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Abstract
By about 2.0 billion years ago (Ga), there is evidence for a period best known for its 
extended, apparent geochemical stability expressed famously in the carbonate–car-
bon isotope data. Despite the first appearance and early innovation among eukary-
otic organisms, this period is also known for a rarity of eukaryotic fossils and an 
absence of organic biomarker fingerprints for those organisms, suggesting low diver-
sity and relatively small populations compared to the Neoproterozoic era. 
Nevertheless, the search for diagnostic biomarkers has not been performed with 
guidance from paleoenvironmental redox constrains from inorganic geochemistry 
that should reveal the facies that were most likely hospitable to these organisms. 
Siltstones and shales obtained from drill core of the ca. 1.3–1.4 Ga Roper Group from 
the McArthur Basin of northern Australia provide one of our best windows into the 
mid-Proterozoic redox landscape. The group is well dated and minimally metamor-
phosed (of oil window maturity), and previous geochemical data suggest a relatively 
strong connection to the open ocean compared to other mid-Proterozoic records. 
Here, we present one of the first integrated investigations of Mesoproterozoic  
biomarker records performed in parallel with established inorganic redox proxy indi-
cators. Results reveal a temporally variable paleoredox structure through the Velkerri 
Formation as gauged from iron mineral speciation and trace-metal geochemistry, 
vacillating between oxic and anoxic. Our combined lipid biomarker and inorganic 
geochemical records indicate at least episodic euxinic conditions sustained predomi-
nantly below the photic zone during the deposition of organic-rich shales found in 
the middle Velkerri Formation. The most striking result is an absence of eukaryotic 
steranes (4-desmethylsteranes) and only traces of gammacerane in some samples—
despite our search across oxic, as well as anoxic, facies that should favor eukaryotic 
habitability and in low maturity rocks that allow the preservation of biomarker al-
kanes. The dearth of Mesoproterozoic eukaryotic sterane biomarkers, even within 
the more oxic facies, is somewhat surprising but suggests that controls such as the 
long-term nutrient balance and other environmental factors may have throttled the 
abundances and diversity of early eukaryotic life relative to bacteria within marine 
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1  | INTRODUC TION

The mid-Proterozoic (2.0–1.0 Ga) is well known for its long-lived 
geochemical stasis, showing only subtle variation in carbonate δ13C 
spanning this interval (Brasier & Lindsay, 1998). By the end of this 
time interval, the major clades of crown eukaryotes had diverged 
(Parfrey, Lahr, Knoll, & Katz, 2011), but their evolutionary devel-
opment was apparently stifled so that diversity patterns and abun-
dances were persistently low compared to the later Neoproterozoic 
(Knoll, Javaux, Hewitt, & Cohen, 2006). Past work has suggested 
that low-oxygen contents and related limited availability of critical 
nutrients in the ocean may have contributed to the apparent biogeo-
chemical and paleobiological stasis (Derry, 2015; Laakso & Schrag, 
2017; Lyons, Reinhard, & Planavsky, 2014; Reinhard et al., 2013, 
2016). Despite important innovations during this interval, this ap-
parent monotony relative to the events that followed has led to the 
common referral of the period 2.0 and 1.0 Ga as the “dullest time in 
Earth’s history” (Brasier & Lindsay, 1998; Buick, Des Marais, & Knoll, 
1995).

Our current understanding of the redox chemistry of the mid-
Proterozoic ocean is that the surface waters were most likely oxygen-
ated, while the deeper low-oxygen waters were marked by sulfidic 
(euxinic) zones at intermediate depths, particularly along the highly 
productive ocean margins (Canfield, 1998). Iron-rich anoxic (ferru-
ginous) conditions dominated at greater depth (Lyons, Reinhard, & 
Scott, 2009; Planavsky et al., 2011; Poulton & Canfield, 2011). The 
redox structure of the ocean at that time may have influenced the 
patterns and rates of evolution by modulating the spatiotemporal 
distribution of essential macro- and micronutrients, as well as overall 
availability of oxygen (Anbar & Knoll, 2002; Derry, 2015; Laakso & 
Schrag, 2017; Lyons et al., 2014; Reinhard et al., 2013, 2016). It has 
been suggested that biological feedbacks, including sulfide-based 
anoxygenic photosynthesis (Johnston, Wolfe-Simon, Pearson, & 
Knoll, 2009), may have helped maintain a world with low-oxygen 
levels and sulfide pervasive enough to limit the development and 
proliferation of early complex life. However, various feedbacks make 
the persistence of widespread anoxia, particularly euxinia, equally 
challenging. Specifically, nutrient limitations coupled to widespread 
anoxia and euxinia (e.g., loss of fixed nitrogen through denitrification 
and perhaps limited availability of trace-metal micronutrients such 
as molybdenum) can result in reduced availability of organic mat-
ter required to sustain anoxia via aerobic respiration and to support 

sulfide production via microbial sulfate reduction (Anbar & Knoll, 
2002; Scott et al., 2008). The apparent balance among these feed-
backs that kept the mid-Proterozoic ocean “dull” remains a topic ripe 
for further study.

It is widely accepted that the chemistry of the early ocean and life 
co-evolved. However, the true geochemical nature of Earth’s “boring 
billion” remains poorly constrained. There are many lines of evidence 
that document an increase in Earth’s surface oxidation state approxi-
mately 2.4–2.3 Ga (Bekker et al., 2004; Luo et al., 2016), and another 
biospheric oxygenation estimated between 800 and 550 Ma (re-
viewed in Och & Shields-Zhou, 2012) that was coincident with a global 
expansion of eukaryotic abundance in the marine realm (Brocks et al., 
2017; Isson et al., 2018). Conditions in the intervening mid-Proterozoic 
are less studied and correspondingly less known, with the likelihood 
of intermediate redox states in the ocean and atmosphere. Many of 
the most-cited data have come from the McArthur Basin of northern 
Australia. Specifically, shales of the Roper Group in this region have 
emerged as one of our best archives of mid-Proterozoic ocean redox 
because the group is well dated, minimally metamorphosed, and lie in 
the middle of this key interval (Jackson, Sweet, & Powell, 1988). Most 
importantly, sedimentological and geochemical data suggest a rela-
tively strong connection to the open ocean in mainly an outer shelf 
setting (Abbott & Sweet, 2000; Jackson, Powell, Summons, & Sweet, 
1986; Jackson & Raiswell, 1991; Jackson et al., 1988). As a result, con-
ditions in the Roper Group may reflect the redox state of the global 
ocean and specifically the conditions that favored, or challenged, the 
development and expansion of complex life during this interval. Given 
this potential, we herein report on the first high-resolution, fully inte-
grated geochemical study of the Roper Group—with the goal of per-
forming organic biomarker work within a tight inorganic geochemical 
context that defines a gradient in habitability and thus potential eu-
karyotic inhabitation. Our results suggest that controls other than just 
local redox modulated the distribution of steroid-producing eukary-
otes in the mid-Proterozoic ocean.

1.1 | Sampling location

Much of the attention drawn to the McArthur Basin was initially 
through the discovery of “live oil”, originally reported by Jackson 
et al. (1986). Their findings garnered significant interest in the 
area, and subsequent investigations have been designed to define 
its depositional environment. Concisely, the Roper Group within 

microbial communities. Given that molecular clocks predict that sterol synthesis 
evolved early in eukaryotic history, and (bacterial) fossil steroids have been found 
previously in 1.64 Ga rocks, then a very low environmental abundance of eukaryotes 
relative to bacteria is our preferred explanation for the lack of regular steranes and 
only traces of gammacerane in a few samples. It is also possible that early eukaryotes 
adapted to Mesoproterozoic marine environments did not make abundant steroid li-
pids or tetrahymanol in their cell membranes.
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the McArthur Basin is located at the tip of northern Territory of 
Australia, near the Gulf of Carpentaria, and occurs over an area of 
at least 145,000 km2 with a maximum thickness of approximately 
5,000 m (Abbott & Sweet, 2000). The samples in this study are from 
the Velkerri Formation sampled in the Altree-2 drill core; the Velkerri 
has a known extent of at least 80,000 km2 (Jackson & Raiswell, 1991) 
and is within the oil window, as reflected by its thermal maturity 
(Crick, 1992; Summons, Taylor, & Boreham, 1994). Jackson, Sweet, 
Page, and Bradshaw (1999) reported a U-Pb age of 1,492 ± 4 Ma 
from the lowermost member of the Roper Group, the Mainoru 
Formation, implying younger ages for the deposition of the Velkerri 
Formation. Re-Os age constraints yielded age estimates for the base 
(1,417 ± 29 Ma) and top (1,361 ± 21 Ma) of the Velkerri Formation 
(Kendall, Creaser, Gordon, & Anbar, 2009), although detrital zircon 
U-Pb dates suggest that the Velkerri Formation was deposited be-
tween 1,349 and 1,320 Ma (Yang et al., 2017). The Altree-2 drill 
core was sampled over a depth interval of 440–1,250 m, covering 
the full thickness of the Velkerri Formation. The formation is di-
vided into three informal subunits—the upper (392–672 m), mid-
dle (672–948 m), and lower Velkerri (948–1,242 m). The Velkerri 
Formation strata were likely deposited in a distal marine shelf setting 
(Abbott & Sweet, 2000). Rock-Eval pyrolysis data (Hydrogen Index, 
Table 1) independently confirmed that these core samples generally 
span a thermal maturity range spanning from early oil window to 
just beyond peak oil window and thus are suitable for detailed or-
ganic geochemical investigation since these rocks are thermally well 
preserved.

2  | METHODS

2.1 | Inorganic geochemistry

Sampling specifically targeted drill core shales to explore the degree 
of oxygenation within the local water column and to provide added 
perspective on oxygen in the global ocean. Total carbon (TC), total 
inorganic carbon (TIC), and total sulfur (TS) were measured by in-
frared absorption of CO2/SO2 using an Eltra CS-500 equipped with 
a furnace and acidification module. TC and TS were determined via 
combustion at 1,400°C, while TIC was liberated via reaction with 
4 M HCl. Total organic carbon (TOC) was calculated by difference.

Sequential extraction of reactive Fe phases was carried out using 
the previously described method (Poulton & Canfield, 2005) and an-
alyzed on an Agilent 7500ce quadrupole inductively coupled plasma 
mass spectrometer (ICP-MS). Reproducibility of Fe speciation mea-
surements, based on replicate analyses within and between sam-
ple batches, was better than 93%. Pyrite iron (FePy) was quantified 
using chromous chloride distillation followed by titration with iodine 
as outlined in Ref. (Canfield, Raiswell, Westrich, Reaves, & Berner, 
1986). A pyrite standard was included in every sample batch. Iron 
relationships were also assessed using the conventional degree of 
pyritization technique (DOP; Raiswell, Buckley, Berner, & Anderson, 
1988), whereby residual (unpyritized) “reactive” Fe is extracted 
using a boiling, 12 M HCl step. This DOP technique will, if anything, 

overestimate the truly reactive phases. As such, false positives for 
euxinia are unlikely, and high DOP values are taken as a particularly 
robust indicator of that condition in the ancient water column (re-
viewed Lyons & Severmann, 2006). Once extracted, the amount of 
iron was quantified spectrophotometrically using the standard fer-
rozine method. Replicate analysis yielded a standard deviation of 
0.25 wt.%.

Pyrite sulfur in the samples was also extracted using the Cr re-
duction method for sulfur isotope analysis via a silver nitrate trap, 
rather than the zinc acetate solution used for the pyrite-S quantifica-
tion by iodometric titration. The resulting silver sulfide was homoge-
nized, weighed with excess V2O5, and combusted online for analyses 
of 34S/32S ratios using a Thermo Delta V mass spectrometer, which 
are reported using the delta notation as per mil (‰) deviations from 
the Vienna Canyon Diablo Troilite (VCDT) standard. Reproducibility 
was better than 0.14‰ based on single-run and long-term standard 
monitoring (additional analytical details for the DOP and δ34S deter-
minations are provided in the Supporting Information).

A multi-acid digestion technique was employed for trace-metal 
analysis. Samples were ashed at 900°C for 24 hr, and mass lost 
through ignition was recorded prior to undergoing acid digestion (HF, 
HNO3, and HCl). Analyses were performed on same ICP-MS with the 
Devonian Ohio Shale (SDO-1) as a reference, with reproducibility in 
individual runs of better than 95% for the presented elements.

2.2 | Organic geochemistry

2.2.1 | Extraction of free (extractable) 
biomarker lipids

For organic biomarker analysis, core samples were trimmed with a 
water-cooled rock saw to remove outer weathered surfaces (typi-
cally 5–10 mm thickness was removed) to expose a solid inner por-
tion, which was fragmented. The resulting chips from this inner 
portion were solvent-rinsed prior to powdering in a zirconia ceramic 
puck mill within a SPEX 8515 shatterbox. Lipid biomarkers were ex-
tracted at 100°C in 9:1 dichloromethane/methanol (v/v) mixture for 
15 mins in a CEM Microwave Accelerated Reaction System (MARS). 
Whole rock bitumens were separated into saturates, aromatics, and 
polar (N, S, O compounds) fractions by silica column chromatog-
raphy. Typically 10–20 g of rock powder was used for extraction, 
yielding from 0.3 to 7.5 mg of bitumen per gram of rock powder 
(mean = 3.5 mg per gram, Supporting Information Table S5). Full 
procedural blanks with pre-combusted quartz sand (850°C) were 
performed in parallel with each batch of rocks to ensure that any 
background hydrocarbon compounds were negligible in comparison 
with biomarker abundances.

2.2.2 | Catalytic hydropyrolysis (HyPy) of pre-
extracted rocks/kerogens

Pre-extracted rock residues, containing predominantly kerogen, 
were subjected to continuous-flow catalytic hydropyrolysis (HyPy) 
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to cleave covalent bonds and fragment the kerogen matrix into solu-
ble products (Love, Snape, Carr, & Houghton, 1995; Love et al., 2009) 
for subsequent GC-MS and MRM-GC-MS analysis. The parallel 
analyses of covalently bound biomarkers and other bound molecular 
constituents, alongside the analysis of rock bitumens, give us confi-
dence that we have correctly identified syngenetic compounds and 
allows us to screen for any significant contamination contributions 
in an important self-consistency check (Love et al., 2009). Extracted 
sample powders (~1.0–1.8 g) were secured in the HyPy reactor tube 
atop a steel wool plug, which was Soxhlet-extracted (DCM, 48 hr) 
and baked (450°C, 2 hr) to ensure that no contaminates were intro-
duced to the sample. Full procedural HyPy blanks were conducted 
using clean silica gel as a substrate. Blank HyPy runs were confirmed 
to be clean and free of contamination, as described in French et al. 
(2015). HyPy is a temperature programmed pyrolysis method using 
two temperature ramps: 0–250°C at 100°C/min immediately fol-
lowed by 250–520°C at 8°C/min while maintaining constant hydro-
gen pressure of ~15 MPa with a hydrogen sweep gas flow rate of 
6 dm3/min. The pyrolysate was collected in a dry ice-cooled prod-
uct trap onto silica gel (35–70 mesh, activated at 450°C overnight). 
After each HyPy run, the silica gel plug from the trap containing the 
adsorbed pyrolysate product was separated using the same column 
chromatographic and GC-MS methodology as described for the rock 
bitumens.

2.2.3 | Lipid biomarker analysis and quantification

Gas chromatography–mass spectrometry (GC-MS) was performed 
on saturated and aromatic hydrocarbon fractions from rock bitu-
mens and hydropyrolysates in full scan mode over a mass range of 

50–600 Da on an Agilent 5975C inert Mass Selective Detector (MSD) 
mass spectrometer interfaced to an Agilent 7890A GC equipped with 
a DB-1MS capillary column (60 m × 0.32 mm, 0.25 μm film) and run 
in splitless injection mode with He as carrier gas. The temperature 
program for GC-MS full scan was 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. 
200 ng of d14-p-terphenyl standard was added to between 1.4 and 
12.1 mg of aromatic hydrocarbon fraction as a standard for quantifi-
cation. MPI-1 index values were calculated using 178 Da peak areas 
for phenanthrene and 192 Da peak areas for methylphenanthrenes.

To probe polycyclic alkane biomarker distributions in detail, meta-
stable reaction monitoring–gas chromatography–mass spectrometry 
(MRM-GC-MS) was conducted on the saturated hydrocarbon frac-
tions from rock bitumens and kerogen hydropyrolysates with a Waters 
AutoSpec Premier mass spectrometer. The spectrometer is equipped 
with an Agilent 7890A gas chromatograph and DB-1MS coated cap-
illary column (60 m × 0.25 mm, 0.25 μm film thickness) using splitless 
injection and He for carrier gas. The GC temperature program used 
for compound separation 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 at 320°C for 22 min. MRM transitions for C27–C35 
hopanes, C31–C36 methylhopanes, C21–C22 and C26–C30 steranes, C30 
methylsteranes, and C19–C26 tricyclics were monitored. Biomarker 
compounds were identified based on retention time and published 
mass spectra and quantified in MRM-GC-MS by comparison with a 
deuterated C29 sterane internal standard (d4-ααα-24-ethylcholestane 
(20R); Chiron Laboratories, AS) assuming equal response factors be-
tween sample compounds and the internal standard. Individual yields 
of hopane and sterane diastereoisomers found in full laboratory pro-
cedural blanks were typically <0.1 ng of individual compounds.

F IGURE  1 Stratigraphic column (emphasizing shales) for drill core Altree-2 for the Velkerri Formation, Roper Group with stratigraphic 
variations for TOC/TIC/TS, DOP, FeHR/FeT, FePy/FeHR, FeT/Al, δ

34SPyrite, and %Rc—showing changes in depositional redox structure. FeHR/
FeT ratios >0.4 reflect anoxic deposition. FePy/FeHR ratios above 0.8 reflect euxinic deposition (Poulton & Canfield, 2011). FeT/Al ratios below 
0.4–0.5 typically reflect oxic settings, while a ratio of 0.6–1.0 likely indicates anoxia/euxinia. Dashed line represents average oxic marine 
values for the Fe speciation data. %Rc: vitrinite reflectance equivalent; DOP: degree of pyritization; FeHR: highly reactive iron; FePy: pyrite 
iron; FeT: total iron; TIC: total inorganic carbon; TOC: total organic carbon; TS: total sulfur
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3  | RESULTS AND DISCUSSION

3.1 | Total organic carbon, inorganic carbon, and 
total sulfur

Total organic carbon (TOC) content is appreciable in most of the 
core samples (Figure 1), with values reaching as high as 8.8 wt.% 
(Supporting Information Table S1). The lower Velkerri is marked 
by two episodes where TOC content hovers around 3.5 wt.% on 
average for a few meters relative to a baseline with near-zero val-
ues. The middle Velkerri shows higher TOC contents ranging from 
roughly 5.5 wt.% at 932 m to a maximum of 8.8 wt.% at 707 m, 
with a general up-core increase, before oscillating between very 
low and values as high as 6.2 wt.% in the upper Velkerri. High or-
ganic content observed in the Velkerri Formation is interpreted 
to reflect high but varying organic carbon burial against a back-
drop of relatively low clastic dilution (Warren, George, Hamilton, 
& Tingate, 1998). TIC content for the majority of the samples 
was consistently low throughout the sequence, ranging from 0 to 
1.2 wt.%, with the latter equating to about 10% calcium carbonate. 
TS behaved similarly to TOC, ranging from values below detection 
to a maximum of 9.9 wt.% at 707 m in the middle Velkerri before 
tapering off to low concentrations ranging from values below de-
tection to 1 wt.% in the upper Velkerri (Figure 1 and Supporting 
Information Table S1).

3.2 | The iron paleoredox proxies and δ34S

Highly reactive iron (FeHR) is comprised of pyrite iron (FePy) and other 
iron-bearing phases that are reactive toward sulfide in the water col-
umn and/or during early diagenesis—that is, ferric (oxyhydr)oxides 
(FeOx), magnetite (FeMag), and iron associated with carbonates (FeCarb; 
Poulton & Canfield, 2005). Modern marine sediments deposited be-
neath oxic waters exhibit FeHR/FeT ratios that average about 0.2 and 
seldom exceed 0.38, which is often treated as the upper limit for oxic 
deposition (reviewed in Poulton & Canfield, 2011). Values well above 
this threshold imply anoxic deposition (Raiswell & Canfield, 1998); 
caution must be exercised when interpreting data that fall near the 
threshold value. The ratio for total iron to aluminum, FeT/Al, can also 
be used as an indicator for water column anoxia if Fe enrichments 
are significantly above the average for continental crust (Lyons & 
Severmann, 2006; Taylor & McLennan, 1985). If anoxia is indicated 
by high FeHR/FeT and FeT/Al ratios, the FePy/FeHR ratio can further 
distinguish between anoxia and euxinia. Under euxinic conditions, 
appreciable Fe2+ and solid highly reactive Fe phases cannot coexist 
simultaneously with free H2S in the water column—with the result 
of near-complete conversion of FeHR to pyrite and thus high FePy/
FeHR ratios.

Values for FeHR/FeT and FeT/Al in the lower Velkerri are con-
sistent with oxic deposition (Figure 1 and Supporting Information 
Tables), with ratios falling below 0.2 and slightly above 0.4, respec-
tively. However, oxic deposition can be difficult to delineate using 
the iron proxies because rapid sedimentation can dilute the reactive 

Fe pool (as well as redox-sensitive trace metals)—that is, the enrich-
ments that are diagnostic of anoxic conditions—via extreme detrital 
inputs (Lyons & Severmann, 2006). However, FeHR/FeT values in the 
middle and upper units are often elevated, and the persistence of 
shales throughout all three subunit makes it difficult to argue for 
significant temporal changes in rates or patterns of sedimentation 
as related, for example, to varying water depth. Moreover, previous 
work has shown that comprehensive dilution of the FeHR enrich-
ments that are diagnostic of anoxia seems to require extremely high 
rates of sedimentation (Lyons & Severmann, 2006). Although false 
positives for oxic deposition are possible, we should be able to rec-
ognize these extremes using standard sedimentological and strati-
graphic criteria. Finally, the presence of some high values for FePy/
FeHR in the lower interval, despite low FeHR/FeT, suggests sulfidic 
buildup in pore fluids beneath oxic bottom waters, as is observed in 
marine sediments today (Canfield, Raiswell, & Bottrell, 1992). The 
higher observed organic contents of these thin intervals, relative to 
those immediately above and below, would have favored intense di-
agenetic pyrite formation.

A water column transition to euxinia during deposition of the 
middle Velkerri is suggested by simultaneously elevated FeHR/FeT, 
FeT/Al, and FePy/FeHR. These values taper off gradually up section at 
around 850 m and become pronounce again at 725 m, suggesting a 
transient euxinic phase followed by persistent euxinia. Euxinia is also 
convincingly indicated for this middle interval by high DOP values 
that approach 1.0 near the top (Figure 1). The same upper portion 
of the middle interval is also marked by an obvious decrease in δ34S 
values. Such isotopically light values can be interpreted to reflect 
a predominance of water column (euxinic) pyrite formation under 
open-system conditions (Lyons, 1997). The remaining values show 
the 34S enrichments that are typical of the mid-Proterozoic, which 
are often attributed to generally low sulfate availability in the ocean 
at this time (Canfield, Farquhar, & Zerkle, 2010; Kah, Lyons, & Frank, 
2004; Shen, Knoll, & Walter, 2003). The heaviest value, +25.8‰, oc-
curs in the upper Velkerri and closely matches a past estimate for 
the isotopic composition of coeval seawater sulfate (Muir, Donnelly, 
Wilkins, & Armstrong, 1985). Toward the upper Velkerri, values for 
FeT/Al remain elevated, while those of FeHR/FeT oscillate—suggest-
ing ferruginous and oxic conditions. Ferruginous rather than euxinic 
conditions are confirmed by intermediate FePy/FeHR ratios. Overall, 
the iron proxies suggest a textured paleoredox structure for Velkerri 
Formation—from oxic grading toward euxinic in the lower Velkerri, 
then transiently euxinic to persistently euxinic in the middle Velkerri, 
and finally oscillating between ferruginous and oxic conditions in the 
upper Velkerri.

3.3 | Trace-metal proxies

Molybdenum (Mo), uranium (U), and vanadium (V) concentrations 
(Figure 2 and Tables in Supporting Information) are at crustal lev-
els in the lower Velkerri but reach a maxima of 105 ppm for Mo 
and 21 ppm for U in the middle Velkerri. Similar values for Mo and 
U were previously observed from the same units by Kendall et al. 
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(2009) and Partin et al. (2013), respectively. Mo, U, and V con-
centrations return to crustal levels in the upper Velkerri. Strong 
enrichment in Mo convincingly argues for euxinic deposition be-
cause Mo burial is favored under reducing conditions marked by 
appreciable H2S in the water column, with the lower enrichments 
being characteristic of sulfide that is confined to the pore waters 
(Scott & Lyons, 2012). Molybdenum enrichment can also track the 
availability of organic carbon in euxinic systems (Algeo & Lyons, 
2006), but we observe the same stratigraphic trend for Mo/TOC 
(Figure 2)—suggesting that we are not missing a euxinic interval 
because of low TOC. Uranium and V on the other hand require less 
reducing conditions and can be enriched in sediments marked by 
anoxic but not necessarily euxinic conditions (Tribovillard, Algeo, 
Lyons, & Riboulleau, 2006; see Supporting Information for a re-
lated discussion of V geochemistry and Partin et al., 2013, for ad-
ditional background on U). Pronounced enrichments for all three 
metals, combined with the Fe proxy data, point convincingly to 
dominantly euxinic conditions in the middle Velkerri. The high-end 
concentrations for Mo and U in this interval are among the larg-
est known for the mid-Proterozoic. Magnitudes of local Mo and U 
enrichment in euxinic sediments are controlled in part by the spa-
tial extent of euxinia and anoxia in the global ocean (Partin et al., 
2013; Reinhard et al., 2013; Scott et al., 2008). As such, these rela-
tively high Mo and U values may mark a transient oxidation event 
in the ocean–atmosphere system during the mid-Proterozoic. 
Importantly, other recent, independent studies of Velkerri trace 
metal and U isotope data have suggested transient, perhaps 
global-scale marine oxygenation for this time period (Mukherjee 
& Large, 2016; Yang et al., 2017).

Concentrations for Mo, U, and V above and below the middle in-
terval are at near-crustal levels. Despite evidence for intermittently 

ferruginous waters in the upper part, FeHR/FeT ratios are generally 
low in both intervals. Collectively, the trace-metal and Fe speciation 
results imply at least moderate levels of marine oxygenation lo-
cally, and perhaps globally, throughout the Velkerri time of the mid-
Proterozoic. Consequently, these samples, for both local and global 
reasons, are particularly appropriate for our organic geochemical 
search for eukaryotes.

Consistent with our integrated, conceptual paleoredox model 
for the Velkerri Formation, manganese (Mn) concentration behaves 
antithetically to Mo, U, and V, exhibiting low values in the euxinic 
intervals and high values when the prevailing redox was domi-
nantly oxic (lower Velkerri) or vacillating between ferruginous and 
oxic conditions (upper Velkerri). These Mn enrichments suggest 
greater Mn-oxide burial, implying appreciable oxygen periodically in 
the water column (Calvert & Pedersen, 1993; Froelich et al., 1979). 
Furthermore, Mn appears to be tracking TIC, which we assume to re-
flect authigenic Mn-rich carbonate. In this case, the prerequisite for 
Mn-carbonate precipitation is oxic bottom waters where Mn oxides 
are trapped in the sediments and redox cycled repeatedly, result-
ing in dissolved Mn buildup in the subsurface anoxic portions of the 
pore water profile and subsequent carbon precipitation (Calvert & 
Pedersen, 1993, 1996).

3.4 | Lipid biomarkers

Our inorganic geochemical framework can yield nuanced informa-
tion that can resolve longstanding questions about the extent of 
mid-Proterozoic eukaryotic development, the environmental back-
ground, and the nutrient conditions of their early evolution. In this 
context, we look for possible biomarkers by targeting strata that had 
appreciably high total organic carbon (TOC) content (>1 wt.%); high 

F IGURE  2 Chemostratigraphic records for Altree-2 drill core for the Velkerri Formation, Roper Group with stratigraphic variations of: 
Mn; Mo; Mo/TOC; U; V; and the prevalent marine redox conditions for each interval. Mo/TOC panel has been culled (TOC with values 
<1 wt.% were not included) to accurately reflect the covariation. Dashed line in trace-metal panels represents average values of the 
continental crust. Mn: Manganese; Mo: molybdenum; TOC: total organic carbon; U: uranium; V: vanadium
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and low Mo concentrations; and facies overall that reflect varying 
depositional redox environments, including independent sugges-
tions of at least intermittently hospitable oxic conditions in the wa-
ters below the surface mixed layer. Consequently, selected samples 
from Altree-2 core cover most of the Velkerri Formation, ranging 
from 452 to 1,205 m depth (see Table 1).

Although lipid biomarkers can contribute to a better understand-
ing of mid-Proterozoic ocean chemistry and biology, important ana-
lytical self-consistency checks are required to verify syngenicity of 
the compounds detected. Contamination is a primary concern—from 
migration of hydrocarbons across a billion or more years of burial 
history or from oil-based additives used to drill the cores (Grosjean & 
Logan, 2007). Fortunately, we can screen for this possibility through 
meticulous methodology designed to identify and prevent contami-
nation (Brocks, 2011; Brocks et al., 2017; Flannery & George, 2014; 
French et al., 2015; Love et al., 2009; Luo, Hallmann, Xie, Ruan, & 
Summons, 2015; Pawlowska, Butterfield, & Brocks, 2013; Zumberge 
et al., 2018).

Saturated and aromatic hydrocarbon fractions, obtained from 
rock bitumens extracted from inner core portions, were analyzed for 
this study to generate various parameters such as methylphenan-
threne index (MPI-1; Radke & Welte, 1983), as well as various hopane 
and sterane molecular ratios (Peters, Walters, & Moldowan, 2005; 
Summons, Powell, & Boreham, 1988). These constraints were used 
to check for systematic changes in maturity ratios with burial depth 
to ensure that the bitumen records have not been compromised by 
high thermal overprints or obvious exogenous hydrocarbon/other 
contaminant inputs (Table 1). Methylphenanthrene and phenan-
threne ratios, in this case using the MPI-1 index, (Table 1) showed 
systematic increases with increasing burial depth—values began 
increasing from 0.49 at 725 m (middle Velkerri) to as high as 1.48 
at 1205 m (lower Velkerri). This pattern is very similar to previous 

reports of aromatic hydrocarbons from the same core (Summons 
et al., 1994). In addition, data for % Rc (vitrinite reflectance calcu-
lated from MPI-1) point to a thermal maturity range for these sam-
ples spanning from early oil window to within the middle interval 
of the oil window (Figure 1, Table 1), as independently verified from 
Rock-Eval data (hydrogen index) and from the alkane biomarker ma-
turity parameters. Cross-checking with ratios of C27 hopanes 18α(H)-
22,29,30-trisnorneohopane (Ts) and 17α(H)-22,29,30-trisnorhopane 
(Tm)—where Ts is the most stable thermodynamic configuration, and 
thus higher values of Ts/(Ts + Tm) represent an increase in thermal 
maturity (Seifert & Moldowan, 1978)—shows that the alkane and 
aromatic maturity ratios are self-consistent. A Ts/(Ts + Tm) ratio of 
0.59 is observed at 452 m (upper Velkerri); these ratios increase to 
as high as 0.78 at 852 m. Higher values are generally found in deeper 
samples, although mineralogy can exert a secondary control on 
absolute values. Moreover, moretanes (βα–isomers) are thermody-
namically less stable than the αβ-hopanes, and the low ratios of C30 
βα–isomers/αβ–isomers observed (0.06–0.07, Table 1) for the upper 
and middle Velkerri strata are also consistently uncontaminated ho-
pane signatures from rocks within the oil window.

Across this full gradient in ocean chemistry, as distinguished by 
inorganic geochemical characteristics, we found no evidence for 
any C27–C30 sterane biomarkers in any samples at levels detect-
able above our low detection limit using MRM-GC-MS (estimated 
at <0.1 ppm of total saturated hydrocarbon fraction) in our carefully 
prepared inner core portions (Figure 3). This observation stands 
even when we take into account that mid-Proterozoic rock extracts 
contain unresolvable complex mixtures (UCMs) that can potentially 
mask small amounts of sterane signal beneath the baseline “hump” 
(Pawlowska et al., 2013). For example, calibration by addition of 
nanogramme quantities of deuterated C29 sterane standard to the 
saturated hydrocarbon fractions showed that any diasteranes and/

F IGURE  3 A comparison of free (extractable) sterane profiles between the inner and outer core portions of Altree-2 sample (607.91–
607.98 m) in the upper Velkerri Fm interval as analyzed by MRM-GC-MS. The outer portion of the core was contaminated by trace quantities 
of a full suite of younger C27–C29 steranes. The inner core, however, is void of any detectable sterane signal compared for equal masses of 
rock extracted
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or regular steranes present must be lower than 0.1 ppm of the total 
alkane fractions in concentration. Overall, three important self-
consistency checks support our finding that eukaryotic sterane bio-
markers in these rocks are either absent or present in vanishingly 
small amounts below detection limits: (a) C27–30 regular steranes 
were also below detection limits in the hydropyrolysates derived 
from the corresponding kerogen phases for seven pre-extracted 
rock powders, even though kerogen-bound hopanes were detect-
able; (b) any detectable amounts of extractable trace steranes were 
only found in outer exposed core portions, which are more sus-
ceptible to contaminant inputs, but were completely absent in the 
pristine “inner” core portions analyzed separately (Figure 3); and (c) 
short-chain sterane compounds (in our case, we monitored C21+22 
steranes using the appropriate MRM-GC-MS transitions), which are 
commonly found together with the usual C27–C30 parent steranes in 
oil window-mature rocks, were also absent in the inner core extracts 

and kerogen hydropyrolysates. Additionally, gammacerane, which is 
the fossil alkane biomarker derived from tetrahymanol which can be 
synthesized by ciliated protozoans, some low-oxygen-adapted uni-
cellular eukaryotes as well as some bacteria (Takashita et al., 2017), 
is only found in trace amounts relative to hopanes in two samples 
and is below detection limits in all the others (Table 1).

In addition to the lack of discernible steranes, patterns of linear 
and branched alkanes (mostly in the C13–C24 range for n-alkanes and 
methylalkanes in total ion chromatograms), as well as identification 
of robust hopane signals using MRM-GC-MS detection for both the 
bitumen and kerogen products (Figures 4 and 5), suggest a bacteri-
ally dominated ecology that drove primary productivity as found pre-
viously from analyses of extractable bitumen from middle Velkerri 
Formation black shales from the Walton-2 core (Flannery & George, 
2014). Analyses of oil inclusions from the Bessie Creek Sandstone 
underlying the Velkerri Formation (which is the most likely source 

F IGURE  4 Comparison of C27–C33 
hopane distributions from MRM-GCMS 
of saturated hydrocarbon fractions for (a) 
Phanerozoic oil standard and (b) Altree-2 
rock bitumen extract (ca. 452 m depth) 
from the upper member of the Velkerri 
Fm. See Table 1 for peak assignments
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rock) revealed a broad range biomarkers derived mainly from bac-
teria but either lacking or having only trace quantities of eukary-
otic sterane biomarkers (Dutkiewicz, Volk, Ridley, & George, 2003). 
Overall, the geochemistry of the oil inclusions, in terms of the major 
hydrocarbon constituents, is very similar to the bitumen and source 
rocks observed from the Roper Group (Flannery & George, 2014; 
Volk, Dutkiewicz, George, & Ridley, 2003; Volk, George, Dutkiewicz, 
& Ridley, 2005). Further, since other polycyclic biomarker alkanes 
were preserved in these rocks (such as tricyclic terpanes and ho-
panes), the absence of sterane signal is not due to poor biomarker 
preservation arising from structural modification or destruction due 
to thermal cracking during burial maturation, consistent with the low 
thermal grade of the strata as already demonstrated.

Not only were regular steranes absent in the euxinic interval, but 
they were also not detected in the relatively more oxic facies, sug-
gesting that (steroid-synthesizing) eukaryotes were not ecologically 
widespread and abundant in such distal shelf marine settings during 
this mid-Proterozoic interval—in contrast to the later Proterozoic. 
Previous models have asserted that low nutrient availability and as-
sociated deficiencies in oxygen may have throttled early diversity 
and abundances of eukaryotes (Anbar & Knoll, 2002; Javaux, Knoll, & 
Walter, 2001; Lyons et al., 2014; Reinhard et al., 2013). Alternatively, 
a taphonomic bias effect has been proposed for low preservation 
potential of steroids in mid-Proterozoic rocks (Pawlowska et al., 
2013), a hypothetical mechanism termed the “mat-seal effect” in 
which enhanced microbial reworking of steroid lipids deposited on 
the surface of benthic microbial mats was proposed to preferentially 
deplete sedimentary steroid compounds in the extractable bitumen 
phase. In our study, we find no evidence for (a) short sterane com-
pounds (C21+22 steranes) with partially degraded side-chains in the 
rock bitumens, or (b) or any bound sterane compounds covalently 
linked within the (insoluble) kerogen phase which would have been 
sequestered early in the depositional history. It has been shown pre-
viously from a range of modern aquatic environments that kerogen 
formation commences very early during diagenesis, beginning in the 
water column and resulting in appreciable sequestration of biolipids 
into an insoluble macromolecular organic phase that is not readily 
biodegradable (Farrimond et al., 2003). Since the macromolecular 
host matrix protects the bound molecular constituents from micro-
bial degradation, the complete lack of any free or kerogen-bound 
sterane biomarkers detected in Velkerri Fm. rocks shown here 
suggests that the dearth of regular steranes is unlikely to be a con-
sequence of a “mat-seal” taphonomic bias operating against preser-
vation of ancient steroid biomarkers.

Full scan GC-MS analysis of aromatic fractions from the rock bi-
tumens also revealed no discernible aromatic carotenoid biomarkers 
derived from anoxygenic photosynthetic bacteria, such as Chlorobi, 
in 133 and 134 Da mass chromatograms. Despite other series of 
polyaromatic hydrocarbons being abundant, both the 2,3,6-  and 
2,3,4-trimethyl-substituted aryl isoprenoidal series were below our 
detection limit estimated at 1 ppm of the total mass of aromatic 
hydrocarbons for individual compounds. Abundant aromatic carot-
enoid biomarkers for both green and purple sulfur bacteria were 

detected previously in rocks of the 1.64 Ga Barney Creek Formation, 
also from the McArthur Basin (Brocks et al., 2005). In contrast, the 
Velkerri Formation shows no detectable aryl isoprenoids and C40 
parent carotenoid markers for anoxygenic phototrophic bacteria, 
which suggests that photic zone euxinia was not commonly sus-
tained in the depositional environment. Further, since the water col-
umn depth for Velkerri Fm. strata, deposited in deep marine settings 
on the outer slope and more distal, is likely to have been significantly 
deeper than photic zone water depths (typically down to ca. 100 m), 
then proliferation of photosynthetic benthic mats on the seafloor 
would be likely unsustainable due to low light level restrictions.

With our new results, we can comfortably assert that the ab-
sence of diagnostic biomarkers for eukaryotic organisms is not 
a product of locally inhospitable conditions due to a continuous 
absence of oxygen in the bottom waters and a corresponding 
persistence of anoxia or euxinia. The suggestion, then, is that the 
environment of the Velkerri Formation may have been, if anything, 
more favorable than many mid-Proterozoic settings. Specifically, the 
Velkerri was likely marked by at least episodically hospitable waters 
during an interval in Earth history more generally characterized by 
delayed eukaryotic proliferation in more prominently inhospitable 
oceans. In other words, the Velkerri Formation provides a special if 
not unique environmental window to sample the global evolutionary 
state of complex life—free of local redox bias.

Molecular clock studies (Gold, Caron, Fournier, & Summons, 
2017) predict that sterol synthesis evolved early in eukaryotic evo-
lution significantly prior to the diversification of crown group eu-
karyotes and that the last eukaryotic common ancestor LECA was 
probably capable of making sterols (Desmond & Gribaldo, 2009). In 
support of this, bacterially derived steroids with methylation pre-
served at C-4 (Wei, Yin, & Welander, 2016) have been reported in 
immature rocks from ca. 1.64 Ga Barney Creek Formation (Brocks 
et al., 2005) showing that steroid synthesis significantly predates 
the 1.3–1.4 Ga Roper Group. A fundamental conclusion of our study 
then is that eukaryotes did not make significant contributions to 
the sedimentary organic matter deposited in the McArthur Basin, 
as gauged from biomarker abundance patterns, suggesting that eu-
karyotes were not abundant marine primary producers during this 
interval of the mid-Proterozoic. One important caveat is that low-
oxygen-adapted eukaryotes which did not possess sterols may have 
been part of the community structure, since a few anaerobic protists 
have recently been shown to lack either sterols or tetrahymanol in 
their cell membranes (Takashita et al., 2017). Both a low abundance 
of microbial eukaryotes relative to bacteria and the possibility of 
adapted eukaryotic protists that did not make steroids or tetrahy-
manol can potentially reconcile the finding of eukaryotic microfossils 
in Roper Group strata (Javaux, Knoll, & Walter, 2004) but no detect-
able record of established eukaryotic biomarkers.

A recent consensus has emerged from careful analysis of low ma-
turity ancient sedimentary rocks that C27–C30 steranes, biomarkers 
sourced from eukaryotes, are below detection in rock bitumens for 
mid-Proterozoic strata and more generally in rocks older than ca. 
800 Ma (Blumenberg, Thiel, Riegel, Kah, & Reitner, 2012; Brocks 
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et al., 2005, 2015, 2017; Flannery & George, 2014; French et al., 
2015; Isson et al., 2018; Luo et al., 2015; Pawlowska et al., 2013). 
Indeed, the oldest robust reports of ancient steranes derive from 
rocks of the Chuar Group and Visingsö Group (700–800 Ma) using 
the high sensitivity of MRM-GC-MS for biomarker detection (Brocks 
et al., 2015, 2017). In contrast, abundant hopanes derived from di-
verse bacterial source are ubiquitous in immature rocks as far back as 
1.64 Ga (Brocks et al., 2005). The most parsimonious interpretation 
of the lack of detectable steranes in our view is that aerobic eukary-
otes did not become ecologically widespread and abundant in the 
global oceans until well into the Neoproterozoic era (Brocks et al., 
2017) and that source biota in mid-Proterozoic and older oceans 
were dominated by bacteria (Brocks et al., 2005, 2017; Flannery & 
George, 2014; Isson et al., 2018; Luo et al., 2015). A recent molecu-
lar clock analysis (Gibson et al., 2017) predicts that photosynthesis 
did not actually emerge in Eukarya until ca. 1.25 Ga, and this could 
help explain the bacterial ecological dominance of Roper Group bio-
marker assemblages, although the divergence time uncertainties for 
such estimates can be large and this innovation does not coincide 
with the ubiquity of eukaryotic steranes in ancient rocks being de-
layed until ca. 800 Ma and younger, as described above.

Previous microfossil studies indicate only a modest 
Mesoproterozoic eukaryote diversity as gauged from acritarchs 
(Beghin et al., 2017; Javaux et al., 2004), even from settings in-
terpreted as oxic in the Mesoproterozoic ocean (Sergeev, Knoll, 
Vorob’eva, & Sergeeva, 2016; Sperling et al., 2014). Furthermore, the 
apparent disparity between some occurrences of Mesoproterozoic 
eukaryotic acritarchs yet no detectable record of regular ster-
anes appears to continue till 1.0 Ga in the Malgin Formation of the 
Siberian Platform (Suslova, Parfenova, Saraev, & Nagovitsyn, 2017), 
while thermally immature rocks from the 1.1 Ga Atar Group were 
also shown to be devoid of steroid biomarkers (Blumenberg et al., 
2012). While microfossil analysis is the most sensitive and appro-
priate approach for assessing the first appearance of eukaryotic 
cells in ancient sedimentary rocks, discernible acritarch microfossils 
typically represent only a small mass fraction of the total ancient 
sedimentary organic matter (mainly amorphous kerogen) and thus 
it is difficult to quantify the eukaryotic contributions without lipid 
biomarker source input constraints. Insights from a combination of 
microfossil and biomarker approaches in the studies of Proterozoic 
geobiology are hence useful and complementary.

4  | CONCLUSIONS

Iron and trace-metal data from the Velkerri Formation reveal that 
there was more apparent temporal variability in the marine redox 
conditions, at least locally and perhaps globally, during the mid-
Proterozoic than was previously recognized through analysis of 
the same interval (Kendall et al., 2009; Mukherjee & Large, 2016; 
Shen, Canfield, & Knoll, 2002; Shen et al., 2003; Yang et al., 2017). 
Overall, the system appears to have evolved from one that was 
dominantly oxic during deposition of the lower Velkerri Formation 

to euxinic in the middle Velkerri. More specifically, the middle unit 
is marked by evidence for a transient period of euxinia bracketed by 
evidence for more persistent water column sulfide prior to the dep-
osition of the upper Velkerri, as supported by the combined Fe and 
Mo data. The upper Velkerri Formation shows an intriguing combi-
nation of low trace-metal abundances but numerous Fe speciation 
data suggesting frequent ferruginous but not euxinic deposition—
with other Fe speciation data that are more reasonably attributed 
to oxic conditions. The lack of U and V enrichment places possible 
constraints on the limited duration of the anoxic conditions—and 
the relative rates of U and V versus Fe enrichment—and the pos-
sibility of V and U remobilization under conditions of rapid redox 
variability (and subsequent oxic overprints specifically). The Fe sig-
natures of ferruginous conditions, by contrast, could be retained 
even if reduced Fe phases were oxidized. The most likely scenario 
for the upper interval is one of oscillatory redox between oxic and 
anoxic marine deposition.

A recent view of the mid-Proterozoic ocean redox structure was 
presented in Planavsky et al. (2011) and Poulton and Canfield (2011), 
which suggests a dominantly ferruginous deep ocean with euxinia 
limited to productive margins (see also Reinhard et al., 2013; as re-
viewed in Lyons et al., 2014). Our data—specifically comparatively 
high Mo contents in the middle euxinic interval and suggestions 
from the Fe speciation data for at least intermittently oxic condi-
tions above and below, perhaps at some appreciable water depth 
given the fine-grained nature of the sediments—suggest redox vari-
ability and an interval of relatively oxic marine conditions in the 
mid-Proterozoic. The depth, lateral extent, and concentrations of 
marine oxygenation are difficult to constrain and in no way unambig-
uously demand widespread oxygenation during this interval. These 
inferred conditions for the Velkerri Formation do, however, make 
it a particularly attractive target in our search for eukaryotic bio-
signatures—within a framework of both local and global redox and 
implied nutrient controls. Moreover, we should be able to infer qual-
itatively variations in productivity and organic matter preservation 
across local redox gradients, if those local controls dominated the 
eukaryotic signal strength. In other words, we looked for eukaryotic 
signals in facies expected to favor their production (oxic) and pres-
ervation (anoxic)—recognizing that anoxic bottom waters can record 
(with strong fidelity) eukaryotic production in shallow, overlying oxic 
waters. At the same time, proximal deeper anoxic waters can chal-
lenge shallow eukaryotic life through upward mixing of those waters 
(Hardisty et al., 2017).

Despite our careful, independent consideration of primary redox 
controls, biomarker data across the three intervals of the Velkerri 
Formation show no clear evidence for the presence of the regular 
sterane compounds that are considered diagnostic of eukaryotic life, 
even in strata with appreciable TOC and suggestions of oxic deposi-
tion. In addition, there are no significant detectable levels of aromatic 
carotenoid biomarkers for green and purple sulfur bacteria; thus, sub-
stantial anoxygenic photosynthesis could not have been supported 
as a major mode of primary production at least in this setting at this 
time (Johnston et al., 2009). The lack of aryl isoprenoids and C40 
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parent carotenoid markers for anoxygenic phototrophic bacteria in the 
Velkerri Formation contrasts biomarker evidence for green and pur-
ple sulfur bacteria found in the older Barney Creek Formation (Brocks 
et al., 2005). We are left with the conclusion that photic zone eux-
inia, if present, was perhaps of relatively limited extent during deposi-
tion of the Velkerri Formation even though deeper euxinic conditions 
were relatively widespread compared to the modern record (Reinhard 
et al., 2013). While we are providing only one snapshot of the mid-
Proterozoic world, it also raises doubts as to whether euxinia was shal-
low and abundant enough to support appreciable anoxygenic primary 
production via sulfide oxidation—particularly in open marine settings. 
Overall, the absence of eukaryotic biomarker signals in our sam-
ples—despite our careful search within a paleoenvironmental context 
informed by iron mineral and trace element geochemistry—suggests 
that other controls such as synergistic long-term nutrient and ecolog-
ical factors may have held complex eukaryotic life at bay pending the 
profound environmental changes that marked the later Proterozoic.
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