Visingsö Group (Sweden) were subjected to parallel analyses of the free and bound lipid 

biomarker assemblages recovered from the bitumen and kerogen phases of sedimentary 

organic matter, respectively (French et al., 2015; Love et al., 2009; Love, Snape, Carr, & 

Houghton, 1995).

Kerogen is an insoluble and immobile organic geopolymer, which quantitatively represents 

the most abundant organic matter pool found in the geosphere (Love et al., 1995). Kerogen 

typically comprises > 90 wt.% of sedimentary organic matter yet is not routinely analyzed 

by organic geochemists since it is a high molecular weight substrate and molecular 

fragments must first be generated from covalent bond cleavage to access this biomarker 
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pool. Analysis of both the free (solvent-extractable) and the kerogen-bound biomarker pools 

separately offers the considerable advantages of ground-truthing the free hydrocarbon 

biomarker data, identifying any exogenous contaminants, as well as accessing a far higher 

proportion of the biomarker record. Routine recovery and analysis of the kerogen-bound 
biomarkers was performed here via the tested method of continuous-flow hydropyrolysis 

(HyPy) on the solvent-extracted rock residues (Bishop, Love, McAulay, Snape, & 

Farrimond, 1998; Love et al., 1995, 2009; Love, McAulay, Snape, & Bishop, 1997; 

Meredith, Snape, & Love, 2015). HyPy of kerogen is a valuable approach for testing the 

syngenicity of biomarker compounds in Precambrian rocks (Love et al., 2009; Nguyen et al., 

2019; Zumberge et al., 2018), and it was a key analytical strategy that verified that 

polycyclic biomarker alkanes previously reported from overmature Archean and early 

Proterozoic rocks were exogenous trace contaminants (French et al., 2015). Alternative 

analytical approaches that scrutinize for exogenous biomarker components include the 

comparison of the exterior versus interior rock bitumen portion (E/I) compositions, which 

have been successfully employed on rocks of this age (Brocks et al., 2015, 2017), although 

these methods can only recover biomarkers from the soluble organic matter phase (bitumen) 

and not from the kerogen.

Here, we present and discuss the implications of first combined free and kerogen-bound 
records obtained for mid-Neoproterozoic rocks obtained from two different marine 

paleoenvironmental locations deposited prior to the Sturtian glaciation. Our samples 

comprised some of the most attractive Tonian sedimentary rock targets yet garnered for lipid 

biomarker investigation based on their appreciable total organic carbon (TOC) contents, 

including samples containing >1 wt% TOC, and mainly low thermal maturation history that 

allows for good preservation of primary biomarker structural features.

2 | MATERIALS AND METHODS

2.1 | Sedimentary rock samples

Sedimentary rocks from the Chuar Group were obtained from GeoMark Research and have 

been described in detail elsewhere (Cook, 1991). Briefly, all Chuar rocks were taken from 

one of two outcrop locations: Nankoweap Butte or Sixtymile Canyon, and sampled from 

within the Upper Walcott Member of the Kwagunt Formation, Chuar Group, Grand Canyon, 

Arizona. The Chuar Group mainly consists of marine mudstone deposited in an intracratonic 

extensional basin with time-variable oxygenated and redox-stratified waters, with evidence 

of ferruginous bottom waters with a later development of possibly euxinic conditions as 

interpreted using carbon, sulfur, and iron geochemical proxies (Johnston et al., 2010; Lillis, 

2016). The Sixtymile Canyon strata were found to have undergone a milder thermal burial 

history than those from Nankoweap Butte (see later). Our results show that there is an 

obvious thermal maturity gradient of considerable magnitude between the two sampled 

outcrop locations, consistent from both Rock-Eval pyrolysis parameters and molecular 

biomarker maturity assessment (Tables 1 and 2). The sedimentary rocks from the Sixtymile 

Canyon section are less thermally mature (around peak oil window maturity) and better 

suited for lipid biomarker investigation than rocks from the Nankoweap Butte section, which 

are designated as late oil window maturity. Recently, the age of the Upper Walcott Member 
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was reassessed using coupled radioisotopic Re–Os and U–Pb geochronology to yield a date 

of 729 ± 0.9 Ma (Rooney et al., 2018), which is notably younger than the previous assigned 

date of 742 ± 6 Ma (Karlstrom et al., 2000).

Outcrop samples from the Visingsö Group were collected from within the Upper Member 

from previously described sections/localities including Uppgranna, Girabäcken, and Boeryd 

(Pulsipher & Dehler, 2019; Samuelsson & Strauss, 1999; Vidal, 1976) along the 

southeastern shoreline of Lake Vättern in southcentral Sweden. Additionally, a new outcrop 

section was found and sampled, dubbed Broken Nodule, and we report the biomarker results 

from strata in this location for the first time in this study. The Upper Member (<580 m thick) 

succession was deposited in an intracratonic basin and consists mainly of carbonaceous 

shales, as used here, with subordinate beds of dolomite, sandstone, and phosphorite (shale 

with >15% apatite), and dolomite/phosphorite nodules (Pulsipher & Dehler, 2019). Thermal 

maturity parameters for our Visingsö Group outcrops reveal that all sampled sections/

localities are of intermediate early-middle oil window maturity and therefore suitable for 

biomarker analysis (Tables 1 and 2). The Visingsö Group has been interpreted as being 

deposited in a shallow marine intertidal and subtidal shelf environment that experienced 

intermittent upwelling of nutrient rich waters with organic-rich shales and carbonates in the 

upper unit member (Knoll & Vidal, 1980; Moczydlowska, Pease, Willman, Wickstrom, & 

Agic, 2018; Samuelsson & Strauss, 1999; Vidal, 1976). The maximum depositional age of 

the Visingsö Group has been reported as 886 ± 9 Ma, constrained by detrital zircon U–Pb 

geochronology (Moczydlowska et al., 2018; Pulsipher & Dehler, 2019), while the minimum 

depositional age heavily relies on the biostratigraphic similarities of other temporally 

equivalent locations including the Chuar Group and the lower Mount Harper Group (Yukon, 

Canada), which were both deposited during the Tonian (Moczydlowska et al., 2018). The 

appearance and widespread distribution of vase-shaped microfossils (VSMs) within the 

Visingsö Group is consistent with a Tonian-age range of approx. 780–730 Ma 

(Moczydlowska et al., 2018; Mus & Moczydlowska, 2000; Porter & Knoll, 2000; Pulsipher 

& Dehler, 2019; Riedman, Porter, & Calver, 2018).

2.2 | Total organic carbon (TOC) contents and Rock-Eval pyrolysis parameters

Total organic carbon content determination was performed at GeoMark Research. Powdered 

rock samples were initially decarbonated by treatment with 1 M hydrochloric acid (HCl) for 

2 hr. The samples were then rinsed with water and flushed through a filtration apparatus to 

remove any remaining acid. The powders were then dried in a low temperature oven (110°C) 

for a minimum of 4 hr and then weighed to determine the percent carbonate content based 

on mass loss. TOC content was then measured from combustion of the dry residues by 

heating to 1,200°C using a LECO C230 instrument (GeoMark Research) that was calibrated 

with standards of known carbon content. The carbon dioxide yield from combustion was 

measured by an IR cell.

Approximately 100 mg of washed, ground (to 60 mesh) rock samples were analyzed with a 

Rock-Eval II instrument using standard conditions at GeoMark Research. Measurements 

include S1: free bitumen content (mg HC/g rock); S2: remaining hydrocarbon generation 

potential mainly from labile kerogen (mg HC/g rock); Tmax: temperature at maximum 
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evolution of S2 hydrocarbons (°C); and S3: carbon dioxide yield from organic carbon (mg 

CO2/g rock). The data were generated by heating according to the following parameters S1: 

300°C for 3 min and S2: 300–550°C ramping at 25°C/min, and then held at 550°C for 1 

min. The Hydrogen Index (in mg/g TOC) was calculated from: [(S2 × 100)/TOC], with TOC 

expressed in units of wt.%. Instrument calibration was achieved using a rock standard 

performed after every 10 sample runs.

2.3 | Rock extraction and bitumen fractionation

Solvent extraction of rock powders and subsequent separation of the rock bitumens was 

performed using established procedures (Haddad et al., 2016; Pehr et al., 2018; Rohrssen, 

Gill, & Love, 2015). Rock outcrop samples were carefully trimmed with a clean rock saw 

blade to remove the outer portion of the rock (typically 1–3 cm thickness) to isolate the inner 

rock portion for biomarker analyses and to minimize potential sources of exogenous organic 

contamination. The saw blade was extensively cleaned with a stepwise sequential solvent 

wash of hexane, dichloromethane (DCM), and methanol (MeOH) between samples. 

Trimmed rock pieces from inner portions were then sonicated in sequence with ultrapure 

water, MeOH, DCM, and hexane as described previously (Haddad et al., 2016). A SPEX 

8515 shatterbox and a zirconia ceramic puck mill were used to powder the inner portion 

rock cuttings. Between each powdering step, the ceramic puck mill was extensively cleaned 

with the above solvent rinse cycle and pre-combusted quartz sand (850°C overnight) was 

powdered between samples to eliminate cross-contamination. As an important study control, 

samples of combusted quartz sand powders were also collected for the later analytical steps 

and were run in parallel with the rock samples as full analytical procedural blanks.

Lipid biomarkers were exhaustively extracted in 9:1 v:v DCM:MeOH solvent from the rock 

powders (between ~1 and 5 g depending on TOC wt.%.) using a Microwave Accelerated 

Reaction System (MARS; CEM Corp.) at 100°C for 15 min with constant stirring. Two 

sequential extractions were performed for each rock powder, and the extracts were combined 

after vacuum filtration at room temperature. After filtration, the extracted rock powder 

residue, containing kerogen as the principal sedimentary organic matter constituent, was 

collected and saved for subsequent continuous-flow hydrogen pyrolysis (HyPy) treatment. 

Laboratory procedural blanks using powdered combusted sand were extracted alongside 

each batch of rock powders to ensure that any background signals were negligible relative to 

the biomarker analytes recovered from the ancient rocks.

The bitumen (extract) was separated into aliphatic, aromatic, and polar fractions by silica gel 

column chromatography (36–70 mesh, activated at 450°C overnight). The aliphatic fraction 

was eluted with n-hexane, followed by the aromatic fraction with 1:1 v:v n-hexane:DCM, 

and finally, the polar fraction was eluted with 3:1 v:v DCM:MeOH. Aliphatic fractions, in 

this particular case, may also be correctly called saturate fractions for these bitumen extracts 

since these contain alkanes but no alkenes. However, we will use the broader term of 

aliphatic fraction throughout for the first product fraction which contains the hopanes, 

steranes, and other polycyclic alkane biomarkers. Elemental sulfur was removed from 

saturate fractions using (hydrochloric acid-activated and solvent-rinsed) copper pellets prior 

to biomarker analysis.
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2.4 | Hydropyrolysis (HyPy) of extracted rocks

As well as a detailed investigation of the free (extractable) biomarker hydrocarbon 

assemblages, a sequential analysis of the kerogen-bound pool on a subset of rock samples 

was performed for comparison. The technique of hydropyrolysis (HyPy) involves heating 

samples in a stream of high pressure H2 gas in a continuous-flow reactor configuration 

(Love et al., 1995). HyPy has been used previously to solubilize a significant fraction of 

sedimentary kerogen and other geomacromolecules, principally by cleavage of covalent 

cross-linkages (C–S, C–O, and C–C bonds) connecting the structural moieties together 

within the polymeric matrix. This fragmentation generates large quantities of soluble 

products and the release of the covalently bound lipid biomarkers in hydrocarbon form from 

the macromolecular matrix of kerogen with minimal alteration to their structure and 

stereochemistry (Love et al., 1995; Meredith et al., 2015).

The HyPy procedure for extracted rocks and kerogen concentrates has been described in 

detail previously (French et al., 2015; Love et al., 1995, 2009; Zumberge et al., 2018). 

Briefly, extracted rock powders (~0.5–1.0 g) were secured in the HyPy reactor tube atop a 

steel wool ball, which was Soxhlet extracted (DCM for at least 48 hr) and then combusted 

(450°C, 2 hr) prior to use to ensure that no contaminants were introduced to the reactor tube. 

Full procedural HyPy blanks were conducted using combusted silica gel as a substrate in the 

reactor tube. Blank HyPy runs with the steel wool ball loaded in the reactor tube were run to 

verify that the batch of steel wool was free of contamination, as described in French et al. 

(2015). HyPy is a temperature programmed pyrolysis technique using two temperature 

ramps: ambient to 250°C at 100°C/min, immediately followed by 250–520°C at 8°C/min 

while maintaining constant hydrogen pressure of ~150 bar with a flow rate of 6 L/min. The 

pyrolysate product for each sample was adsorbed onto silica gel (36–70 mesh, activated at 

450°C overnight) contained within a dry ice-cooled product trap. After each HyPy run, the 

silica gel containing the adsorbed pyrolysate product was fractionated into three fractions 

(aliphatics, aromatic, and polars) using the same silica gel column chromatography method 

as described above for the rock bitumens (see Section 2.3).

2.5 | Lipid biomarker analysis

2.5.1 | Multiple Reaction Monitoring-Gas Chromatography-Mass 
Spectrometry (MRM-GCMS) of aliphatic hydrocarbon fractions—Aliphatic 

fractions isolated from the extracted bitumen and kerogen HyPy products were analyzed by 

MRM-GC-MS conducted at UCR on a Waters Autospec Premier mass spectrometer 

equipped with an Agilent 7890A gas chromatograph and DB-1MS-coated capillary column 

(60 m × 0.25 mm i.d., 0.25 μm film thickness) using He for carrier gas. Typically, one 

microliter of a hydrocarbon fraction dissolved in n-hexane was injected onto the GC column 

in splitless injection mode at 320°C. The GC temperature program consisted of an initial 

hold at 60°C for 2 min, heating to 150°C at 10°C/min followed by heating to 320°C at 

3°C/min and a final hold for 22 min. Analyses were performed in electron impact (EI) mode, 

with an ionization energy of 70 eV and an accelerating voltage of 8 kV. MRM transitions for 

C27–C35 hopanes, C31–C36 methylhopanes, C21–C22 and C26–C30 steranes, C30 

methylsteranes, C24 tetracyclic terpanes, and C19–C26 tricyclic terpanes were routinely 

monitored with the method used.
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Procedural blanks performed with combusted sand typically yielded <0.1 ng of individual 

hopane and sterane isomers per gram of sand substrate. Polycyclic biomarker alkane 

(tricyclic terpanes, hopanes, steranes, etc.) abundances were quantified by addition of a 

deuterated C29 sterane standard [d4-ααα−24-ethylcholestane (20R)] to aliphatic 

hydrocarbon fractions and comparison of relative peak areas. In MRM analyses, this 

standard compound was detected using 404→221 Da ion transition. Cross talk of non-

sterane signal in 414→217 Da ion chromatograms from C30 and C31 hopanes was <0.2% of 

412→191 Da hopane signal [mainly 17α,21β(H)-hopane, which is resolvable from C30 

steranes] and <1% of the 426→191 Da signal, respectively (Rohrssen et al., 2015).

Polycyclic biomarkers were quantified assuming equal mass spectral response factors 

between analytes and the d4-C29-ααα−24-ethylcholestane (20R) internal standard. 

Analytical errors for absolute yields of individual hopanes and steranes are estimated at 

±30%. Average uncertainties in hopane and sterane biomarker ratios are ±8% as calculated 

from multiple analyses of alkane fractions prepared from AGSO and GeoMark Research 

standard oils.

2.5.2 | Full scan GC-MS of the aliphatic and aromatic hydrocarbon fractions
—Total ion chromatograms (TICs) for the aliphatic and aromatic fractions were generated 

by GC-MS in full scan mode over a mass range of 50–800 Da using an Agilent 7890A gas 

chromatograph coupled to an Agilent 5975C inert Mass Selective Detector (MSD). Samples 

were injected as hexane solutions in splitless injection mode with a programmable 

temperature vaporizing (PTV) inlet and using He as the carrier gas. The GC was equipped 

with a DB-1MS capillary column (60 m × 0.32 mm i.d., 0.25 μm film thickness). The GC 

oven was programmed from 60°C (2 min), ramped to 150°C at 20°C/min, then to 325°C at 

2°C/min, and held at 325°C for 20 min.

2.5.3 | Gas Chromatography-Triple Quadrupole (QQQ)-Mass Spectrometry 
(GC-QQQ-MS) of the aliphatic hydrocarbon fractions—GC-QQQ-MS was 

performed at GeoMark Research on an Agilent 7000A Triple Quad (QQQ) interfaced with 

an Agilent 7890A gas chromatograph equipped with a J&W Scientific DB-5MS+DG 

capillary column (60 m × 0.25 mm i.d., 0.25 μm film thickness, 10 m guard). Using He as 

carrier gas, the flow was programmed from 1.2 to 3.2 ml/min. The GC oven was 

programmed from 40°C (2 min) to 325°C (25.75 min) at 4°C/min. Samples were spiked 

with a mixture of 7 internal standards (Chiron Routine Biomarker Internal Standard Cocktail 

1) and injected in cold splitless mode at 45°C with the injector temperature ramped at 

700°C/min to 300°C. The MS source was operated in EI-mode at 300°C with ionization 

energy at −70 eV. The number of molecular ion to fragment transitions varied throughout the 

run; dwell time was adjusted as needed to produce 3.5 cycles/s.

3 | RESULTS AND DISCUSSION

3.1 | Total organic carbon (TOC) content and thermal maturity of sedimentary rock 
samples

Total organic carbon contents for our Chuar rock samples are among some of the highest 

reported in the literature to date (Brocks et al., 2015, 2017) for Tonian sedimentary rocks 
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(min = 3.54 wt.%, max = 5.61 wt.%, mean = 4.36 wt.%; Table 1). Rock-Eval pyrolysis 

assessment (HI values used in conjunction with Tmax and TOC contents, Table 1) reveal that 

Chuar Group outcrop samples from the Nankoweap Butte section are late oil window 

thermal maturity, while outcrops from the Sixtymile Canyon section are less mature and fall 

near peak oil window. Rock-Eval S2 values reflect the high amounts of organic carbon 

covalently bound within the kerogen (min = 4.13, max = 7.39, mean = 4.51 mg HC/g rock), 

while decreasing hydrogen index (HI) values are found as expected at elevated thermal 

maturity for Nankoweap Butte samples (min = 64, max = 132, mean = 101 mg/g TOC; Table 

1). This is confirmed by the molecular biomarker abundance profiles (Figures 3 and 4), 

which generate multiple thermally sensitive biomarker proxies that consistently reflect 

elevated maturity in both the free and bound biomarker pools for Nankoweap Butte section 

(Table 2). Therefore, thermal maturity differences between the four Chuar Group samples 

play a significant role in modifying the hopane and sterane distribution patterns, as reflected 

by diastereoisomer ratios that are sensitive to elevated levels of thermal stress (Table 2 and 

Figures 3 and 4, e.g., C19–C26 tricyclics/C30 αβH, C29Ts/αβH, depletion of C31–35 

homohopanes through side chain cracking; Moldowan et al., 1991; Peters & Moldowan, 

1991; Seifert & Moldowan, 1978; Zumberge, 1987).

The extract and HyPy hydrocarbon products from the Nankoweap Butte locality are 

strikingly more altered through burial maturation than the stratigraphically equivalent 

Sixtymile Canyon samples and, as a result, the structural and stereochemical features of the 

polycyclic biomarker alkane signals from this section are not as well preserved (Figures 3 

and 4). For example, the most abundant hopane compound in Nankoweap Butte extracts is a 

C27 rearranged hopane (Ts), with the side chain completely lost through thermal cracking. 

Also, a strong depletion in hopane compound abundances with increasing carbon number 

(27 > 29 >> 30–35) is observed for Nankoweap Butte samples due to extensive side chain 

cleavage across the whole hopane series. The obvious thermal maturity gradient between the 

two sections is an important factor to consider when interpreting the biomarker profiles. 

Thus, the two samples from Sixtymile Canyon (SWE2 & SW4) host the most thermally 

well-preserved Chuar Group biomarker assemblages and are ideal candidates for source 

organismal and paleoenvironmental reconstruction because of the better preservation and a 

wider range of linear, branched, and polycyclic hydrocarbon biomarker structures.

Compared to the Chuar Group, the Visingsö Group samples in this study have generally 

lower TOC (min = 0.26 wt.%, max = 1.13 wt.%, mean = 0.52 wt.%; Table 1) contents but 

contain better thermally preserved sedimentary organic matter due to a milder thermal burial 

history. This sample maturity lies in a position between the early to middle oil window 

resulting in better preservation of the polycyclic hydrocarbon biomarkers, including 

steranes, hopanes, and their methylated homologues (Figures 3 and 4). Rock-Eval 

parameters for eight Visingsö Group outcrops from four distinct sections report low S2 

values (min = 0.22, max = 2.54, mean = 0.79 mg HC/g rock) and a range of HI values (min 

= 60, max = 225, mean = 130 mg/g TOC; Table 1) mostly related to organic matter source 

inputs under low productivity environmental conditions that were not persistently reducing. 

The Tmax values obtained from Visingsö Group are mainly lower than those measured for 

Chuar Group samples, reflecting the lower thermal maturity for the former set (Table 1), 

although organic facies (the balance of labile vs. more recalcitrant organic matter from 
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mixed sources) can also significantly influence this measurement. The early–middle oil 

window maturity position is generally in agreement with the suite of thermally sensitive 

biomarker ratios (Table 2, and see Section 3.2), including the lower total amount of C19–C26 

tricyclic terpanes relative to C30 αβ hopane (tricyclics/C30 αβH; min = 0.61, max = 2.69, 

mean = 1.51 for solvent extracts), the good preservation of homohopane side chains (Figure 

3), and lower C29/30 hopane ratios (Figure 4). The combined sampling of Chuar and 

Visingsö Groups allows for a more complete picture of late Tonian marine biomarker 

assemblage variations.

3.2 | Lipid biomarker assemblages

3.2.1 | Composition of polycyclic alkane biomarker distributions—Systematic 

patterns within the total aliphatic hydrocarbon distributions (e.g., relative abundance of 

tricyclic terpanes, hopanes, and steranes) are evident when comparing samples from the 

Chuar and Visingsö Groups (Figures 3 and 4). Typically, identification and comparison of 

the relative abundances of the major polycyclic biomarker hydrocarbon constituents permits 

assessment of major source biota inputs, environmental conditions at the time of deposition, 

and the overall degree of thermal maturity due to the burial maturation history of the host 

strata. Thermal maturity differences can account for some of the systematic differences in 

biomarker distributions between Chuar and Visingsö Group samples, and this maturity offset 

must be factored into any interpretations. For example, samples from the Chuar Group 

typically have significantly higher abundances of tricyclic terpanes relative to hopanes, 

whereas the opposite is true for the less mature Visingsö Group, which is a commonly 

observed maturity effect for ancient sedimentary rocks (Figure 4 and Table 2). This is due, in 

part, to the release of more tricyclic terpanes relative to hopanes from the kerogen into the 

bitumen phase and their enhanced preservation at high levels of thermal maturity relative to 

hopanes (Neto, Restle, Trendel, Connan, & Albrecht, 1983). Even accounting for thermal 

maturity influences though, there are still some consistent similarities in biomarker 

characteristics found for these Chuar and Visingsö Group samples reflecting late Tonian-age 

commonalities. Some of the principal biomarker characteristics evident in the terpane and 

sterane distributions are discussed below.

3.2.2 | Sterane assemblages in the Chuar group—Sterane biomarker distributions 

recovered from the free and kerogen-bound phases of organic matter (Figure 5) via solvent 

extraction and HyPy treatment, respectively, reveal that C26 and C27 dia- and regular 

steranes collectively account for the majority of detectable steranes with a combined average 

of 94% of the total C26–C30 steranes. The C26 sterane contributions are higher in abundance 

in the more mature samples and thus mainly represent thermal cracking products from 

catagenesis. The primary sterane carbon number distribution for the Chuar Group samples 

then is a C27 (cholestane) dominance.

The diasterane abundances (βαS and βαR isomers are labeled) relative to regular sterane 

isomers, for all sterane compounds detected, are negligibly low in abundance for the kerogen 

fragmentation products from HyPy than for the corresponding bitumen extracts (Figure 5), 

as expected for hydropyrolysate products containing a dominance of genuine kerogen-bound 
sterane signal (Love et al., 1995, 1997, 2009). Cryostane (26-methylcholestane), a 
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terminally methylated C28 sterane biomarker prominent in pre-Sturtian paleoenvironments 

(Adam, Schaeffer, & Brocks, 2018; Brocks et al., 2015, 2017; Vogel, Moldowan, & 

Zinniker, 2005), is found in all four Chuar rock bitumens and constitutes an average of 4% 

of the total C26–C30 steranes detected (Table 2).

Contrary to a previous report of biomarker assemblages from Chuar Group sedimentary 

rocks (Brocks et al., 2015), we were able to detect and verify signals for ergostane (24-

methylcholestane) in the rock bitumens from all samples, with a mean abundance of 4% of 

the total C26–C30 steranes (Table 2). Ergostane is also readily detected in the lipid biomarker 

assemblages generated from fragmentation of kerogen from the two best thermally 

preserved samples, SWE2 and SW4 (Figure 6 and Table 2), which helps confirm the 

syngenicity of these steranes within the host rocks. Due to the elevated thermal maturity of 

the two samples from Nankoweap Butte locality (namely, samples 36 and 50), any ergostane 

and cryostane cleaved by HyPy treatment are likely below detection limits and so only C26 

and C27 regular steranes are detected in these residual kerogen products. For the late oil 

window samples from Nankoweap Butte, quantification with a biomarker standard showed 

that 96% of the total detectable sterane pool resides in the free extract phase while only 4% 

is from the kerogen-bound component. The majority of the kerogen-bound sterane pool 

would have been released by covalent bond cleavage during catagenesis at this late stage of 

the oil window. The low absolute abundances of steranes in pyrolysates from very mature 

kerogen explains why only the most abundant individual steranes (norcholestanes and 

cholestanes) are detectable in HyPy products from the two most mature samples from the 

Nankoweap Butte locality.

Stigmastane (regular C29 sterane) was seemingly absent in both the free and bound phases 

from all four outcrop samples from the Chuar Group. This finding is consistent with 

previously published biomarker data from the Kwagunt Formation, and the absence of any 

known C29 sterane series seems to be an attribute common to pre-Sturtian sedimentary strata 

thus far, which have been selected for their appropriate thermal maturity and possess no 

significant contributions of organic contamination from younger/exogenous hydrocarbons 

(Brocks et al., 2015, 2017; Hoshino et al., 2017; Isson et al., 2018; Summons et al., 1988; 

Vogel et al., 2005).

Reported here for the first time, we identified a low abundance but robust occurrence of a 

new C30 sterane compound series (with all four geologic isomers evident; αααS, αββR 

αββS, αααR in increasing elution time order) in both samples from the Sixtymile Canyon 

locality (SWE2 & SW4). As a free hydrocarbon constituent of the rock bitumen, this 

unknown C30 sterane series comprises only ca. 1% of relative abundance of the total C26–

C30 sterane signal for both outcrops and its presence was confirmed as a syngenetic 

compound via recovery from the kerogen-bound products generated from HyPy in which it 

constitutes ca. 2% of the total detectable steranes (Figure 7; Table 2). Relative to the elution 

patterns of other C30 sterane compounds with known structures, including 24-n-

propylcholestane (24-npc), 24-isopropylcholestane (24-ipc), and 26-methylstigmastane (26-

mes; Love et al., 2009; McCaffrey et al., 1994; Moldowan, 1984; Zumberge et al., 2018), 

this series has a markedly longer retention time and this has been confirmed with two 

separate analytical techniques (MRM-GC-MS and GC-QQQ-MS) employing capillary gas 
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chromatographic separation with columns with different stationary phases (DB-1MS and 

DB-5MS). These features suggest a sterane structure with an extended side chain, most 

likely with all three additional carbon atoms (relative to the basic cholestane skeleton) found 

at the terminal C-26 and/or C-27 positions making it a possible C30 analogue of cryostane 

(26-methylcholestane). No 24-npc, 24-ipc, or 26-mes steranes are detectable in any of our 

Tonian rock extracts or kerogen hydropyrolysate products, consistent with previous work 

that these specific C30 steranes are only found in Cryogenian and younger rocks and oils 

(Zumberge et al., 2018).

Our current understanding of unconventional steroid biosynthetic pathways that modify and 

extend the steroid side chain usually points to Porifera, and especially the demosponge 

group, as plausible candidate parent organisms for such a derived C30 steroid structure given 

that terminally methylated steroids appear to have a deep origin within the demosponge 

clade (Zumberge et al., 2018). Parallel analysis of intact sterol precursors with their sterane 

derivatives produced directly from hydrogenation of biomass from extant taxa has proved to 

be a reliable method for the elucidation of C30 sterane compounds detected commonly and 

in abundance in Neoproterozoic–Cambrian rocks and oils (Zumberge et al., 2018). No 

corresponding sterol precursor compound(s) capable of generating this C30 sterane signal 

has been identified from any modern taxa to our knowledge, however, so we can only 

speculate on the origins of this sterane marker at this stage.

Based on the elution patterns of stable ancient regular (4-desmethyl) C30 steranes (Zumberge 

et al., 2018), the new C30 sterane series detected in our Chuar outcrops likely contains an 

extended side chain through successive terminal alkylation, with no substituents at the 

conventional C-24 position, although the precise structure cannot yet be elucidated. This 

unknown sterane compound may have been biogenically sourced (and, thus, is a primary 

signal) or, alternatively, it is a secondary product from diagenetic alteration of other primary 

steranes. A biological rather than diagenetic origin for this C30 sterane compound can be 

supported by a number of lines of evidence, including: (a) Sedimentary diagenesis would be 

expected to produce multiple (not just one) chromatographically resolvable C30 sterane 

series if three extra carbon atoms (added to a C27 precursor) were non-specifically added to 

the steryl side chain at different positions, and (b) this sterane compound is not apparently 

common in the ancient rock record. Additionally, it has been shown from a large suite of 

immature Ediacaran, Cambrian, and Ordovician rocks, with highly variable TOC contents 

(0.1%–18%) and preserving strong C29 sterane preferences, that any C30 steranes in these 

samples are only found at trace levels or below detection limits (Pehr et al., 2018; Rohrssen 

et al., 2015). This highlights that C30 steranes are very often insignificant biomarker 

constituents in Neoproterozoic and Paleozoic rocks and oils, arguing against a diagenetic 

origin.

3.2.3 | Sterane assemblages in the Visingsö Group—Some of the main features 

of the sterane distribution patterns from our eight Visingsö Group samples are strikingly 

similar to those reported in our Chuar Group samples, even though both locations were 

subject to different thermal histories and were deposited offshore of two different 

paleocontinents. Biomarker distributions from all four Visingsö outcrop sections show 

cholestanes dominating over other steranes but with appreciable amounts of norcholestanes, 
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ergostanes and cryostanes, while no stigmastanes or commonly detected C30 steranes (24-

npc, 24-ipc or 26-mes) series are found (Figure 8). The relative abundances of diasteranes 

are extremely low compared to regular steranes in the kerogen HyPy products than for the 

corresponding bitumen extracts, which indicates that the HyPy products contain genuine 

kerogen-bound steranes (Love et al., 1995, 1997, 2009).

The confirmation of ergostane (24-methylcholestane) as a genuine biomarker constituent in 

Tonian sedimentary rock samples from both Chuar and Visingsö Groups is an important 

finding here since 24-alkylated steranes are only known from eukaryotes and cannot 

apparently be produced by bacteria (Wei, Yin, & Welander, 2016). While there are a few 

known bacterial species capable of making 4-desmethylsterols that would preserve as 

cholestane in the rock record, these do not possess alkylation at C-24 or other side chain 

positions (Summons, Bradley, Jahnke, & Waldbauer, 2006; Wei et al., 2016). Furthermore, 

the detection of ergostane and steranes other than cholestane also argues against eukaryotic 

source organismal inputs exclusively comprised of heterotrophic protists (Brocks et al., 

2017). In any case, modern red algae biosynthesize sterol distributions that would generate 

similar sterane patterns with cholestane dominance (Kodner, Pearson, Summons, & Knoll, 

2008; Patterson, 1971). Our interpretation then is that eukaryotic phytoplankton, particularly 

from red algal clades, likely made a significant source contribution to the total sterane 

biomarker pool during the late Tonian Period.

For the Visingsö Group samples, however, we do not detect the late-eluting unknown C30 

sterane series that is found in the most thermally well-preserved Chuar samples from the 

Sixtymile Canyon outcrop locality (Figures 7 and 8; Table 2). This is potentially due to the 

difference in TOC contents between the two locations, with a lower average TOC content for 

samples from the Visingsö Group (mean = 0.52 wt.% while those from the Chuar Group 

were 4.36 wt.%) giving an overall reduction in absolute sterane signal abundance combined 

with greater cross talk, which makes the C30 steranes more difficult to detect, and/or, more 

likely, reflects primary differences in the contributing source biota and paleoenvironments 

between the two locations. While the search for this unknown late-eluting C30 sterane series 

should continue in other thermally well-preserved Neoproterozoic rocks, we could not 

confirm the presence of this new C30 sterane compound in any of our Visingsö Group 

samples.

3.2.4 | Other terpane biomarkers in the Chuar and Visingsö Groups—The 

distribution of tricyclic, tetracyclic, and pentacyclic terpanes (particularly hopanes) in our 

suite of Chuar and Visingsö Group outcrops reflects source organismal inputs as well as 

preservational controls from thermal maturity modification. For example, the maturity 

gradient between the Nankoweap Butte and Sixtymile Canyon section of our Chuar Group 

outcrops is clearly illustrated by numerous maturity-sensitive hopane and other terpane 

stereoisomer ratios; including the overall abundance of C19 to C26 tricyclic terpanes to C30 

αβ-hopane (tricyclics/C30αβH), the extent of hopane side chain cleavage, Ts/Tm isomer 

ratios from both C27 and C29 hopanes (C27 Ts/Tm, C29 Ts/αβH), and the relative abundance 

of C30 βα-hopane (moretane) to C30 αβ-hopane (C30βαH/C30αβH; Figures 3, 4, and 9 and 

Table 2). Conversely, the hopane isomer distributions from our Visingsö Group rocks 

generally show a lower maturity distribution than all of the Chuar samples, consistent with a 
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typical early–middle (but prior to peak) oil window maturity assessment from lower 

rearranged/regular compound ratios for both C27 and C29 hopanes (C27 Ts/Tm, C29Ts/αβH), 

enhanced moretanes (from higher C30βαH/C30αβH ratios), and from a lack of excessive 

hopane side chain cracking (Figures 3, 4 and 9, Table 2).

In addition to the obvious contrast of thermal maturity levels from each location, our 

collection of Chuar and Visingsö Group rocks also shows some fundamental differences in 

certain source diagnostic triterpane biomarker ratios, including the relative abundance of 

gammacerane to C30 hopane (G/C30αβH; Table 2). Specifically, the Chuar Group G/

C30αβH ratio ranges from 0.11 to 0.45 (mean = 0.24), while the Visingsö Group values 

range only from 0.01 to 0.07 (mean = 0.03). This averages approximately an order of 

magnitude difference between the two locations, which is not explainable by the maturation 

differences. Gammacerane is the diagenetic product of the lipid tetrahymanol, found in 

abundance in ciliates, and is also commonly associated with water column stratification 

and/or hypersaline marine depositional environments (Damsté et al., 1995). Therefore, the 

higher G/C30αβH ratios for the Chuar Group samples are consistent with the notion that 

ciliates thrived more in this depositional setting, although bacterial and other eukaryotic 

sources of gammacerane are also known (Peters, Walters, & Moldowan, 2005; Takishita et 

al., 2017). Ciliates are a class of heterotrophic eukaryotic protists that are phylogenetically 

distinct from the abundant testate ameba (preserved as vase-shaped microfossils; VSMs) 

found within the Chuar Group and other late Tonian paleoenvironments (Porter & Knoll, 

2000; Porter et al., 2003; Strauss, Rooney, Macdonald, Brandon, & Knoll, 2014). It should 

be noted that in relation to the diverse distribution of VSM species recovered from the Chuar 

Group (which is the only Tonian environment where the majority of known VSM species (n 
= 8) have been recovered), the Visingsö Group hosts less abundant VSM occurrences 

(Morais et al., 2019; Riedman et al., 2018). The lower VSM microfossil abundance and 

diversity, together with the substantially lower gammacerane content and lower S/H ratios, 

suggests that eukaryotic heterotrophy was possibly suppressed in the Visingsö 

paleoenvironments compared with the Chuar Group.

Biomarker evidence for abundant Neoproterozoic ciliates, and by inference a rise in 

bacterivorous herbivory by eukaryotic consumers, was previously proposed from the 

detection of elevated abundances of gammacerane (Summons et al., 1988). The earliest 

noticeable spike in gammacerane abundance relative to hopanes in the rock record above a 

low Mesoproterozoic background value is first observed in sedimentary strata from the 

Chuar Group (ca. 780–729 Ma), deposited prior to the Sturtian glaciation (Summons et al., 

1988; van Maldegem et al., 2019). We confirm here the elevated gammacerane/hopane ratio 

(Table 2) for the first time using the kerogen-bound biomarker pool from Walcott Member of 

the Chuar Group generated from HyPy analysis. Alternatively, other low-oxygen-adapted 

eukaryotes (Takishita et al., 2017) or certain bacteria (Peters et al., 2005) are also plausible 

sources of gammacerane (and methylgammaceranes). These alternative sources could 

explain the trace finite amounts of gammacerane detected in Mesoproterozoic rocks from the 

Roper Group (Nguyen et al., 2019). The polycyclic terpane biomarker assemblages are 

likely indicative of late Tonian marine communities, which locally could be rich in 

eukaryotic organisms, including eukaryotic primary producers and consumers, and which 
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were substantially different to the bacterially dominated communities supported in 

Mesoproterozoic ocean systems.

3.2.5 | Sterane/hopane ratios, sterane patterns, and their ecological 
significance—Time-resolved biomarker records compiled from successions of Proterozoic 

and Phanerozoic sedimentary rocks of appropriate thermal maturity often compare the 

relative abundances of hopane and sterane biomarkers as an insightful proxy for tracking the 

respective source organismal inputs from the domains Bacteria and Eukarya, respectively 

(Brocks et al., 2017; Grantham & Wakefield, 1988; Love et al., 2009; Schwark & Empt, 

2006; Summons & Walter, 1990). The basis of this application comes from the knowledge 

garnered from decades of microbial lipid surveys coupled with extensive genomic data, 

which have shown that hopanoid and steroid lipids are synthesized in abundance by a broad 

and diverse range of bacteria and eukaryotes, respectively (Gold et al., 2016; Kodner et al., 

2008; Summons et al., 2006), and since these possess similar long-term preservation 

potential.

The abundance ratio of the major (C27–C35) hopanes to (C27–C29) regular steranes provides 

a direct and informative measure of the relative contributions of bacteria and eukaryotes to 

sedimentary organic matter, which has proved useful to track the evolving Proterozoic 

surface ocean ecology. A temporal step change occurs as sterane/hopane (S/H) ratios shift 

from values of approximately zero (0.00) throughout the Paleoproterozoic and 

Mesoproterozoic as revealed by a dearth of eukaryotic steranes (Blumenberg et al., 2012; 

Brocks et al., 2005, 2015, 2017; Flannery & George, 2014; Gueneli et al., 2018; Isson et al., 

2018; Luo et al., 2015; Nguyen et al., 2019; Suslova et al., 2017) before obviously 

increasing significantly during the Cryogenian and Ediacaran Periods (Brocks et al., 2017; 

Grosjean et al., 2009; Love et al., 2009; Stolper et al., 2017). In some cases, these can attain 

Phanerozoic average S/H range of ~0.5–2.0 for sedimentary rocks and oils, although 

bacterially dominated Ediacaran biomarker assemblages (with S/H values < 0.1) are also 

found in other locations and can feature for tens of millions of years (Pehr et al., 2018). As 

mentioned previously though, more biomarker data from sedimentary rocks that have 

undergone a mild thermal history are needed to assess the eukaryotic abundances in early-

mid Neoproterozoic marine communities during this transition period, which is a principal 

focus of our study. Due to a deficiency of thermally well-preserved strata and paucity of 

biomarker data, far less is known about the temporal patterns and range of S/H and other 

lipid biomarker ratios across the Tonian Period (1,000–720 Ma). The Chuar and Visingsö 

Group samples used here help to fill this gap.

Eukaryotic sterane biomarkers first become detectable and commonly found in the late 

Tonian rock record, as verified by our detailed analysis of Chuar and Visingsö Group 

biomarker assemblages derived from both the bitumen and the kerogen organic phases. We 

generally attribute the scarcity of sterane biomarkers in strata older than ca. 800 Ma to a low 

overall ecological abundance of eukaryotes that inhabited the local settings rather than the 

complete absence of eukaryotes in these environments (Brocks et al., 2017; Isson et al., 

2018; Nguyen et al., 2019). It is also possible that low-oxygen-adapted eukaryotes that did 

not possess 4-desmethylsterols may have been part of the community structure in marine 

settings older than ca. 800 Ma. Indeed, a few anaerobic protists have recently been shown to 
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lack sterols or sterol surrogates (such as tetrahymanol) in their cell membranes (Takishita et 

al., 2017), although the number of species that have been identified with this capability 

seems to be scarce and appears to be phylogenetically unrelated. Another possibility is that 

sterol biosynthesis did not actually evolve until during the mid-Neoproterozoic Era, but this 

scenario seems less likely, from molecular clock estimates that complex sterol synthesis was 

used by the ancestral crown-group eukaryote significantly prior to this (Gold, Caron, 

Fournier, & Summons, 2017) and from biomarker fossil evidence for older aromatized 4-

methylsteroids, probably sourced from bacteria, from 1.64 Ga rocks from the Barney Creek 

Formation (Brocks et al., 2005).

Although microfossil (Javaux, Knoll, & Walter, 2001, 2004; Lamb et al., 2009) and 

molecular clock evidence suggests that unicellular stem eukaryotes had evolved by at least 

1,900–1,600 Ma (Betts et al., 2018; King, 2004; Parfrey et al., 2011), the relative abundance 

of algal contributions to marine communities seems to have been suppressed with respect to 

bacteria in mid-Proterozoic marine settings. The ecological expansion of eukaryotes to 

become cosmopolitan and abundant in Proterozoic marine settings was hence a protracted 

process. This suppressed rise of microbial eukaryotes in marine environments may also have 

delayed the evolution of eukaryotic crown groups and complex multicellular eukaryotic 

organisms. The natural selection pressures operating within the marine biosphere would 

have changed as eukaryotic producers, and heterotrophs capable of ingesting those cells, 

became more prominent as members of marine communities.

In support of the emerging Proterozoic biomarker patterns, fossil evidence for diverse 

eukaryotic assemblages from multiple locations, including phytoplankton and heterotrophic 

protists, is also found in the early-mid Neoproterozoic from about 850 Ma and younger 

(Butterfield, Knoll, & Swett, 1994; Knoll, 2014; Knoll, Javaux, Hewitt, & Cohen, 2006; 

Morais et al., 2017; Porter & Knoll, 2000; Strauss et al., 2014). Microfossil analysis is best 

suited for detecting the earliest eukaryotes in the geological record, but it is difficult to use 

this approach to semi-quantitatively assess the eukaryotic abundance relative to bacterial 

source inputs and relative to the total sedimentary organic matter pool, since the dominant 

sedimentary organic matter component is amorphous kerogen. We look to the lipid 

biomarker record to try to better gauge the relative abundance of (regular steroid-

synthesizing) eukaryotes versus bacterial source contributions in different Proterozoic 

marine settings.

Our approach to calculate S/H ratios is to include the most abundant compounds that 

account for a major fraction of the total detectable sterane pool in our samples, thus 

minimizing any overall biases from our dataset. The contributing compound peak areas for 

total steranes (S) include the main isomers (dia- and regular steranes) of C26–C28 steranes 

(norcholestanes, cholestanes, ergostanes, cryostanes), as well as the newly detected but 

unknown C30 sterane series for the Sixtymile Canyon section samples from the Chuar 

Group. As previously described, regular C29 steranes (stigmastanes) and known C30 sterane 

compounds (24-npc/24-ipc/26-mes) are not detected in any of our Tonian samples so these 

are not used in our S/H ratio calculations. For the denominator “H” parameter, we use the 

dominant and most stable 17α,21β(H)-hopane series across the whole C27–C35 carbon 

number range as described in detail in the footnote of Table 2. Brocks et al. (2017) only 
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included the main C27–C29 sterane (regular and diasterane) isomers but excluded C26 

(norcholestanes) and C28 sterane (cryostane) compounds in their ratio calculations. 

Neglecting the C26 (norcholestanes) may significantly underestimate S/H ratios in some 

samples as these compounds can account for a significant portion of the total detectable 

steranes (ca. 3%–40%; Table 2, affecting S/H ratios by close to a factor of two for the 

mature Chuar samples from the Nankoweap Butte section). Consideration of even shorter 

steranes, in the C19–C25 range, produced from diagenetic and catagenetic alteration of 

primary steranes will also lead to significantly increased S/H ratios for high maturity rock 

and oil samples.

S/H values for the solvent-extractable phase from our two most thermally mature Chuar 

Group outcrops from the Nankoweap Butte section (outcrops 36 & 50) are 0.09 and 0.19, 

respectively, while those from the better thermally well-preserved Sixtymile Canyon section 

(outcrops SW4 & SWE2) are 0.38 and 0.37, respectively (Figure 10; Table 2). 

Corresponding values from the kerogen-bound pool are similar or higher (Table 2). Across 

the data set, the more organic-rich samples tend to have higher S/H ratios suggesting a 

nutrient-influenced productivity control on eukaryotic biota abundance (Figure 10). The two 

highly mature Chuar samples in our sample set likely fall off-trend (Figure 10) due to the 

organic constituents in these rocks having undergone more thermal alteration during their 

burial history, with increased side chain cracking and aromatization affecting the cumulative 

sterane (S) pool to a higher degree than the hopane (H) pool used for calculating S/H ratios. 

All eight of the outcrops from the Visingsö Group, sampled from four different sections and 

of early to middle oil window maturity, produced S/H values ranging from 0.03 to 0.36 

(mean = 0.15; Figure 10; Table 2). The highest ratios of free S/H that we find for these 

Tonian rocks (up to ca. 0.4 for the solvent extracts) are similar in magnitude to the lower end 

of the typical range for organic-rich Phanerozoic rocks and oils (typically in the 0.5–2.0 

range), suggesting abundant eukaryotic source contributions.

Brocks et al. (2017) concluded that “low” S/H values (0.003–0.42), in conjunction with a 

predominance of C27 steranes within the total sterane assemblage from multiple Tonian 

locations, reflects unique source contributions of unicellular heterotrophic eukaryotic 

protists but not from algae. Substantial contributions from eukaryotic phytoplankton could 

produce similar sterane carbon number patterns, however, since certain red algae 

biosynthesize predominantly C27 sterols with much lower amounts of C28 sterols (Kodner et 

al., 2008; Patterson, 1971), which reflects our sterane patterns. Indeed, a crown-group 

multicellular bangiophyte fossil derived from the red algal clade (Butterfield, 2000) has been 

found in rocks dated at ca. 1,050 Ma (Gibson et al., 2017). It should be noted also that 

Brocks et al. (2015) did detect ergostane (C28 regular sterane from a eukaryotic source) 

within the interior portion of one sample from the Girabäcken locality of the Visingsö Group 

(most equivalent to sample v19 in this study); however, they discounted this result since the 

same compound was not recovered from a collection of outcrop samples from the Chuar 

Group (n = 9). Overall, it is difficult to envisage how biomarker assemblages with 

appreciable S/H values in the 0.1–0.4 range can be attained without invoking significant 

eukaryotic primary producer inputs from photosynthetic algae, given the huge amounts of 

bacterial primary biomass and associated hopanoid lipid inputs to marine sedimentary 

environments at this time. A much larger amount of primary biomass at the base of a food 
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chain is required to support heterotrophs at higher trophic levels in any stable food web; so if 

ancient bacterial producers were making recalcitrant hopanoids, then it seemingly requires 

then that eukaryotic primary producers were also making sterols to obtain these appreciable 

S/H ratios.

A quantitatively significant component of the polycyclic biomarker assemblages detected 

from our Chuar and Visingsö Group sedimentary strata are composed of steranes, and our 

findings strongly suggest that abundant eukaryotic populations, probably including 

phytoplankton from red algal clades, emerged prior to the onset of the Sturtian glaciation. 

This purported Tonian algal rise is earlier than the Cryogenian algal expansion proposed by 

Brocks et al. (2017) but agrees with other evidence proposed for this timing obtained from 

zinc isotope records (Isson et al., 2018) and biogeochemical models (Feulner, Hallmann, & 

Kienert, 2015). While the assessment of when marine algae became globally “abundant” as 

primary producers is subjective and constantly being debated and revised (compare Brocks 

et al., 2017; Feulner et al., 2015; Isson et al., 2018; van Maldegem et al., 2019), the 

eukaryotic sterane biomarker records seemingly show an initial pulse of activity and notable 

abundance from ca. 800 Ma and onwards. This is approximately synchronous with observed 

volatility in Neoproterozoic carbon isotopic records (Halverson et al., 2005; Shields-Zhou & 

Och, 2011) and increases in the abundance and diversity of eukaryotic acritarchs and other 

fossils (Butterfield et al., 1994; Knoll, 2014; Knoll et al., 2006; Morais et al., 2017; Porter & 

Knoll, 2000; Strauss et al., 2014) along with striking changes in marine seawater chemistry, 

primary productivity and ocean redox conditions (Crockford et al., 2018, 2019; Isson et al., 

2018; Kuznetsov et al., 2017; Lenton et al., 2014; Lenton & Daines, 2017; Turner & Bekker, 

2016; von Strandmann et al., 2015), suggesting a more oxygenated and productive marine 

biosphere.

Thus, we perceive that the initial “rise of algae” occurred during the Tonian Period, as 

discerned from the common occurrence of regular steranes in conjunction with at least a two 

orders of magnitude rise in S/H compared with the Mesoproterozoic rock record (Figure 1). 

It was a later rise of green algae which prevailed during the Cryogenian Period, as evidenced 

from the switch from a C27 to a C29 sterane dominance (Brocks et al., 2017; Hoshino et al., 

2017; Love et al., 2009). This green algal preference was sustained in the marine realm 

through the Ediacaran Period and through most of the Paleozoic Era. Note, this temporal 

pattern does not necessarily imply that red algae evolved before green algae, but rather that 

the prevailing marine environmental conditions and nutrient balance selected for certain 

groups of eukaryotes as the dominant primary producers through extended intervals of 

geological time (Grantham & Wakefield, 1988; Schwark & Empt, 2006).

4 | CONCLUSIONS

Lipid biomarker assemblages recovered from the free and kerogen-bound phases of 

sedimentary organic matter from thermally well-preserved rock samples from the 780–729 

Ma Chuar and Visingsö Groups from Laurentia and Baltica, respectively, reveal convincing 

evidence for the proliferation of pre-Sturtian-age eukaryotic organisms. The ubiquity of 

regular sterane biomarkers and the sterane carbon number patterns with C27 steranes 

dominant in most samples (constituting up to 98% of total C26–C30 steranes), but with 
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discernible amounts of C28 regular steranes (ergostane) also present, suggests that red algae 

were the dominant photosynthetic marine primary producers during the late Tonian Period. 

The principal characteristic features of the biomarker assemblages obtained from the solvent 

extract (free) phase were verified by parallel analysis of the kerogen-bound pool generated 

from HyPy, thus providing an important validation of the biomarker data.

We report here the oldest known occurrence of kerogen-bound regular sterane biomarkers 

generated from Precambrian sedimentary rocks. The C27 sterane (cholestane) dominance 

shows obvious similarities to the free sterane patterns reported previously for Tonian rocks 

but very different to the C29 (stigmastane) dominance found in some Cryogenian and most 

Ediacaran rocks deposited after the Sturtian glaciation. Along with cholestane, appreciable 

amounts of 27-norcholestanes (C26), ergostanes (regular C28), and cryostanes 

(unconventional C28) are also found in most of our Tonian samples collected from both the 

Chuar and Visingsö Groups. The presence of regular C28 steranes (ergostanes) implies that 

the enzymatic capacity for alkylation at position C-24 on the steroid side chain was possible 

for eukaryotes in the Tonian Period, although the absence of any regular C29 steranes 

(stigmastanes) or conventional C30 steranes (24-npc and 24-ipc) suggests a more limited 

array of steroids synthesized by eukaryotes in marine environments prior to the Sturtian 

glaciation. We also found one novel resolvable C30 sterane compound present in some of the 

Chuar Group samples. This is possibly biogenic in origin, and the later GC elution time 

relative to known C30 sterane compounds suggests that it contains an unusual extended side 

chain. Any source assignment for this new ancient C30 sterane compound is tentative at this 

stage, however, until the precise side chain structure is confirmed.

While thermally immature Mesoproterozoic and older rocks consistently show no detectable 

eukaryotic sterane signal relative to hopanes (S/H ratios of <0.00), steranes become 

ubiquitous in mid-Neoproterozoic rocks, with S/H values of up to two orders of magnitude 

higher (up to 0.38 for the extractable bitumen and up to 1.26 for the kerogen-bound pool) 

from the Chuar and Visingsö Group samples used in this study. Such a significant temporal 

change in biomarker patterns is consistent with the concept of a fundamental global marine 

ecological upheaval as Proterozoic oceans transitioned from supporting bacterially 

dominated ecosystems to communities rich in eukaryotic primary producers and 

heterotrophic protists. The values for our S/H ratios are generally higher in the more 

organic-rich Tonian rocks compared with the organic-lean samples, suggesting a possible 

nutrient throttle control on marine eukaryotic proliferation. During the late Tonian Period, an 

ecological expansion of steroid-producing eukaryotes occurred in the ancient marine realm, 

which probably encompasses red algae as well as unicellular heterotrophs given the sterane 

carbon number patterns and substantial S/H ratios found. Thus, we provide compelling 

biomarker evidence here for a late Tonian rise of (red) algae in marine environments 

offshore of two separate paleocontinents, predating the Sturtian glaciation event.
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FIGURE 1. 
Composite ancient biomarker timeline record compiled using extractable sedimentary 

organic matter from rocks deposited through the Mesoproterozoic and into the early 

Phanerozoic, depicting the ecological expansion of steroid-producing eukaryotes as they 

became more abundant relative to bacteria. Regular (4-desmethyl) steranes first appear in the 

rock record between ca. 820 and 720 Ma (Brocks et al., 2017; Isson et al., 2018; this study) 

causing the first substantial step increase in the S/H ratio, suggestive of an algal rise, in the 

late Tonian Period. A switch in the dominant eukaryotic primary producers, from a C27 (red 

shaded area for red algae) to a C29 (green shaded area for green algae) sterane dominance, 

differentiates pre- and post-Sturtian marine paleoenvironments, respectively. From ca. 660–

635 Ma (Rooney et al., 2014), C30 demosponge steranes (24-ipc and 26-mes; Love et al., 

2009; Zumberge et al., 2018) are first detected during the Cryogenian interglacial period. 

Timeline updated from Isson et al. (2018)

Zumberge et al. Page 28

Geobiology. Author manuscript; available in PMC 2020 May 18.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



FIGURE 2. 
Tonian paleography highlighting the locations of two paleocontinents, Laurentia (Laur.) and 

Baltica (Balt.), from where the Chuar Group and Visingsö Group samples were originally 

deposited offshore, respectively. Differences in thermal maturity and TOC content are 

observed across the sample set. Map adapted and modified from Hoffman et al. (2017)
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FIGURE 3. 
C26–C30 sterane and C27–C35 hopane distributions from composite chromatograms (MRM-

GC-MS transitions M+→217 + 191) of the free (extractable) organic matter highlight 

thermal maturity differences between the samples used in this study. Rocks from the Walcott 

Member of the Chuar Group are either (top) late oil window maturity, characteristic of the 

Nankoweap Butte section or (middle) of peak oil window maturity, characteristic of the 

Sixtymile Canyon locality. Conversely, rocks recovered from all sections in the Visingsö 

Group are less mature and of (bottom) intermediate early–middle oil window maturity, 

consistent with the compound distributions. See Table 2 footnote for peak identifications
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FIGURE 4. 
Composite MRM-GC-MS traces of polycyclic biomarker alkanes for representative solvent-

extractable biomarker profiles from the (a, b) Chuar and (c, d) Visingsö Groups. Biomarker 

hydrocarbon distributions (e.g., tricyclic terpanes, hopanes, and steranes) are influenced by 

source biota, depositional environment, and the thermal maturity of the host rock. See Table 

2 for a suite of biomarker ratios calculated using peak area integration
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FIGURE 5. 
MRM-GC-MS (M+→217 Da) chromatograms of the free (left) and kerogen-bound (right) 

C26–C30 steranes from sample SWE2 (Chuar Group, Sixtymile Canyon locality). Sterane 

distributions and relative abundance comparisons between the bitumen and kerogen phases 

of sedimentary organic matter confirm that the biomarkers are syngenetic with the host 

sedimentary rocks. Compared to the free phase, the sterane distributions from the bound 
phase show a slightly less mature compound distribution (e.g., 21-nor < 27-nor, C27 αααR 

> αααS) due to steric protection from the kerogen network. The “regular” sterane series 

show the four stable isomer peaks (the αααS + R and αββR + S isomers), while “βαS” and 

“βαR” indicate the two main diasterane isomers, which are rearranged steranes prominent in 

the free biomarker distributions. 21-nor = 21-norcholestane; 27-nor = 27-norcholestane; E = 

ergostane; C = cryostane; # = C30 series with unknown side chain chemistry. Cross talk (x) 

from the more abundant hopanes can appear in the C30 sterane (414→217 Da) trace when 

C30 sterane abundances are low/absent
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FIGURE 6. 
MRM-GC-MS (386→217 Da) chromatograms of the C28 sterane distributions from the 

kerogen-bound (HyPy) and solvent-extractable (Ext) biomarker pools from representative 

samples from the Chuar Group (b and c) and Visingsö Group (d and e). The abundances of 

ergostane (Erg) and cryostane (Cryo) in each sample, relative to the total detectable C26–C30 

steranes, are shown on the right (as % of total). Cryostane is negligible in (a) ES0083 Lower 

Cambrian Reference Oil from Eastern Siberia (Kelly, Love, Zumberge, & Summons, 2011) 

but present in the Tonian rocks (b–e). Black shaded peaks = ergostane (αααS + R and 

αββR + S isomers) = E; Gray shaded peaks = cryostane (αααS + R and αββR + S isomers) 

= C; Striped peak = co-elution of αββ 20(S) ergostane and ααα 20(S) cryostane; 21-nor = 

21-norstigmastane

Zumberge et al. Page 33

Geobiology. Author manuscript; available in PMC 2020 May 18.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



FIGURE 7. 
MRM-GC-MS (414→217 Da) chromatograms of the C30 sterane distributions in 

representative Tonian sedimentary rocks (b-c, this study) compared with a (a) ES0083 

Lower Cambrian Reference Oil from Eastern Siberia (Kelly et al., 2011). ES0083 has a C30 

sterane distribution with three different resolvable series: 24-n-propylcholestane (n/blue 

peaks), 24-isopropylcholestane (i/green peaks), and 26-methylstigmastane (m/red peaks; 

Love et al., 2009; Zumberge et al., 2018). One novel C30 sterane series (#/black peaks) was 

detected in the least mature rocks of the Chuar Group from Sixtymile Canyon section. The 

new C30 sterane series is found in the (c) solvent extract (free) phase of sample SWE2 and 

also in the (b) kerogen (bound) phase. Sample (d) v12 shows the absence of any detectable 

C30 steranes within the Visingsö Group outcrops. Peaks labeled “X” represent cross talk 
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from other compound classes (usually hopanes). The αααR isomer is indicated by a label to 

show the difference in compound elution times between all four C30 sterane series (in 

increasing elution order of 24-npc, 24-ipc, 26-mes with the new C30 sterane compound 

eluting last)

Zumberge et al. Page 35

Geobiology. Author manuscript; available in PMC 2020 May 18.

N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript



FIGURE 8. 
MRM-GC-MS (M+→217 Da) chromatograms of the extractable (free) C26–C30 steranes 

from sample v12 (Visingsö Group, Broken Nodule). There are at least four detectable 

“regular” sterane series (each with αααS, αββR, αββS, αααR isomers). 21-nor = 21-

norcholestane; 27-nor = 27-norcholestane; E = ergostane; C = cryostane. Cross talk (x) 

peaks from hopanes are dominant in the C30 (414→217 Da) chromatogram since C30 

sterane abundances are trace/absent for Visingsö samples
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FIGURE 9. 
MRM-GC-MS (M+→191 Da) chromatograms of the C27–C31 hopanes for samples (left) 

SWE2 from the Walcott Member of the Chuar Group and (right) v12 from the Visingsö 

Group. Differences in the thermal history for each sample are reflected by key hopane 

compound ratios: C27 Ts/Tm; C29 Ts/αβH; C30 βαH/αβH. The Chuar Group has higher 

amounts of gammacerane (G) relative to hopanes, while the Visingsö Group has elevated 

diahopanes (dia), reflecting some differences in microbial ecologies and environmental 

conditions. Relative abundances (from % of signal intensity) for each trace are shown 

beneath the MRM mass transition (M+→191 Da), with C30 hopanes being most abundant 

(100%)
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FIGURE 10. 
Comparison of Total Organic Carbon (TOC) content of rocks versus Sterane/Hopane (S/H) 

ratio as measured from MRMGC-MS from the conventional solvent-extractable (free) 

organic phase. Samples from the Visingsö Group fall within the early–middle oil window 

(blue shaded area) with TOC values between 1.13 and 0.26 wt.%. Generally, the more 

organic-rich samples show higher S/H ratios, consistent with an enhanced eukaryotic source 

contribution in more productive and nutrient-replete Neoproterozoic marine settings. A 

maturity gradient exists within the organic-rich Chuar Group samples (5.61–3.54 wt.% 

TOC), with the late oil window samples from Nankoweap Butte outcrop locality (orange 

shaded area) generating lower S/H values falling off-trend compared to the less mature peak 
oil window (yellow shaded area) samples. The less mature Chuar samples (yellow shaded 

area) from the Sixtymile Canyon locality are more likely to preserve a biomarker signal 

closer to the original S/H values due to a lower extent of side chain cleavage and other 

thermal cracking, aromatization, and rearrangement reactions during burial maturation
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