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ABSTRACT OF THE THESIS

A Geochemical Study of the 1.4 Ga Roper Group, Northern Australia: A Window to
Environmental Conditions and Life During the Mid-Proterozoic

by

Kevin D. Nguyen
Master of Science, Graduate Program in Geological Sciences
University of California, Riverside, December 2014
Dr. Timothy W. Lyons, Chairperson

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-carbon
isotope data. Despite the first appearance and early innovation among eukaryotic
organisms, this period is also known for a rarity of eukaryotic fossils and organic
biomarker fingerprints, suggesting low diversity and relatively small populations
compared to the interval that followed. Nevertheless, the search for diagnostic
biomarkers has not been performed within an independent paleoenvironmental context
that should reveal the facies that were most likely hospitable to these oxygen-requiring
organisms. Shales and mudstones obtained from drill core of the ca. 1.45 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
metamorphosed, and previous geochemical data show a relatively strong connection to
the open ocean compared to other mid-Proterozoic records. Consequently, conditions
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captured in the Roper Group may better reflect the redox state of the ocean margin and
may reveal eukaryote-favoring setting. Despite this potential, a comprehensive, multi-
proxy study of the Roper Group had not been undertaken. Here we present one of the first
integrated investigations of Precambrian biomarkers performed within a strict inorganic
proxy context. Results show a textured paleoredox structure for the Velkerri Formation,
vacillating between oxic and anoxic, even euxinic conditions in the water column.
Despite this variability, including the likely presence of oxic bottom waters, we see no
evidence for the sterane compounds that would point convincingly to the presence of
eukaryotes in this marine basin roughly 1.45 Ga. Also missing are the aryl isoprenoids
that would delineate shallow photic zone euxinia and thus the likelihood of appreciable
anoxygenic primary production, even though the iron and trace metal data are consistent
with the presence of euxinia deeper in the water column. The absence of eukaryotic
signals—despite our search across oxic and anoxic facies that should favor their
habitability and the preservation of their records, respectively—suggests that other
controls such as long-term nutrient and oxygen deficiencies may have throttled the

distributions and diversity of early complex life.
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INTRODUCTION

The mid-Proterozoic is well known for its long-lived geochemical stasis, showing
only subtle variation in carbonate §'°C spanning this interval (Brasier and Lindsay,
1998). By this time, eukaryotes had emerged and diversified (Knoll et al., 2006), but their
evolutionary development was apparently stifled so that diversity patterns and
abundances were persistently low compared to the later Neoproterozoic (Knoll et al.,
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 biogeochemical
and paleobiological stasis (Lyons et al., 2014; Reinhard et al., 2013). Despite important
innovations during this interval, this apparent monotony relative to the events that
followed has led to the common referral of the period 2.0 and 0.8 Ga as the “dullest time
in Earth’s history” (Buick et al., 1995).

Our current understanding of the redox chemistry of the mid-Proterozoic ocean is
that the surface waters were most likely oxygenated, while the deeper low-oxygen waters
were marked by sulfidic (euxinic) zones at intermediate depths, particularly along the
highly productive ocean margins. Iron-rich anoxic (ferruginous) conditions dominated at
greater depth (Lyons et al., 2009). The redox structure of the ocean at that time controlled
the patterns and rates of evolution by modulating the spatiotemporal distribution of
essential macro- and micro-nutrients, as well as overall availability of oxygen (Reinhard
et al., 2013; Scott et al., 2008). It has been suggested that biological feedbacks, including
sulfide-based anoxygenic photosynthesis (Johnston et al., 2009), would tend to maintain a

world in which oxygen levels were low and sulfide levels were high to the point of



limiting 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 limited availability of the trace
metal micronutrients such as molybdenum that are critical in offsetting nitrogen fixation)
can result in reduced availability of organic matter required to sustain anoxia via aerobic
respiration and to support sulfide production via microbial sulfate reduction (Lyons and
Reinhard, 2009; Scott et al., 2008). The apparent balance among these feedbacks 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 its 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 approximately 2.4 to 2.3 Ga (Bekker et al., 2004; Lyons et al.,
2014), and another biospheric oxygenation estimated between 800 to 550 Ma (Och and
Shields-Zhou, 2012; Sahoo et al., 2012) that was coincident with the arrival of animals.
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 and mudstones 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 et al.,

1988). Most importantly, sedimentological and geochemical data suggest a relatively



strong connection to the open ocean (Jackson et al., 1988; Jackson et al., 1986; Jackson
and Raiswell, 1991). As a result, conditions 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 integrated geochemical study of the Roper
Group—with the goal of performing organic biomarker work within a tight inorganic
geochemical context that defines a gradient in habitability and thus potential eukaryotic
inhabitation. Our results suggest that controls other than local redox modulated the
distribution of eukaryotic organisms in the mid-Proterozoic ocean.
SAMPLING LOCATION AND LITHOLOGY

Much of the attention drawn to the McArthur Basin was through the discovery of
“live o1l” 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 the McArthur Basin is
located at the tip of northern Terrirtory of Australia, near the Gulf of Carpentaria, and
occurs over an area of at least 145,000 km? with a maximum thickness of approximately
5000 m (Abbott and 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 km? (Jackson and Raiswell, 1991). (Jackson et al., 1999) reported U-Pb age of
1.492 + 4 Ma from the lowermost member of the Roper Group, the Mainoru Formation.
The Altree-2 drill core was sampled over a depth interval of 440 — 1250 m, covering the

full thickness of the Velkerri Formation. The formation is divided into three informal



subunits—the upper, middle, and lower Velkerri. Starting with the upper Velkerri,
samples spanning 441 — 666 m are comprised of shale with minor laminated and
interbedded mudstone. The middle Velkerri is covered by samples spanning from 705 —
933 m and consists of shale grading to mudstone. Lastly, the lower Velkerri—with
samples spanning from 1000 to 1130 m—is comprised of mudstone grading locally to
shale, with the remaining 1130 — 1242 m comprised of mudstone interbedded with very
fine sandstone.

METHODS

Sampling specifically targeted shales and mudstones in drill core 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 infrared absorption of CO; using an Eltra CS-500 equipped
with a furnace and acidification module. TC and TS were determined via combustion at
1400° C, while TIC was liberated via reaction with 4N HCI. Total organic carbon (TOC)
was calculated by difference.

Sequential extraction of reactive Fe phases was carried out using the previously
described method (Poulton and Canfield, 2005) and analyzed on a Agilent 7500ce
quadrupole inductively coupled plasma mass spectrometer (ICP-MS). Reproducibility of
Fe speciation measurements, based on replicate analyses within and between sample
batches, was better than 93%.

Pyrite iron (Fepy) was quantified using chromous chloride distillation followed by

titration with iodine as outlined in (Canfield et al., 1986). A pyrite standard was utilized



in every sample batch, averaging 76% recovery with a standard deviation of 7.8 %. Iron
relationships were also assessed using the conventional degree of pyritization technique
(DOP) (Raiswell et al., 1988), whereby residual (unpyritized) ‘reactive’ Fe is extracted
using a boiling, 12N 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 indication of that condition in the ancient water
column (see review in (Lyons and Severmann, 2006). Once extracted, the amount of iron
was quantified spectrophotometrically using the standard ferrozine method. Replicate
analysis yielded a standard deviation of 0.25 wt. %.

Pyrite sulfur in the samples was also extracted using the Cr reduction method for
sulfur isotope analysis via a silver nitrate trap, rather than the zinc acetate solution used
for the pyrite-S quantification by iodometric titration. The resulting silver sulfide was
homogenized with excess V20s and combusted online for analyses of **S/3?S ratios using
a Thermo Delta V mass spectrometer, which are reported using the delta notation as per
mil (%o) deviations from the Vienna Canyon Diablo Troilite (VCDT) standard.
Reproducibility was better than 0.14 %o based on single-run and long-term standard
monitoring (additional analytical details for the DOP and 8°**S determinations are
provided in the supplementary materials).

A multi-acid digestion technique was employed for trace-metal analysis. Samples
were ashed at 900° C for 24 hours, and mass lost through ignition was recorded prior to

undergoing acid digestion (HF, HNO3, and HCI). 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.

For organic biomarker analysis, select samples were trimmed with a rock saw to
expose a solid core and the resulting chips were solvent-rinsed prior to powdering. Lipid
biomarkers were extracted in 9:1 vol/vol dichloromethane/methanol using a Microwave
Accelerated Reaction System (CEM Corp.) and whole bitumens were separated into
saturates, aromatics, and polar (N,S,0 compounds) fractions by silica column
chromatography. Gas Chromatography-Mass Spectrometry (GC-MS) was performed in
full scan mode over a mass range of 50 to 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 x 0.32 mm, 0.25um 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.

Metastable Reaction Monitoring Gas Chromatography-Mass Spectrometry (MRM
GC-MS) was conducted with a Waters AutoSpec Premier mass spectrometer equipped
with an Agilent 7890A gas chromatograph and DB-1MS coated capillary column (60m x
0.25 mm, 0.25um film) using splitless injection and He for carrier gas to probe
polycyclic alkane biomarker distributions in detail. 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.

Biomarker compounds were identified based on retention time and published mass



spectra and quantified in MRM GC-MS by comparison with a deuterated C»9 sterane
internal standard (d4-aaa-24-ethylcholestane (20R), Chiron Laboratories, AS), assuming
equal response factors between sample compounds and the internal standard. Individual
yields of hopane and sterane diastereoisomers found in laboratory procedural blanks were

typically <0.2 ng of individual compounds.

RESULTS AND DISCUSSION
Figure 1.
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Stratigraphic column (emphasizing shales and mudstones) for drill core Altree-2 from the
Velkerri Formation, Roper Group with stratigraphic variations of: TOC/TIC/TS; DOP;
Fenr/Fer; Fepy/Fenr. Fer/Al; 8°*Spyrite; %Rc; and a representation of the Velkerri
Formation redox structure. Feur/Fer ratios greater than 0.4 reflect anoxic deposition.
Fepy/Fenr ratios above 0.8 reflect euxinic deposition (Poulton and Canfield, 2011).
Fer/Al ratios below 0.4 to 0.5 reflect an oxic setting, while a ratio of 0.6 to 1.0 indicates
anoxia/euxinia. Dashed line represents average oxic marine values for the Fe speciation
data. TOC—total organic carbon; TIC—total inorganic carbon; TS—total sulfur; DOP —
Degree of Pyritization; Feur—highly reactive iron; Fet—total iron; Fepy—pyrite iron;
%Rc—uvitrinite reflectance equivalent.



Total Organic Carbon, Inorganic Carbon, and Total Sulfur

TOC content is abundant in most samples (Fig. 1), with values ranging from zero
to as high as 8.8 wt. %. 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 values. 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 values and 6.2 wt. % in the upper Velkerri. High
organic content observed in the Velkerri Formation is interpreted to reflect high but
varying organic carbon burial against a backdrop of relatively low clastic dilution
(Warren et al., 1998). TIC content for the majority of the samples were unvaryingly low
throughout the sequence, ranging from zero 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 detection to 1 wt. % in the upper
Velkerri.
The Iron Paleoredox Proxies and 3*S

Highly reactive iron (Fenr) is comprised of pyrite iron (Fepy) and other iron-
bearing phases that display a broad scale of reactivity towards sulfide in the water column
and/or during early diagenesis—i.e., ferric (oxyhydr)oxides (Feox), magnetite (Femag),
and iron associated with carbonate (Fecarn) (Poulton and Canfield, 2005). Modern marine
sediments deposited beneath oxic waters exhibit Feur/Fer ratios that average about 0.2

and seldom exceed 0.38, which is the upper limit for oxic deposition (reviewed in



Poulton and Canfield, 2011). Values above this threshold imply anoxic deposition
(Raiswell and Canfield, 1998). 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 and Severmann, 2006; Taylor and McLennan,
1985). If anoxia is indicated by high Feur/Fer and Fet/Al ratios, the Fepy/Fenr ratio can
further distinguish between anoxia and euxinia because under euxinic conditions,
appreciable Fe?" and solid highly reactive Fe phases cannot co-exist simultaneously with
free H>S in the water column—with the result of near-complete conversion of Fenr to
pyrite and thus high Fepy/Fenr ratios.

Values for Fenr/Fer and Fer/Al in the lower Velkerri suggest oxic deposition
(Fig. 1, tables in supplementary material), with ratios falling below 0.2 and slightly
elevated above 0.4, respectively. 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)—specifically the enrichments that are diagnostic of anoxic
conditions—via extreme detrital inputs (Lyons and Severmann, 2006). However,
Feunr/Fer values in the middle and upper units are often elevated, and the persistence of
shales/mudstones throughout all three subunit makes it difficult to argue for significant
temporal changes in rates or patterns of sedimentation tied, for example, to varying water
depth. Moreover, previous work has shown that comprehensive dilution of the Feur
enrichments that are diagnostic of anoxia seems to require extremely high rates of
sedimentation (Lyons and Severmann, 2006). Although false positives for oxic deposition

are possible, we should be able to recognize these extremes using standard



sedimentological and stratigraphic criteria. Finally, the presence of some high values for
Fepy/Fenr in the lower interval, despite low Feur/Fer, suggests sulfidic buildup in pore
fluids beneath oxic bottom waters, as is observed in marine sediments today (Canfield et
al., 1992). The higher observed organic contents of these thin intervals, relative to those
immediately above and below, would have favored intense diagenetic pyrite formation.
A water column transition to euxinia in middle Velkerri is suggested by
simultaneously elevated Feur/Fer, Fer/Al, and Fepy/Fenr. These values taper off
gradually 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 (Fig. 1). The same
upper portion of the middle interval is also marked by an obvious decrease in 8**S values.
Such isotopically light values can be interpreted to reflect a predominance of water
column (euxinic) pyrite formation under more open-system conditions (Lyons, 1997).
The remaining values show the typical **S enrichments seen commonly in the mid-
Proterozoic, which are often attributed to generally low sulfate availability in the ocean at
this time (Canfield et al., 2010; Kah et al., 2004; Shen et al., 2003). The heaviest value,
+25.8 %o, occurs in the upper Velkerri and closely matches a past estimate for the
isotopic composition of the Roper seawater sulfate (Muir et al., 1985). Towards the upper
Velkerri, values for Fer/Al remain elevated, while those of Fenr/Fer oscillates—
suggesting ferruginous and oxic conditions. Ferruginous rather than euxinic conditions
are confirmed by Fepy/Fenr ratios that are only intermediate in magnitude. Overall, the

iron proxies reveal a textured paleoredox structure for Velkerri Formation—from oxic
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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.

Figure 2.
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Stratigraphic column (emphasizing shales and mudstones) for drill core Altree-2 from the
Velkerri Formation, Roper Group with stratigraphic variations of: Mn; Mo; Mo/TOC; U;
V; and a representation of Velkerri Formation redox structure. Mo/TOC panel has been
culled (TOC with values less than 1 wt. % were not included) to accurately reflect the co-
variation. Dashed line in trace-metal panels represents average values of the continental
crust. Mn—Manganese, Mo—Molybdenum, U—Uranium, V—Vanadium, TOC—total
organic carbon.
Trace-Metal Proxies

Molybdenum (Mo), uranium (U), and vanadium (V) concentrations generally
track TOC throughout the sequence (Fig. 2, tables in supplementary material) and are at
crustal levels in the lower Velkerri and 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., 2009) and (Partin et al., 2013), respectively. Mo, U, and

V concentrations return to crustal levels in the upper Velkerri. Strong enrichment in Mo
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convincingly argues for euxinic deposition because Mo burial is favored under reducing
conditions marked by appreciable H>S in the water column, with the lower enrichments
being characteristic of sulfide that is confined to the pore waters (Scott and Lyons, 2012).
Mo enrichment can also track the availability of organic carbon in euxinic systems
(Algeo and Lyons, 2006), but we observe the same stratigraphic trend for Mo/TOC (Fig.
2)—suggesting that we are not missing a euxinic interval because of low TOC. Uranium
and V on the other hand require a less reducing conditions and can be enriched in
sediments marked by anoxic but not necessarily euxinic conditions (Tribovillard et al.,
2006) (see supplementary material for a related discussion of V geochemistry and (Partin
et al., 2013) for more 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 largest known for the mid-Proterozoic. Magnitudes of local Mo and U enrichment in
euxinic sediments are controlled by the spatial extent of euxinia and anoxia in the global
ocean (e.g., (Partin et al., 2013; Reinhard et al., 2013; Scott et al., 2008). As such, these
relatively high Mo and U values may mark an transient oxidation event in the ocean-
atmosphere system during the mid-Proterozoic (see (Reinhard et al., 2013).
Concentrations for Mo, U, and V above and below the middle interval are at near-
crustal levels. Despite evidence for intermittently ferruginous waters in the upper part,
Feunr/Fer ratios are generally low in both intervals. Collectively, the trace-metal and Fe
speciation results imply common, at least moderate levels of marine oxygenation, locally

and perhaps globally, throughout the Velkerri time of the mid-Proterozoic. Consequently,
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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 dominantly oxic (lower Velkerri) or vacillating between ferruginous and oxic
conditions (upper Velkerri). These Mn enrichments suggest greater Mn-oxide burial,
implying appreciable oxygen in the water column (Calvert and Pedersen, 1993; Froelich
et al., 1979). Furthermore, Mn appears to be tracking TIC, which we assume to reflect
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, resulting in dissolved Mn buildup in the subsurface anoxic
portions of the pore water profile and subsequent carbon precipitation (Calvert and
Pedersen, 1996; Calvert and Pedersen, 1993).

Organic Biomarkers

Operating within our inorganic geochemical framework can yield nuanced
information that can resolve longstanding questions about the extent of mid-Proterozoic
eukaryotic development, the environmental background, and the nutrient conditions of
their early evolution. In this context, we look for possible biomarkers by targeting depths
that had relatively high TOC (greater than 1 wt. %); high and low Mo concentrations; and
facies overall that reflect varying depositional redox, including independent suggestions

of at least intermittently hospitable oxic conditions in the bottom waters. Consequently,
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selected samples cover most of the Velkerri Formation, ranging from 452 — 1205 m,
(tables in supplementary material).

Although lipid biomarkers can contribute a better understanding of the mid-
Proterozoic ocean chemistry and biology, there is also a drawback—because of the nature
of mature Precambrian rocks; certain signals may sometime be indistinguishable from
noise. As a result, contamination is the primary concern—from migration of
hydrocarbons across a billion or more years of burial history, or from oil used to drill the
cores. Fortunately, this can be abated through meticulous methodology designed to
identify obvious contamination. E.g., methylphenanthrene index (MPI-1)—a maturity
parameter, can check for systematic changes in the sample to ensure that the bitumen
records have not been compromised by high thermal overprints (Radke and Welte, 1981).
Recall that column chromatography separates the total lipid extract (TLE) into three
fractions: saturates, aromatics, and polar. Only the saturate and aromatic fractions were
analyzed for this study to generate various parameters such as hopane, sterane ratios; 2-
and 3-methylhopane indices; and absolute yields of individual biomarkers (Table 1).

Detection of short chain n-alkane and hopane signals found in saturate fractions
suggests a bacterially dominated ecology that drove primary productivity. Importantly,
the robust presence of these compounds is inconsistent with loss of original steranes in
our samples via thermal overprints. In addition, the aromatic fractions analysis performed
by Geomark Research reported a lack of 3-carotane and no aromatic carotenoid, below

detection limit of 1-ppm carotenoid to micrograms/g aromatic fraction.
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MPI-1 (Table 1) showed apparent linear correlations with depth—values began
increasing from 0.49 at 725 m (middle Velkerri) to as high as 1.48 at 1205 m (lower
Velkerri). This result is consistent with previous analyses of the same core (Summons et
al., 1994). In addition, % Rc (vitrinite reflectance calculated from MPI-1) display the
same linear trend (Fig. 1). Cross-checking with C»7 hopanes 18a(H)-22,29,30-
trisnorhopane II (Ts) and 17a(H)-22,29,30-trisnorhopane (Tm)—where Ts is the stable
thermodynamic configuration and degrades into Tm with increasing temperature—a ratio
where Ts/(Ts + Tm) approaches 1 represents an increase in maturity (Seifert and Michael
Moldowan, 1978). In the Velkerri, Ts/(Ts + Tm) ratio is observed at 0.59 at 452 m (upper
Velkerri), and increases to as high as 0.76 at 852 m (middle Velkerri). Moreover,
moretanes (Bo—isomers) are thermodynamically less table than the a3-hopanes, thus
their abundances should decrease relatively to thermal maturity. The low ratios of Czo
Ba—isomers/aB—isomers observed in the Velkerri verifies that these rocks are not
immature.

Another parameter that utilizes 2-methylhopanes, can be produced as major lipids
by cyanobacteria and some soil proteobacteria (Summons et al., 1999). It has been shown
that 2-methylhopane can be produced anoxygenically by a bacteria strain—
Rhodopseudomonas palustris (Rashby et al., 2007). 2-MeH indices were as low as 1.7 %
at 508 m (upper Velkerri) and as high as 8.2 % at 725 m (middle Velkerri).

3-methylhopanes on the other hand, are produced by Type I methanotrophic
proteobacteria and acetic acid bacteria (Farrimond et al., 2004). Thus, a high ratio of Cs;

3-methyhopane index can act as a proxy for past aerobic methanotrophic activity. 3-MeH
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indices were as low as 1.6 at 561 m (upper Velkerri) and as high as 9.5 % at 706 m
(middle Velkerri). Interestingly, high 3-MeH indices (average 5.7 %) were observed in
the Barney Creek Formation (Brocks et al., 2005), suggesting high levels of aerobic
methane oxidation. However, it is important to note that not all methanotrophs actually
produce 3-MeH, such as Type II methanotrophic bacteria. Thus, high 3-MeH may not
truly reflect the levels of methane activity, perhaps even underestimating it. (Brocks et
al., 2005) also reported evidence for green and purple sulfur bacteria, reflecting photic
zone euxinia, in rocks of the 1.64 Ga Barney Creek Formation also from the McArthur
Basin. In contrast, the Velkerri Formation shows a lack of aryl isoprenoids and Cao parent
carotenoid markers for anoxygenic phototrophic bacteria, consistent with a lack of photic
zone euxinia.

Across this full gradient in ocean chemistry, we found very low to no evidence
near detection limit for steranes, as observed in the C»7Sterane and Co1+22Sterane ratios—
even in the relatively more oxic facies, suggesting that eukaryotes were not abundant
during this mid-Proterozoic period in Earth history compared to the later Proterozoic.
Previous models have asserted that low nutrient availability and associated deficiencies in
oxygen may have throttled early diversity and abundances of eukaryotes (Anbar and
Knoll, 2002; Javaux et al., 2001; Lyons et al., 2014; Reinhard et al., 2013). With our new
results, we can comfortably assert that the absence of diagnostic biomarkers for
eukaryotic organisms is not a product of locally inhospitable conditions due to low
oxygen content. The suggestion, then, is that the environment of the Velkerri Formation

may have been anomalously favorable—marked by at least episodically hospitable waters
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during an interval in Earth history more generally characterized by delayed eukaryotic
proliferation in more prominently inhospitable oceans, despite important early steps in
innovation. In other words, the Velkerri Formation provides an ideal environmental
window to sample the global, evolutionary state of complex life—free of local redox
bias—yet a fundamental conclusion is that eukaryotes did not make significant
contributions to the sedimentary organic matter deposited in the McArthur Basin
suggesting that eukaryotes were not abundant marine primary producers during this

interval of the mid-Proterozoic.

Table 1.
TOC (wt.

Depth (m) %) MPI 9%Rc Ts/Tm Ts/(Ts+Tm)
452.14-.22 1.5 045 0.67 143 0.59
508.35-.44 1.4 059 075 1.60 0.62
561.58-.64 1.2 057 074 173 0.63
607.91-.98 2.6 053 072 1.10 0.52
663.83-.91 5.0 051 071 166 0.62
706.87-.96 7.8 051 071 195 0.66
725.76-.88 7.6 049 069 292 0.74
852.68-.76 3.3 085 091 311 0.76
932.88-.92 55 096 098 170 0.63
1125.55-.57 3.4 141 1.25 - -
1205.18-.20 3.9 148 1.29 - -
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Depth (m)  C29aB/C300f C30Ba/C30af C3lap S/(S + R)

452.14-.22 0.89 0.07 0.55
508.35-.44 0.71 0.06 0.57
561.58-.64 0.69 0.06 0.59
607.91-.98 0.72 0.05 0.52
663.83-.91 0.74 0.06 0.58
706.87-.96 0.89 0.06 0.57
725.76-.88 0.53 0.05 0.55
852.68-.76 0.81 0.09 0.64
932.88-.92 0.51 0.08 0.55
1125.55-.57 - - -

1205.18-.20 - - -

Depth (m)  2aMeH Index (%) 3BMeH Index (%)

452.14-.22 5.9 2.4
508.35-.44 1.7 5.6
561.58-.64 2.4 1.6
607.91-.98 5.9 2.7
663.83-.91 7.1 5.9
706.87-.96 5.3 9.5
725.76-.88 8.2 3.0
852.68-.76 5.3 2.9
932.88-.92 2.8 8.5
1125.55-.57 - -

1205.18-.20 - -
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Depth (m)

2aMeH Yield (ng/g TOC)

3BMeH Yields (ng/g TOC)

452.14-.22
508.35-.44
561.58-.64
607.91-.98
663.83-.91
706.87-.96
725.76-.88
852.68-.76
932.88-.92

1125.55-.57
1205.18-.20

0.05
0.01
0.01
0.01
0.17
0.46
0.03
0.01
0.01

Depth (m)

C27St//C30ap C21 + C225t/C30a

452.14-.22
508.35-.44
561.58-.64
607.91-.98
663.83-.91
706.87-.96
725.76-.88
852.68-.76
932.88-.92

1125.55-.57
1205.18-.20

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.02
0.05
0.01
0.00
0.14
1.24
0.01
0.01
0.03

Selected lipid biomarker ratios for Precambrian rock extracts. MPI, %Rc, Ts/Tm,
Ts/(Ts+Tm), Ca9H/CaoH, C30M/CzoH, Ca1H 22S/(Ca1H 22S + C31H 22R), Ca1
2aMeH/(Cs1 2aMeH + CzoH), Cs1 3bMeH/(Ca1 3bMeH + C30H), C27St//C30H, C21St +
C22St/CzoH. MPI—methylphenanthrene index, %Rc—uvitrinite reflectance equivalence,

Hopane—H, Sterane—St, MeH—Methylhopane.

CONCLUSIONS
Iron and trace-metal data from the VVelkerri Formation reveal that there was more

apparent temporal variability in the marine redox conditions during the mid-Proterozoic

than was previously recognized through analysis of the same interval (Kendall et al.,
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2009; Shen et al., 2002; Shen et al., 2003). 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 before evidence for water column sulfide that persisted to
the upper Velkerri, as supported by the combined Fe and Mo data. The upper Velkerri
Formation shows an intriguing combination 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 possibility
of V and U remobilization under conditions of rapid redox variability (and subsequent
oxic overprints specifically). The Fe signatures of ferruginous conditions, by contrast,
could be retained even if reduced Fe phases were oxidized. (In fact, episodes of euxinia
could be masked this way [with spurious signatures for ferruginous waters] through
penecontemporaneous pyrite oxidation.) The bottom line for the upper interval, however,
is one of oscillatory redox between oxic and anoxic deposition.

More recently, an emerging view of the mid-Proterozoic ocean redox was
presented in (Planavsky et al., 2011) and (Poulton and Canfield, 2011), suggesting a
dominantly ferruginous deep ocean with euxinia limited to productive margins (see also
(Reinhard et al., 2013) reviewed 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 conditions above and below, perhaps at
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some appreciable water depth given the fine-grained nature of the sediments—suggest an
interval of relatively oxic marine conditions in the mid-Proterozoic. We freely admit that
the depth, lateral extent, and concentrations of marine oxygenation are difficult to
constrain and in no way imply a significant oxygenation event. These inferred conditions
for the Velkerri Formation do, however, make it a particularly attractive target in our
search for eukaryotic life—within a framework of both local and global redox and
implied nutrient controls. Moreover, we should be able to infer qualitatively productively
and organic matter preservation variations 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 preservation
(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 challenge shallow eukaryotic life through upward mixing of
those waters.

Despite our careful, independent consideration of primary redox controls,
biomarker data across the three intervals of the Velkerri Formation show no evidence for
the presence of the sterane compounds that are diagnostic of eukaryotic life, even in areas
with high TOC and suggestions of oxic deposition. In addition, there are no detectable
levels of aryl isoprenoids, thus anoxygenic photosynthesis could not have been supported
at least in this setting at this time (Johnston et al., 2009). The lack of aryl isoprenoids and
Cao parent carotenoid markers in the Velkerri Formation contrasts biomarker evidence for

green and purple sulfur bacteria found in the older Barney Creek Formation (Brocks et
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al., 2005). We are left with the conclusion that euxinia was of relatively limited extent
during deposition of the Velkerri Formation in the mid-Proterozoic but was still more
widely present than in today’s ocean, which is estimated to be euxinic over
approximately 0.1% of the seafloor (Reinhard et al., 2013). While we recognize the need
for more data, we might be able to surmise that euxinia was seldom shallow and abundant
enough to support appreciable anoxygenic primary production via sulfide oxidation—
particularly in open marine settings. The absence of eukaryotic signals in our samples—
despite our careful search within an independent paleoenvironmental context—suggests
that other controls such as long-term nutrient and oxygen deficiencies may have held
complex life at bay pending the profound environmental changes that marked the later
Proterozoic.
SUPPLEMENTARY
Degree of Pyritization

Degree of pyritization (DOP) provides an estimate to the extent of which Fe
reacts with H.S to form pyrite. We measure (DOP) as a complement to the Fe speciation

data. DOP is defined as:

DOP = _ Fery (1)

Fepy+ Feyci'
where Fenci is iron extracted through boiling approximately 100 mg of powdered sample
for one minute in concentrated HCI before quenching with deionized water (Raiswell et
al., 1988) and measuring using a spectrophotometer at 562 nm using ferrozine (Stookey,
1970). Fepy is determined by boiling approximately 100 mg of powdered sample in a

solution of 40 mL of 1.0 M CrCl, and 20 mL of concentrated HCI for two hours under N>
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gas (Canfield et al., 1986). H>S is evolved from the reaction and is carried by the N2 to a
trap solution comprised of 3 % Zinc Acetate and 10 % Ammonium Hydroxide. 10 mL of
6 M HCI is added to the trap solution to liberate the sulfur, and a 0.1 M KIOs solution is
used to titrate. Fepy concentration is calculated stoichiometrically from measured sulfur
values. It should be noted that concentrated HCI reacts with poorly reactive silicate Fe
that is unreactive to H>S even on long diagenetic time scales, making this an aggressive
extraction technique (Raiswell et al., 1994). Consequently, DOP should provide
conservative estimate of remaining reactive Fe, which has reacted (or can react) with HS
to form pyrite.
Sulfur Isotopes

Sulfur isotopes measurements were performed on a ThermoScientific Delta V+
Isotope Ratio Mass Spectrometer coupled with a Costech 4010 Elemental Combustion
System through a ThermoScientific ConFlow 11 interface. Three international reference
materials: IAEA-S-1, IAEA-S-2, and IAEA-S-3 and were run with each sample set
referenced to Vienna-Canyon Diablo Troilite (VCDT).

534S values from pyrite show a total range of approx. 40%o. The lightest value, -
12.9 %o, occurs in the upper Velkerri. The associated large fractionation corresponds with
Fe speciation data that reflect euxinic deposition. The heaviest value, +25.8 %o, also
occurs in the upper Velkerri and closely matches the isotopic composition inferred for
Roper seawater sulfate (Muir et al., 1985).

For comparison, in modern sedimentary environments, the sulfur isotopic offset

between pyrite and sulfate often ranges between 25-40 %o or more (Chambers and
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Trudinger, 1979). As the majority of the samples in this study were heavy (enriched) and
thus showed a small fractionation, it is likely that the water column had low sulfate
concentrations (Lyons et al., 2000; Shen et al., 2002; Shen et al., 2003). Low sulfate
levels and enriched pyrite 3%S is consistent with previous hypotheses of a sulfate-
minimum zone (Logan et al., 1995) and would only be intensified with high rates of
primary production and rapid sedimentation.
Trace-metals: Vanadium

Vanadium (V) is another trace-metal that can act as an indicator for paleo-
environments and is effectively captured in shales deposited in reducing basins. Under
mildly reducing conditions, vanadium exists as V (IV) in the form of vanadyl (VO?%) and
hydroxyl ions (VO(OH)z", (VO(OH)2). Strongly reducing conditions with dissolved H2S
will reduce V (1V) to V (111), making it insoluble as V203 or V(OH)s, allowing it to be
scavenged by organic matter and leading to V enrichment in sediments deposited under
anoxic water column. However, unlike Mo, V uptake can initiate in the absence of sulfide
in the water column. It should be noted that under oxic conditions, redox sensitive
elements such as Mo, U, and V can be adsorbed in significant quantities onto with Mn
and Fe oxyhydroxides, which are then exported to the sediment where the trace metals
can be liberated and released from the sediments upon reductive dissolution of the Fe
phases at or below the water-sediment interface (Emerson and Huested, 1991; Hastings et
al., 1996; Tribovillard et al., 2006). This behavior is consistent with the crustal values

observed for these trace-metals in the lower and upper Velkerri.
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FIGURE CAPTION

Table 1. Data for total carbon (TC), total organic carbon (TOC), total inorganic carbon
(TOC), and total sulfur (TS).

Table 2. Data for Fe proxies: Fepy, Fenaac, Fepith, Feox, Fenr, Fenci, Fer, Fenr/Fer,
Fepy/Fenr, and DOP. Fepy—pyrite iron; Fenaac—sodium acetate, Fepit—sodium
dithionite, Feox—ammonium oxalate, Fenr—highly reactive iron; Fenci—boiling HCI
iron; Fer—total iron; DOP—degree of pyritization.

Table 3. Sulfur Isotopes §*4S, ND means non-detect.

Table 4. Data for trace-metal: Mn—manganese, Mo—molybdenum, U—uranium,
V—Vanadium, Al—aluminum, TOC—total organic carbon.

Table 5. Weights of rock powder extracted and extract yields.
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Table 1.

TC TIC TOC TS
Depth (m) (wt.%0) (wt.%0) (wt.%%0) (wt.%0)
441.62-.64 1.1 0.0 1.1 0.7
441.63-.71 14 0.2 1.2 11
443.17-.19 1.3 0.0 1.3 0.7
444.70-.72 0.9 0.0 0.9 1.9
445.12-.14 0.6 0.0 0.6 0.9
446.28-.30 0.7 0.0 0.7 1.2
447.10-.12 0.8 0.0 0.8 1.0
449.19-.21 1.4 0.5 0.9 0.8
450.77-.79 1.3 0.0 1.3 0.7
451.76-.78 0.8 0.0 0.8 0.9
452.14-.22 15 0.0 1.5 1.2
452.47-.49 2.6 1.2 14 0.3
453.42-.44 0.2 0.0 0.2 0.5
455.60-.62 0.5 0.0 0.5 0.6
457.42-.44 0.5 0.0 0.5 1.0
458.45-.47 0.8 0.0 0.8 0.8
461.30-.32 1.4 0.0 1.4 0.2
461.94-.96 0.7 0.0 0.6 0.4
462.11-.13 0.8 0.0 0.7 0.7
464.08-.10 1.0 0.0 1.0 0.4
465.66-.68 0.8 0.0 0.7 0.3
467.92-.94 0.8 0.0 0.8 0.9
469.00-.08 1.4 0.0 1.3 0.6
469.28-.30 0.8 0.0 0.8 0.6
472.39-.41 1.7 0.5 1.2 0.5
473.20-.22 1.7 0.0 1.7 0.9
474.10-.12 2.9 0.8 2.1 0.3
475.51-.53 2.3 0.7 15 0.7
477.34-.36 1.0 0.0 1.0 2.6
502.00-.02 0.6 0.0 0.6 1.2
508.32-.34 2.0 1.2 0.8 0.2
508.35-.44 1.4 0.0 1.4 0.2
509.28-.30 0.8 0.0 0.8 0.6
512.62-.64 1.0 0.0 1.0 0.4
514.01-.03 0.9 0.0 0.9 0.2
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516.04-.06
516.08-.10
518.24-.26
558.92-.94
561.58-.64
562.75-.77
564.50-.52
570.32-.34
605.75-.77
607.91-.98
608.62-.64
662.62-.64
662.69-.71
663.72-.74
663.83-.91
664.44-.46
666.75-.77
705.65-.67
706.87-.96
707.00-.20
707.95-.97
709.13-.15
709.72-.74
724.58-.60
725.66-.68
725.76-.88
726.61-.63
727.74-.76
800.94-.96
801.76-.78
802.78-80
803.92-.94
804.71-.73
848.31-.33
849.04-.06
850.08-.10
851.34-.36
852.48-.50

1.2
0.6
0.6
1.0
1.2
1.4
1.5
11
1.8
2.6
1.0
4.8
4.2
3.8
5.0
5.1
6.2
6.9
7.8
8.8
6.8
8.0
7.9
6.7
7.7
7.7
8.1
3.4
7.3
6.7
6.5
6.0
6.5
4.0
3.9
4.6
3.9
2.5

0.1
0.0
0.0
0.1
0.0
1.2
0.0
0.0
0.9
0.0
0.0
0.0
0.4
0.7
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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1.1
0.6
0.6
1.0
1.2
0.2
1.4
1.1
1.0
2.6
1.0
4.8
3.7
3.1
5.0
5.0
6.2
6.9
7.8
8.8
6.7
8.0
7.9
6.7
7.6
7.6
8.1
3.4
7.3
6.7
6.4
6.0
6.5
4.0
3.9
4.6
3.9
2.5

0.2
0.7
0.7
1.0
0.3
0.6
1.1
11
1.6
1.4
3.1
1.7
1.4
2.2
2.3
3.2
1.7
6.0
5.1
9.9
3.5
4.9
5.4
3.3
5.2
3.9
5.8
1.1
2.0
2.9
1.6
2.0
1.9
15
1.8
1.4
2.9
1.3



852.68-.76
910.51-.53
911.53-.55
912.24-.26
913.56-.58
914.39-.41
929.80-.82
930.12-.14
931.24-.26
932.61-.63
932.88-.92
933.12-.14
1002.92-.94
1004.38-.40

1004.98-1005.13

1053.45-.47
1055.68-.72
1056.43-.45
1124.94-.98
1125.55-.57
1126.49-51
1127.09-.11
1130.48-.50
1131.91-.98
1197.47-.49
1198.79-.81
1202.48-.50
1203.75-77
1204.36-.44
1205.18-.20
1217.67-.69
1219.78-.80
1222.53-.55
1225.72-.74
1242.14-.16

3.2
2.7
4.0
2.7
3.0
3.0
3.1
3.7
5.1
5.0
5.5
5.3
0.2
0.1
3.6
0.1
0.1
0.2
3.8
3.4
3.2
4.1
0.2
0.1
0.3
0.4
0.3
2.6
3.6
3.9
0.6
0.6
0.3
0.2
1.0

0.0
0.1
0.1
0.0
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
3.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
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3.1
2.6
3.9
2.6
2.5
2.9
3.1
3.6
5.1
4.9
5.5
5.0
0.2
0.1
0.2
0.1
0.1
0.2
3.8
3.4
3.2
4.1
0.2
0.1
0.3
0.4
0.3
2.6
3.6
3.9
0.6
0.6
0.3
0.2
1.0

1.4
1.6
1.0
2.7
0.1
0.7
3.7
2.9
3.6
2.3
2.4
1.7
0.0
0.0
0.0
0.3
0.0
0.0
0.7
0.5
0.5
0.9
0.0
0.0
0.1
0.1
0.1
0.7
0.6
0.4
0.1
0.0
0.0
0.0
0.8



Table 2.

Fepy Fenaac Febith Feox Fexr
Depth (m) (wt.%%0) (wt.%0) (wt.%0) (wt.%0) (wt.%%)
441.62-.64 1.0 0.05 0.00 0.72 1.8
441.63-.71 0.5 0.28 0.34 0.67 1.8
443.17-.19 1.3 0.03 0.49 0.92 2.7
444.70-.72 0.9 0.03 0.96 0.73 2.6
445.12-.14 0.7 0.02 0.06 0.94 1.8
446.28-.30 0.9 0.00 0.26 0.17 1.4
447.10-.12 1.4 0.01 0.62 0.33 2.4
449.19-.21 0.4 0.30 0.57 0.90 2.2
450.77-.79 0.3 0.31 0.00 1.40 2.0
451.76-.78 0.5 0.05 0.00 0.65 1.2
452.14-.22 2.5 0.06 0.37 0.36 3.3
452.47-.49 0.4 0.39 0.00 1.60 2.4
453.42-.44 0.5 0.02 0.98 0.26 1.8
455.60-.62 0.6 0.01 0.21 0.10 0.9
457.42-.44 0.3 0.01 0.62 0.33 1.2
458.45-.47 1.1 0.00 0.27 0.19 1.6
461.30-.32 0.3 0.22 0.09 0.00 0.6
461.94-.96 0.4 0.03 0.31 0.38 1.1
462.11-.13 0.3 0.05 0.00 0.55 0.9
464.08-.10 0.1 0.05 0.00 0.28 0.5
465.66-.68 0.1 0.04 0.03 0.33 0.6
467.92-.94 0.5 0.00 0.12 0.07 0.7
469.00-.08 0.4 0.12 0.20 0.23 0.9
469.28-.30 0.3 0.06 0.59 0.47 1.4
472.39-.41 0.3 0.07 0.01 0.01 0.4
473.20-.22 0.6 0.16 0.24 1.21 2.2
474.10-.12 0.2 0.42 0.12 1.81 2.5
475.51-.53 0.5 0.31 0.32 1.85 3.0
477.34-.36 1.6 0.02 0.57 0.38 2.5
502.00-.02 0.4 0.00 0.18 0.13 0.7
508.32-.34 0.3 0.33 0.39 1.44 2.5
508.35-.44 0.2 0.14 0.13 0.23 0.7
509.28-.30 0.4 0.02 0.13 0.09 0.6
512.62-.64 0.3 0.04 0.13 0.21 0.7
514.01-.03 1.6 0.01 0.00 0.57 2.1
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516.04-.06
516.08-.10
518.24-.26
558.92-.94
561.58-.64
562.75-.77
564.50-.52
570.32-.34
605.75-.77
607.91-.98
608.62-.64
662.62-.64
662.69-.71
663.72-.74
663.83-.91
664.44-.46
666.75-.77
705.65-.67
706.87-.96
707.00-.20
707.95-.97
709.13-.15
709.72-.74
724.58-.60
725.66-.68
725.76-.88
726.61-.63
727.74-.76
800.94-.96
801.76-.78
802.78-80
803.92-.94
804.71-.73
848.31-.33
849.04-.06
850.08-.10
851.34-.36
852.48-.50

0.1
0.1
0.8
0.7
0.2
0.7
0.4
0.4
0.3
1.2
1.6
0.7
0.8
1.2
24
2.2
0.9
2.7
3.9
5.1
2.2
2.1
1.0
2.8
24
1.6
3.0
0.8
1.0
1.3
1.1
0.9
1.3
1.1
1.0
0.7
2.5
0.5

0.10
0.02
0.07
0.30
0.15
0.15
0.05
0.37
0.02
0.33
0.01
0.22
0.44
0.07
0.04
0.00
0.07
0.13
0.06
0.07
0.08
0.05
0.04
0.02
0.08
0.03
0.06
0.00
0.01
0.03
0.06
0.01
0.05
0.01
0.01
0.01
0.20
0.01
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0.09
0.15
0.38
0.52
0.16
0.37
0.44
0.34
0.17
0.25
0.41
0.24
0.15
0.00
0.22
0.00
0.12
0.00
0.49
0.56
0.33
0.50
0.00
0.71
0.65
0.00
0.73
0.16
0.00
0.54
0.03
0.00
0.00
0.32
0.30
0.00
0.54
0.00

0.56
0.14
0.18
0.61
0.15
2.12
1.08
0.71
1.09
0.70
0.14
0.05
0.02
0.08
0.07
0.05
0.05
0.13
0.12
0.02
0.04
0.06
0.12
0.17
0.20
0.00
0.21
0.05
0.00
0.04
0.03
0.00
0.02
0.04
0.04
0.00
0.11
0.00

0.8
0.4
1.4
2.1
0.7
3.4
2.0
1.9
1.5
2.5
2.2
1.3
1.4
1.3
2.7
2.2
1.2
2.9
4.6
5.8
2.7
2.7
1.1
3.7
3.4
1.7
4.0
1.0
1.0
1.9
1.2
0.9
14
14
1.4
0.7
3.4
0.5



852.68-.76
910.51-.53
911.53-.55
912.24-.26
913.56-.58
914.39-.41
929.80-.82
930.12-.14
931.24-.26
932.61-.63
932.88-.92
933.12-.14
1002.92-.94
1004.38-.40

1004.98-1005.13

1053.45-.47
1055.68-.72
1056.43-.45
1124.94-.98
1125.55-.57
1126.49-.51
1127.09-.11
1130.48-.50
1131.91-.98
1197.47-.49
1198.79-.81
1202.48-.50
1203.75-77
1204.36-.44
1205.18-.20
1217.67-.69
1219.78-.80
1222.53-.55
1225.72-.74
1242.14-.16

0.6
0.7
0.4
1.5
0.3
0.4
1.4
1.1
1.1
1.4
0.7
1.1
0.1
0.1
0.1
0.2
0.1
0.1
0.3
0.2
0.3
0.7
0.1
0.1
0.1
0.1
0.0
0.4
0.3
0.2
0.1
0.1
0.2
0.2
1.0

0.02
0.09
0.09
0.05
0.32
0.07
0.25
0.10
0.36
0.06
0.01
0.04
0.06
0.06
0.02
0.10
0.02
0.06
0.00
0.10
0.02
0.03
0.08
0.01
0.12
0.08
0.09
0.04
0.01
0.02
0.04
0.04
0.00
0.04
0.01
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0.00
0.00
0.00
0.01
0.00
0.11
1.52
0.81
1.49
0.23
0.00
0.11
0.05
0.04
0.05
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.00
0.16
0.16
0.13
0.00
0.08
0.03
0.04
0.01
0.01
0.80

0.00
0.12
0.10
0.01
0.12
0.08
0.10
0.32
0.10
0.09
0.00
0.09
0.16
0.15
0.27
0.18
0.00
0.17
0.00
0.08
0.13
0.20
0.16
0.06
0.27
0.22
0.22
0.14
0.00
0.11
0.12
0.16
0.07
0.12
0.70

0.6
0.9
0.6
1.5
0.8
0.6
3.3
2.3
3.1
1.8
0.7
1.3
0.3
0.4
0.4
0.6
0.1
0.3
0.3
0.4
0.4
0.9
0.3
0.2
0.4
0.5
0.5
0.7
0.3
0.4
0.2
0.3
0.3
0.4
2.5



Table 3.

Depth (m) 5%S
441.62-.64 5.6
441.63-.71 19.8
443.17-.19 6.1
444.70-.72 3.8
445.12-.14 11.6
446.28-.30 0.3
447.10-.12 12.8
449.19-.21 ND
450.77-.79 55
451.76-.78 -15
452.14-.22 12.0
452.47-.49 ND
453.42-.44 13.3
455.60-.62 13.2
457.42-.44 15.6
458.45-.47 3.5
461.30-.32 18.0
461.94-.96 17.2
462.11-.13 14.4
464.08-.10 19.3
465.66-.68 23.0
467.92-.94 23.0
469.00-.08 16.5
469.28-.30 18.7
472.39-.41 11.1
473.20-.22 8.2
474.10-.12 18.6
475.51-.53 19
477.34-.36 1.1
502.00-.02 9.7
508.32-.34 20.8
508.35-.44 12.1
509.28-.30 23.2
512.62-.64 16.4
514.01-.03 10.8
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516.04-.06
516.08-.10
518.24-.26
558.92-.94
561.58-.64
562.75-.77
564.50-.52
570.32-.34
605.75-.77
607.91-.98
608.62-.64
662.62-.64
662.69-.71
663.72-.74
663.83-.91
664.44-.46
666.75-.77
705.65-.67
706.87-.96
707.00-.20
707.95-.97
709.13-.15
709.72-.74
724.58-.60
725.66-.68
725.76-.88
726.61-.63
727.74-.76
800.94-.96
801.76-.78
802.78-80
803.92-.94
804.71-.73
848.31-.33
849.04-.06
850.08-.10
851.34-.36
852.48-.50

19.9
3.5
ND

11.7

17.4

16.5

13.1

17.8

20.8

25.8

14.2
-7.9
7.4
-1.2

12.9
1.1
-4.6
6.5
9.5
-9.3
7.5
7.7
9.3

14.4

17.3

154

11.6

13.5
ND

24.0

24.3

20.0

17.0

10.9

10.0

14.5

125

22.7
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852.68-.76
910.51-.53
911.53-.55
912.24-.26
913.56-.58
914.39-.41
929.80-.82
930.12-.14
931.24-.26
932.61-.63
932.88-.92
933.12-.14
1002.92-.94
1004.38-.40

1004.98-1005.13

1053.45-.47
1055.68-.72
1056.43-.45
1124.94-.98
1125.55-.57
1126.49-51
1127.09-.11
1130.48-.50
1131.91-.98
1197.47-.49
1198.79-.81
1202.48-.50
1203.75-77
1204.36-.44
1205.18-.20
1217.67-.69
1219.78-.80
1222.53-.55
1225.72-.74
1242.14-.16

16.3
4.0
8.2
9.2
7.6
6.5

18.3

135

14.4
8.6

11.3

13.8
ND
ND
ND
9.5
ND
0.0
ND
5.6
ND
6.5
ND
ND
ND
ND
ND
5.9
ND
6.9
ND
ND
ND
ND

12.0
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Table 4.

Sample 1.D. Mn Mo Mo/TOC U \Y Al
(ppm) (ppm)  (ppm/wt.%) (ppm)  (ppm)  wt.%
441.62-.64 278 3 2.3 2 78 9.7
441.63-.71 759 1 1.1 3 65 7.9
443.17-.19 318 1 0.9 2 70 8.3
444.70-.72 284 2 1.8 2 68 8.3
445.12-.14 177 1 1.8 2 63 8.3
446.28-.30 83 1 1.6 2 79 10.0
447.10-.12 158 1 1.6 2 77 9.7
449.19-.21 570 1 1.3 2 62 7.3
450.77-.79 467 1 0.8 2 61 7.5
451.76-.78 278 1 1.3 2 74 9.1
452.14-.22 512 2 1.5 3 130 12.6
452.47-.49 939 1 0.5 2 63 7.9
453.42-.44 259 1 4.6 2 68 9.0
455.60-.62 88 1 1.7 3 66 8.8
457.42-.44 149 1 1.4 2 62 8.3
458.45-.47 173 2 2.0 4 119 11.7
461.30-.32 305 1 0.6 2 66 7.9
461.94-.96 141 1 1.3 3 70 8.9
462.11-.13 214 1 1.2 2 69 9.1
464.08-.10 144 1 0.9 2 64 8.5
465.66-.68 137 1 1.2 3 85 10.8
467.92-.94 70 1 1.3 3 96 11.2
469.00-.08 288 2 1.6 3 77 9.5
469.28-.30 187 1 1.1 2 68 8.8
472.39-.41 501 1 0.8 2 82 9.2
473.20-.22 431 1 0.8 3 83 9.2
474.10-.12 703 1 0.6 2 68 7.2
475.51-.53 499 1 0.6 2 73 7.2
477.34-.36 108 3 3.0 3 97 9.0
502.00-.02 71 0 0.2 2 75 9.1
508.32-.34 322 1 1.0 2 70 8.5
508.35-.44 316 3 2.2 2 62 8.2
509.28-.30 79 1 1.5 3 89 10.8
512.62-.64 116 2 1.7 3 113 12.0
514.01-.03 127 1 1.1 2 86 8.1
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516.04-.06
516.08-.10
518.24-.26
558.92-.94
561.58-.64
562.75-.77
564.50-.52
570.32-.34
605.75-.77
607.91-.98
608.62-.64
662.62-.64
662.69-.71
663.72-.74
663.83-.91
664.44-.46
666.75-.77
705.65-.67
706.87-.96
707.00-.20
707.95-.97
709.13-.15
709.72-.74
724.58-.60
725.66-.68
725.76-.88
726.61-.63
727.74-.76
800.94-.96
801.76-.78
802.78-80
803.92-.94
804.71-.73
848.31-.33
849.04-.06
850.08-.10
851.34-.36
852.48-.50

259
74
115
235
208
532
312
240
307
672
117
74
183
270
99
98
68
92
136
109
129
61
68
97
157
98
143
111
54
52
125
47
90
54
73
35
140
91

WRPR RPRPNRPROORRR PR

I N Ny (R
NN WO e

100
71
51
33
75
30

105
73
92
17
53
44
43
43
35

SN

18
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1.0
1.9
1.9
1.3
4.5
3.6
1.1
1.0
1.3
0.3
2.8
2.3
3.7
2.0
4.5
1.5
4.3
6.9
12.9
8.1
7.6
4.2
9.5
4.5
13.8
9.5
11.3
5.2
7.2
6.6
6.8
7.2
5.4
1.6
0.9
1.8
4.5
2.6

~N B OO P~ O DA OWWWWWNDNE WDNDWDN

e N el
R W o oo

17

71
79
88
70
48
65
84
68
85
34
82
397
531
239
628
311
630
393
735
402
468
383
389
397
585
408
611
363
388
365
293
276
280
167
198
147
367
150

9.3
9.4
8.5
7.8
6.3
7.7
9.0
6.4
10.3
4.0
8.6
5.7
5.3
5.0
7.3
5.0
6.0
5.0
7.9
4.5
5.9
4.9
4.3
5.9
7.9
5.6
9.4
7.5
4.6
7.2
4.6
3.7
4.4
4.7
5.0
3.0
7.0
4.2



852.68-.76 109 1 0.4 6 141 3.3
910.51-.53 287 0 0.2 2 119 4.5
911.53-.55 326 1 0.2 5 183 5.4
912.24-.26 345 5 2.1 3 80 3.2
913.56-.58 947 0 0.2 1 65 3.5
914.39-.41 285 5 1.8 3 164 5.9
929.80-.82 153 10 3.3 7 141 4.2
930.12-.14 84 16 4.5 9 215 4.6
931.24-.26 84 10 2.0 10 267 4.4
932.61-.63 187 26 5.3 10 327 5.5
932.88-.92 84 34 6.1 13 234 4.1
933.12-.14 572 41 8.2 12 434 7.0
1002.92-.94 386 2 7.6 1 57 8.8
1004.38-.40 393 2 13.3 1 54 10.0
1004.98-1005.13 4875 3 11.0 3 17 1.6
1053.45-.47 316 2 11.3 1 40 7.1
1055.68-.72 231 1 11.9 2 43 6.6
1056.43-.45 310 1 8.2 1 44 8.1
1124.94-.98 86 2 0.6 4 39 5.5
1125.55-.57 86 1 0.4 2 45 7.2
1126.49-.51 107 2 0.6 2 41 7.3
1127.09-.11 124 3 0.8 3 58 7.5
1130.48-.50 180 1 6.2 2 52 7.5
1131.91-.98 270 7 67.3 4 67 6.6
1197.47-.49 198 1 2.9 2 64 7.1
1198.79-.81 203 1 2.0 2 74 8.5
1202.48-.50 233 2 5.1 2 89 9.5
1203.75-77 141 3 1.0 3 130 7.7
1204.36-.44 87 8 2.3 5 104 6.0
1205.18-.20 125 4 0.9 4 154 7.8
1217.67-.69 147 1 1.1 2 68 9.8
1219.78-.80 151 1 1.3 1 62 9.1
1222.53-.55 100 1 3.5 2 71 10.1
1225.72-.74 117 1 5.9 1 44 7.8
1242.14-.16 392 1 0.7 2 69 9.5
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Table 5.

1.D. 452.14-22 TLE (mg) 51.0 Rock Powder (g) 15.0951 ¢TOC
Age 1.45Ga Sats (mg) 8.5 TC (wt.%) 1.4925 0.22
Fm  Velkerri Aros (mg) 6.4 TIC (wt.%) 0.0305
Roper Pols (mg) 10.9 TOC (wt.%) 1.4620
Yield (mg extract/g rock) 3.4 TS (wt.%) 1.2290
I.D. 508.35-.44 TLE (mg) 64.6 Rock Powder (g) 20.0246 gTOC
Age 1.45Ga Sats (mg) 135 TC (wt.%) 13992 0.28
Fm  Velkerri Aros (mg) 3.9 TIC (wt.%) 0.0000
Roper Pols (mg) 155  TOC (wt.%) 1.3992
Yield (mg extract/g rock) 3.2 TS (wt.%) 0.1925
I.D. 561.58-.64 TLE (mg) 49.6 Rock Powder (g) 19.9847 ¢TOC
Age 1.45Ga Sats (mg) 22.4 TC (wt.%) 1.2137 0.24
Fm  Velkerri Aros (mg) 7.7 TIC (wt.%) 0.0246
Roper Pols (mg) 19.7  TOC (wt.%) 1.1891
Yield (mg extract/g rock) 2.5 TS (wt.%) 0.2918
I.D. 607.91-.98 TLE (mg) 3.1 Rock Powder (g) 10.0180 ¢gTOC
Age 145Ga Sats (mg) 1.0 TC (wt.%) 2.5864 0.26
Fm  Velkerri Aros (mg) 1.4 TIC (wt.%) 0.0170
Roper Pols (mg) 0.9 TOC (wt.%) 2.5694
Yield (mg extract/g rock) 0.3 TS (wt.%) 1.3598
I.D. 663.83-.91 TLE (mg) 63.6 Rock Powder (g) 15.0340 gTOC
Age 1.45Ga Sats (mg) 10.9 TC (wt.%) 49845 0.75
Fm  Velkerri Aros (mg) 9.4 TIC (wt.%) 0.0109
Roper Pols (mg) 13.5 TOC (wt.%) 4.9736
Yield (mg extract/g rock) 4.2 TS (wt.%) 2.2619
I.D. 706.87-.96 TLE (mg) 30.0 Rock Powder (g) 20.0740 gTOC
Age 145Ga Sats (mg) 11.3 TC (wt.%) 7.7920 1.56
Fm  Velkerri Aros (mg) 8.0 TIC (wt.%) 0.0236
Roper Pols (mg) 10.7  TOC (wt.%) 7.7684
Yield (mg extract/g rock) 1.5 TS (wt.%) 5.1013
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1.D. 725.76-.88 TLE (mg) 54.1 Rock Powder (g) 12.1587 ¢gTOC

Age 1.45Ga Sats (mg) 2.1 TC (wt.%) 7.6681 0.93
Fm  Velkerri Aros (mg) 3.2 TIC (wt.%) 0.0327
Roper Pols (mg) 4.9 TOC (wt.%) 7.6354

Yield (mg extract/g rock) 4.4 TS (wt.%) 3.8549

I.D. 852.68-.76 TLE (mg) 89.4 Rock Powder (g) 11.9698 ¢TOC
Age 1.45Ga Sats (mg) 2.3 TC (wt.%) 3.1500 0.37
Fm  Velkerri Aros (mg) 9.2 TIC (wt.%) 0.0184

Roper Pols (mg) 183  TOC (wt.%) 3.1316

Yield (mg extract/g rock) 7.5 TS (wt.%) 1.3662

I.D. 932.88-.92 TLE (mg) 58.0 Rock Powder (g) 10.0066 g¢gTOC
Age 1.45Ga Sats (mg) 36.1 TC (wt.%) 54929 0.55
Fm  Velkerri Aros (mg) 12.1 TIC (wt.%) 0.0003

Roper Pols (mg) 9.1 TOC (wt.%) 5.4926

Yield (mg extract/g rock) 5.8 TS (wt.%) 2.3869
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