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ABSTRACT

The oceanic redox state distinctly changed during the Precambrian Eon. Entirely anoxicoceansin earliest
Earth history initially became mildly oxygenated in some shallow marine areas. The first appearance of
such ‘oxygen oases’ remains controversial, but their areal extension in late Archean and early Proterozoic
times possibly triggered atmospheric oxygenation during the Great Oxidation Event around 2.4 billion
years ago. The timing of complete ocean oxygenation (including the deep ocean) is likewise debated in the
scientific community, but may be linked to a second oxygenation event almost 2 billion years later during
the final stages of the Precambrian Eon (Ediacaran Period).

In this cumulative dissertation periods of major environmental redox changes were investigated using
the isotope proxies of redox sensitive elements such as iron (Fe) and molybdenum (Mo). The transitional
period before the Great Oxidation Event was examined by a Mo isotope study of late Archean black shales
and iron formations of the Hamersley Basin, Australia (CHAPTER I). Both types of sediments show a gradual
increase towards heavy Mo isotopic ratios between 2.6 and 2.5 billion years ago. This increase requires a
contemporaneously upcoming sink of isotopically light Mo, such as Manganese oxides (MnO,), which may
have formed in shallow marine ‘oxygen oases’. To further verify this interpretation, 2.48 billion years old
Mn-rich iron formations from the Griqualand West Basin, South Africa, were analyzed for the Mo and Fe
isotopic composition (CHAPTER Il). The observed negative correlation between Mn concentration and Mo
isotopic ratios confirms that the adsorption of (isotopically light) molybdate onto Mn oxides represented
an important Mo burial pathway. Importantly, also Fe isotopic ratios show a negative correlation with Mn
concentrations. Considering modern redox stratified lake equivalents, this trend most likely arise from the
depletion of heavy Fe isotopes in the uppermost water column along the chemocline due to iron oxidation
by Mn oxides. Thus, multiple isotopic evidence confirms local Mn oxide formation in oxygen-rich shallow
marine waters before atmospheric oxygenation during the Great Oxidation Event.

The assumed oxygenation of the deep ocean during the Ediacaran Period would have further
extended the depositional area of Mn oxides, thus also increasing the sink of isotopically light Mo. As a
consequence, the seawater Mo isotopic ratio is expected to have been risen to modern-like high ratios.
However, the geochemical study of Tepla Barrandian black shales from this time period draws a different
picture (CHAPTER IIl). The sulfur isotopic composition and the ratio of molybdenum concentrations to
total organic carbon indicate the temporal restriction of the local depositional basin and accompanied
depletion of dissolved sulfate and molybdate. The Mo isotopic composition of black shales deposited in
such restricted and euxinic basins mirrors the contemporaneous global seawater Mo isotopic signature
(like in the modern Black Sea). Constantly low Mo isotopic ratios in respective sediments suggest the lack
of Mn oxide formation in contemporaneous deep sea settings due to continuously anoxic deep water
conditions at the end of the Precambrian eon.






ZUSAMMENFASSUNG

Der Redoxzustand der Ozeane erlebte signifikante Veranderungen wihrend des Prakambrischen Aons.
Ausgehend von vollstandig anoxischen Bedingungen wahrend der frithesten Erdgeschichte entwickelten
sich zunédchst in lokalen Flachwasserbereichen leicht oxische Bedingungen. Das friiheste Auftreten solcher
,Sauerstoffoasen’ bleibt umstritten, doch ihre Ausbreitung kdnnte die Oxidation der Atmosphare wahrend
des Great Oxidation Events vor etwa 2,4 Milliarden Jahren ausgel6st haben. Die vollstdndige Oxidation der
Ozeane, inklusive des tiefen Ozeans, fand hingegen vermutlich erst etwa 2 Milliarden Jahre spater wahrend
eines zweiten Oxidationsereignisses am Ende des Priakambrischen Aons statt (Ediacara Periode).

In dieser kumulativen Dissertation wurden wesentliche Zeitrdume, die gepragt waren durch
Veranderungen des marinen Redoxzustandes, anhand von Isotopenmessungen redox-sensitiver Elemente,
wie zum Beispiel Molybdan (Mo) und Eisen (Fe), genauer untersucht. Die Ubergangsphase vor dem Great
Oxidation Event wurde mithilfe von Mo-Isotopenmessungen an spat-archaischen Schwarzschiefern und
Eisenformationen des Hamersley-Beckens, Australien, detailliert eruiert (CHAPTER I). Beide Sedimenttypen
zeigen einen kontinuierlichen Anstieg zu schwereren Isotopenverhaltnissen, welcher die regionale oder
globale Ausweitung der Senke fir isotopisch leichtes Mo impliziert. Manganoxide (MnO,), die in oxischen
Flachwasserregionen gebildet wurden, stellen eine solche Senke dar. Um diese Interpretation weiter zu
verifizieren, wurden 2,48 Milliarden Jahre alte Mn-reiche Eisenformationen aus dem Griqualand West-
Becken, Sudafrika, auf die Mo- und Fe-Isotopie hin untersucht (CHAPTER Il). Die hier festgestellte negative
Korrelation von Mn-Konzentrationen und Mo-Isotopenverhaltnissen bestatigt, dass die Adsorption von
isotopisch leichtem Molybdat an Mn-Oxiden einen wichtigen Ablagerungsmechanismus darstellte. Die
Fe-lsotopenverhaltnisse zeigen ebenfalls eine negative Korrelation mit Mn-Konzentrationen. Im Hinblick
auf rezente, redox-stratifizierte Seen weist dieser Trend auf die Oxidation von geléstem Eisen durch Mn-
Oxide entlang der Redoxkline hin. Zusammenfassend lasst sich also feststellen, dass mehrere isotopische
Evidenzen die lokale Mn-Oxidationin oxischen Flachwasserregionen noch vor der Oxidation der Atmosphare
wahrend des Great Oxidation Event bestatigen.

Die angenommene Oxidation des tiefen Ozeans wahrend der Ediacara Periode hatte die weitere
Ausbreitung von Mn-Oxid-Ablagerungen zur Folge gehabt und somit auch die Senke vonisotopisch leichtem
Molybdan vergroRert. Damit einhergehend ware ein Anstieg des Meerwasser-Mo-Isotopenverhéltnisses
zurezent hohen Werten zu erwarten. Die geochemische Studie an Schwarzschiefern vom Tepld Barrandium
zeichnet allerdings ein anderes Bild (CHAPTER l1ll). Die Messungen von Schwefel-Isotopenverhéltnissen
sowie den Verhaltnissen von Mo-Konzentrationen zum gesamten organischen Kohlenstoff deuten auf
temporare Restriktion des lokalen Beckens hin, was mit der Abreicherung von Sulfat und Molybdat in
der lokalen Wassersaule einherging. Die Mo-Isotopenverhaltnisse von Schwarzschiefern aus solch
restriktiven und euxinischen Becken spiegeln die zeitgleiche globale Meerwasserisotopie wider (vgl.
heutiges Schwarzes Meer). Konstant niedrige Mo-Isotopenverhéltnisse in diesen Schwarzschiefern deuten
allerdings nicht auf erhéhte Mn-Oxid-Ablagerungen hin, sondern implizieren vielmehr kontinuierlich
anoxische Tiefwasserbedingungen am Ende des Prakambriums.
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Introduction

1. The Precambrian evolution of environmental redox conditions

The evolution of the chemical composition of the atmosphere and the oceans represents a major
task in geochemical research. It is generally assumed that anoxic conditions prevailed during the Hadean
and Archean era until the so-called Great Oxidation Event (GOE) in the early Proterozoic. The ‘smoking
gun’ for this view is the preservation of mass independent sulfur isotope fractionations (MIF) in Archean
sediments, which requires an anoxic atmosphere with oxygen levels lower than 10 of present atmospheric
level (Farquhar et al., 2000; Pavlov and Kasting, 2002). The loss of these MIF signals in Paleoproterozoic
sediments between 2.45 and 2.32 Ga ago (Bekker et al., 2004; Guo et al., 2009; Hannah et al., 2004)
provides strong evidence for increasing atmospheric oxygen levels above this threshold (Fig. 1). Consistent
with this geochemical indication, geological observations such as the first appearance of paleosoils with
oxidized iron (‘red beds’) and the disappearance of detrital pyrite and uranite in marine sediments younger
than the GOE provide further compelling evidence for more oxidizing conditions (Canfield, 2005; Holland,
2006).

The availability of free oxygen is a question of the balance of oxygen sinks and sources. Some authors
suggested that the GOE was triggered by decreasing oxygen sinks, for example due to the loss of hydrogen
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FIGURE 1: (from Lyons et al., 2014) The evolution of the atmospheric redox-state. Right axis: p_,
relative to the present atmospheric level (PAL). The red line marks the classical view of atmospheric
oxygenation (Kump, 2008). The blue curve was established in more recent years. The arrows between
3.0and 2.5 Gaindicate the transmission of oxygen from local marine oxygen oases to the atmosphere.
During the GOE around 2.4 Ga ago atmospheric oxygen levels increased significantly and possibly
‘overshot’ during the subsequent Lumagundi-Jatuli event (2.3 to 2.1 Ga). The mid-Proterozoic time
period was characterized by lower oxygen levels again. During a second major oxygenation event
at the end of the Neoproterozoic the deep ocean may have become oxygenated and atmospheric
oxygen levels reached modern-like values.

to space (Catling et al., 2001) or changes in the chemical composition of volcanic gases (Gaillard et al., 2011;
Kump and Barley, 2007). Alternatively, bacterial oxygen production by oxygenic photosynthesis increased
(Holland, 2006). Coupled with the burial of reduced carbon (organic matter), oxygenic photosynthesis
represents a net source of oxygen. The evolution of oxygenic photosynthesis is still poorly understood
but probably predates the GOE by several hundreds of million years (Eigenbrode and Freeman, 2006;
Kurzweil et al., 2013; Planavsky et al., 2014). The local production of oxygen in shallow marine habitats
during this transitional period could have oxygenated some surface areas of the ocean (Fig. 1). In these
regions a stratified water column developed, with anoxic deep waters and oxic surface waters divided by
a chemocline (Kendall et al., 2010; Planavsky et al., 2014; Riding et al., 2014). Oxygen exchange between
local ‘oxygen oases’ and the atmosphere might have caused short-term fluctuations in atmospheric oxygen
concentrations (Frei et al., 2009) and ‘whiffs’ of oxygen (Anbar et al., 2007). Higher rates of oxidative
weathering of sulfides thereby increased the supply of associated metals (such as molybdenum) to the
ocean, which may explain their enrichment in pre-GOE sediments (Anbar et al., 2007). However, persistent
accumulation of oxygen in the atmosphere before the GOE was probably inhibited by the outbalancing
capacity of reduced components of the continental crust and the ocean-atmosphere system.

Some authors suggested a short-lived ,oxygen overshoot’ In the aftermath of the GOE (Fig. 1) (Bekker
and Holland, 2012). During the Lomagundi-Jatuli event between 2.3 and 2.1 Ga ago strong positive shifts
in the carbonate carbon isotopic record indicate the increased burial of isotopically light organic carbon, a
net source of oxygen (Karhu and Holland, 1996). Inconsistently with this claim, however, contemporaneous
organic-rich sedimentary deposits are missing, but were only deposited during the subsequent Shunga
Event. The precise interrelation of both events and their implications for the history of oxygenation are
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still poorly understood and remain a matter of debate in the scientific community (Lyons et al., 2014). It is,
however, well constrained that oxygen levels remained relatively low during the following period between
1.8 and 0.8 Ga ago (Holland, 2006; Lyons et al., 2014). Due to the invariability of several geochemical
proxies this mid-Proterozoic time period was termed the ‘boring billion’ (Holland, 2006). The start of
the boring billion also marks the disappearance of large iron-rich chemical sediments, so-called iron
formation (IF), which developed by the local oxidation of dissolved Fe* to insoluble Fe3** and subsequent
precipitation of Fe3*-minerals (see further explanation in 1.2). Their disappearance was initially interpreted
to be a consequence of Fe? limitation in an oxic (Holland, 2005) or sulfidic ocean (Canfield, 1998). More
recent studies, however, demonstrated that the deep ocean remained ferruginous beyond the GOE and
during most of the Proterozoic era (Planavsky et al., 2011). Following these authors, the termination of BIF
deposition is rather related to lower release of hydrothermal iron during volcanically more quite periods
in mid-Proterozoic times.

Although controversial, first deep ocean oxygenation might have occurred in the course of a second
major oxygenation event during the late Neoproterozoic (Canfield et al., 2007; Chen et al., 2015; Och and
Shields-Zhou, 2012). This time period is also marked by major biologic innovations such as the evolution
of multi-cellular life (Love et al., 2009), tectonic modifications such as the break-up of the supercontinent
Rodinia (Hoffman, 1991) as well as climate changes, which caused the global Marinoan and Sturtian
glaciations (Hoffman et al., 1998). A causal link between these environmental, biologic and tectonic
changes seems manifest, although the primery trigger remains controversial (Butterfield, 2009; Fike et
al., 2006; Lenton et al., 2014; Och and Shields-Zhou, 2012). But independent of the triggering mechanism
higher and possibly modern-like oxygen concentrations in the ocean-atmosphere system are assumed for
the first time during this second major oxygenation event at the end of the Precambrian (Och and Shields-
Zhou, 2012).

2. The principles of the molybdenum and the iron isotope proxy

2.1 Mass-dependent isotope fractionation

During the last years the isotopic composition of transition metals became an important tool to better
constrain the history of the Earth’s redox-evolution (Arnold et al., 2004; Asael et al., 2013; Kendall et al.,
2015; Rouxel et al., 2005; Wille et al., 2007). The use of these isotope proxy signals relies on fundamentals
of mass dependent isotope fractionation, which arise from quantum chemical effects (Bigeleisen, 1965;
Urey, 1947). The zero point energy of a molecule, which is the difference between its lowest allowed
potential energy level and the minimum of the potential well, depends on the masses of the single atoms
(Fig. 2). Molecules with heavier isotopes have relatively lower zero-point-energies and form stronger
chemical bonds. The dissociation energy of these molecules is larger, which causes slower reaction
rates and kinetic isotope fractionations during chemical reactions (Sharp, 2007). Furthermore, the lower
potential and vibrational energy of heavy-isotope-molecules results in lower translational velocities (i.e.
during diffusion) and lower contact probability (i.e. during adsorption), which can also cause isotope
fractionations.
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FIGURE 2: (from Anbar and Rouxel, 2007) Schematic illustration, which demonstrates the context of zero-
point-energies and molecular bond-strength. The molecule AB with the heavy isotope of *A has a relatively

lower zero-point-energy and forms stronger chemical bonds.

The relevant fractionation processes for the application of molybdenum (Mo) and iron (Fe) isotopes as
a paleo-redox proxy are briefly described in the following and in more detail in chapters | to lll. The Mo-
and Fe isotopic composition of a sample is generally shown in the §-notation, which relates the isotopic

ratio of the sample to a certified standard material:

R
SR = (sa—“‘p'e— 1) x 1000
RStandard

where R represents the ratio of the abundance of the heavy to the light isotope.
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2.2 Iron isotopes

Iron has four naturally occurring stable isotopes (Table 1) and a relative abundance in the Earth’s
crust of ~5 % (Taylor and McLennan, 1985). Nevertheless, the modern oxic ocean is strongly depleted and
heterogeneously distributed with respect to iron (Gordon et al., 1982), which arise from the insolubility
of oxidized Fe*. Figure 3 summarizes the modern in- and outfluxes of iron and their respective (strongly
variable) isotopic compositions.

In reducing marine environments, however, iron is very soluble as Fe?. Therefore, it is expected that the
anoxic Archean ocean was enriched and homogeneously distributed in Fe?* (Johnson et al., 2008). Such a
ferruginous ocean was a prerequisite for the deposition of proximal (Superior Type) iron formations, which
resulted from local oxidation of Fe?* and subsequent formation and precipitation of Fe**-minerals on the
continental shelf (Isley and Abbott, 1999). The precise oxidation mechanism remains a matter of debate in
the scientific community. The abiotic oxidation of Fe?* by UV light (Cairns-Smith, 1978) was recently shown
to be an unlikely mechanism (Konhauser et al., 2007). However, iron oxidation can proceed abiotically
by oxidants such as O,, which would suggest the local availability of oxygen (and possibly oxygenic
photosynthesis) in the upper water column (Cloud, 1973). Alternatively, iron was oxidized biotically by
anoxygenic phototrophic bacteria, which use Fe?* as an electron donor (Kappler et al., 2005).

The abiotic as well as the biotic oxidation of iron is accompanied by large isotope fractionations,
thereby enriching the heavy isotopes in the more oxidized species (Beard and Johnson, 2004; Croal et
al., 2004; Welch et al., 2003). The transition from a homogeneous ferruginous ocean towards more
oxidized conditions may change the seawater and sedimentary Fe isotopic composition (i.e. the Fe
isotopic composition of contemporaneous IFs, Rouxel et al., 2005; Anbar and Rouxel, 2007). It is, however,
difficult to distinguish between both mechanisms by the use of Fe isotopes. Furthermore, other processes

Aerosols Rivers
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1 =
Seawater (heterogeneous) - /—V
Pore fluids
56FA _ 0
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FIGURE 3: Schematic illustration of the Fe isotopic composition of the most relevant fluxes and
reservoirs in the modern marine environment. In-fluxes are shown in orange boxes, out-fluxes in
green boxes, respectively. The Fe isotopic composition of reservoirs is indicated in white boxes
(Anbar and Rouxel, 2007, and references therein). The large variability as well as the similarity in the
isotopic composition of most fluxes is striking. Importantly, the seawater Fe isotopic composition
is heterogeneous in the modern ocean because of the insolubility of iron in oxic aquatic systems
(Conway and John, 2014).

Igneous rocks
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Table 1: Iron and molybdenum isotope abundances

Iron Molybdenum

Isotope abundance (%) Isotope abundance (%)

*Fe 5.8 *Mo 14.84

*°Fe 91.72 *Mo 9.25

*’Fe 2.2 *Mo 15.92

**Fe 0.28 **Mo 16.68
Mo 9.55
*Mo 24.13
Mo 9.63

* after de Laeter et al. (2003)

apart from changes in the oxidation state are also accompanied by Fe isotopic fractionation, i.e. mineral
formation processes (Beard and Johnson, 2004; Guilbaud et al., 2011; Guilbaud et al., 2010; Wiesli et
al., 2004). Also, the bacterial reduction of iron cause significant Fe isotope fractionations (Johnson et
al., 2005). Depending on the depositional history of the analyzed sediments and the abundant mineral
species, all these fractionation processes need to be taken into account, when reconstructing ancient
redox conditions by the use of Fe isotopes (see chapters Il to Il for more detailed explanations).

2.3 Molybdenum isotopes

Molybdenum has seven naturally occurring stable isotopes (Table 1). The abundance of molybdenum
in the Earth’s crust is relatively low (1ppm) (Taylor and McLennan, 1985). In contrast to Fe, Mo forms
very unreactive molybdate ions (MoO,”) in oxic oceans. It therefore represents the most abundant
transition metal in the modern ocean (105 nM) with a residence time of ~440 ka (Miller et al., 2011),
which implies a globally homogeneous distribution in respect of concentration and isotopic composition
(Fig. 4). The modern sources and sinks of marine Mo and their respective Mo isotopic compositions are
summarized in Fig. 4. Most importantly, the adsorption onto Mn oxides represents the main outflux of
Mo in oxic settings, thereby preferentially adsorbing isotopically light Mo (Barling and Anbar, 2004). As a
consequence, the remaining modern marine Mo reservoir is isotopically heavy. In sulfidic marine settings,
molybdate transforms to thiomolybdate, which is efficiently removed from solution by adsorption onto
organic matter or the precipitation of Mo-Fe-sulfides (Helz et al., 1996; Helz et al., 2011; Tribovillard et al.,
2004). The near quantitative removal of Mo in such settings might preserve the Mo isotope signal in such
sediments (i.e. organic-rich black shales). The Mo isotopic composition of global seawater (and euxinic
sediments such as organic-rich black shales) may, thus, depend on the areal extension of oxic relative to
sulfidic conditions. For example, an increase in the seawater §°®Mo value (and the §%Mo value of euxinic
black shales) is expected in the course of global ocean oxygenation (Arnold et al., 2004).

However, the application of Mo isotopes as a ‘global paleo-redox proxy’ is complicated by several
aspects. First, the input was significantly lower during Archean times because of limited sulfide oxidation
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in a predominantly anoxic environment. As a consequence, the seawater Mo reservoir was probably
significantly smaller and possibly heterogeneously distributed (Scott et al., 2008). Furthermore, the
assumption of quantitative Mo removal in euxinic environments is very simplified, particularly when
considering environments with relatively low H,S,, concentrations. In respective settings large isotope
fractionations can occur, which has implications on the local sedimentary as well as the seawater Mo
isotopiccomposition. Itis therefore critical to consider the Mo isotope data in a broader context, particularly
regarding the local depositional environment (see chapters | for more detailed explanations).

In summary, isotope analyses of redox sensitive elements such as Mo and Fe in appropriate sediments
have the potential to trace changes of ancient environmental redox states. The combination of Mo- and
Fe isotopes is particularly promising because of their complementary behavior during redox-changes.
However, several other parameters apart from redox changes (i.e. biologic activity and the availability of
HZSaq) also have large implications for the sedimentary isotopic composition. A detailed understanding of
the local depositional environment and the operating processes during sedimentation and diagenesis are
therefore essential.

Rivers
6°Mo 0.7%o0
90 % ¢mm
Seawater (homogeneous) 9 V
6% Mo 2.3%o0 >0 /0 1 . 15% —
Suboxic sediments Euxinic sed.
&°Mo -0.5-1.3%o0 6%Mo ~2.3%o0 ||

Hydroth. fluids
5%8Mo ~0.7%o 1 35%
T 10% Mn oxides

0 5%Mo -0.7%o

Igneous rocks
6%Mo 0.4%o

FIGURE 4: Schematic illustration of the Mo isotopic composition of the most relevant fluxes and
reservoirs in the modern marine environment. In-fluxes are shown in orange boxes (Archer and
Vance, 2008; McManus et al., 2006), out-fluxes in green boxes, respectively (Poulson et al., 2006,
and references therein). The Mo isotopic composition of reservoirs is indicated in white boxes
(Siebert et al., 2003; Voegelin et al., 2014). Numbers indicate the relative contribution of the flux
(Scott et al., 2008). The seawater Mo reservoir is homogeneously distributed due to the stability
of molybdate ions in oxic seawater. Isotope fractionations during adsorption onto Mn oxides
cause the enrichment of light isotopes in respective sediments, leaving behind an isotopically
heavy ocean. This seawater Mo isotope signal may be preserved in euxinic sediments, where the
transformation of molybdate to particle reactive thiomolybdate causes near quantitative removal
of Mo. As a consequence of the very efficient Mo removal, respective settings account for 15 % of
the global Mo sink, although the areal extension of euxinic conditions is less than 1 % of the global
ocean (Scott et al., 2008).



3. Overview of the cumulative dissertation

In the following three chapters of this cumulative dissertation various sediments from very different
depositional settings were geochemically analyzed. By the use of ‘non-traditional’ stable isotope data of
redox-sensitive elements (Fe, Mo) and the further complementation by major element and ‘traditional’
stable isotope data (C, O, S) the marine environmental conditions, which prevailed during deposition, are
reconstructed. Thereby, the necessity to consider the isotopic proxy signals in the context of the local
depositional environment is highlighted. The age of the analyzed sediments ranges from late Archean
(Chapter I) to early Paleoproterozoic (Chapter Il) to late Neoproterozoic (Chapter Ill), thus, covering time
periods of major environmental changes (Fig. 1).

In CHAPTER | alternations of organic-rich black shales and siderite-rich iron formations from the
Hamersley Group, Western Australia, were analyzed for the molybdenum, carbon and oxygen isotopic
composition. The consideration of organic-rich black shales as well as siderite-rich iron formations helps
to better understand the Mo burial pathway in each depositional environment and the consequential
implications for the sedimentary and seawater Mo isotopic composition. The observed temporal trends
in the sedimentary Mo isotopic composition combined with a Mo-flux box-model suggest regional/global
changes in the oceanic redox-state with time. The depositional age of these sediments is bracketed
between 2.6 and 2.5 Ga. This transitional time period before the GOE may denote the first local formation
of near surface oxygen oases and so-called ‘whiffs’ of oxygen.

The marine redox evolution during the time period immediately before the GOE is considered in
CHAPTER II. The analyzed iron formations from the Koegas Subgroup, Transvaal Supergroup, South Africa,
were deposited around 2.48 Ga ago (Kendall et al., 2013). The combination of Mo and Fe isotope data
from these sediments provides important constraints on the behavior of the respective redox sensitive
elements in such settings and highlights the need to distinguish between their local and global implications.
Comparing the results with isotopic data from a modern anoxic lake equivalent and other Precambrian
sediments, the coupled Mo and Fe isotope data suggest the deposition along an anoxic-oxic chemocline
in the vicinity of a local oxygen oasis. The expansion of oxygenic photosynthetic activity and the coupled
dispersion of such near shore oxygen oases may have initiated the subsequent GOE.

The studyin CHAPTER Ill deals with the question of the timing and the extent of deep ocean oxygenation,
which may have represented the last major redox change towards a modern-like well-oxygenated world.
Several studies link deep ocean oxygenation to the second major oxygenation event, which in turn may be
linked to major biological evolutions during the late Neoproterozoic and Precambrian-Cambrian transition
(Canfield et al., 2007; Chen et al., 2015; Fike et al., 2006). New S, Fe, and Mo isotopic data and precise
U-Pb zircon dating of late Neoproterozoic black shales from the Tepla-Barrandian Unit, Czech Republic,
are presented in this chapter. The results create a detailed picture of the local depositional setting and its
variation with time. Coupled with this knowledge, the molybdenum isotope data strongly challenge the
general view of deep ocean oxygenation close to the Precambrian-Cambrian boundary.
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CHAPTER |

Continuously increasing 6°*Mo values in Neoarchean black shales
and Iron formations from the Hamersley Basin

1. Abstract

We present Mo-, C- and O-isotope data from black shales, carbonate- and oxide facies iron formations
from the Hamersley Group, Western Australia, that range in age from 2.6 to 2.5 billion years. The data show
a continuous increase from near crustal §°®Mo values of around 0.50 %o for the oldest Marra Mamba and
Wittenoom formations towards higher values of up to 1.51 %o for the youngest sample of the Brockman
Iron Formation. Thereby, the trend in increasing 6°®Mo values is portrayed by both, carbonate facies iron
formations and black shales. Considering the positive correlation between Mo concentration and total
organic carbon, we argue that this uniformity is best explained by molybdate adsorption onto organic
matter in carbonate iron formations and scavenging of thiomolybdate onto sulfurized organic matter in
black shales. A temporal increase in the seawater Mo over the period 2.6-2.5 Ga is observed assuming
an overall low Mo isotope fractionation during both Mo removal processes. Oxide facies iron formations
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show lowest Mo concentrations, lowest total organic carbon and slightly lower 6°*Mo compared to nearly
contemporaneous black shales. This may indicate that in iron formation settings with very low organic
matter burial rates, the preferential adsorption of light Mo isotopes onto Fe-(oxyhydr)oxides becomes
more relevant.

A similar Mo-isotope pattern was previously found in contemporaneous black shales and carbonates
of the Griqualand West Basin, South Africa. The consistent and concomitant increase in 6Mo after 2.54
billion years ago suggests a more homogenous distribution of seawater molybdate with uniform isotopic
composition in various depositional settings within the Hamersley Basin and the Griqualand West Basin.
The modeling of the oceanic Mo inventory in relation to the Mo in- and outflux suggests that the long-
term build-up of an isotopically heavy seawater Mo reservoir requires a sedimentary sink for isotopically
light Mo. The search for this sink (i.e. adsorption onto Mn-oxides in well oxygenated surface oceans and/
or subaerial environments or incomplete thiomolybdate formation in weakly sulfidic settings) remains
debated, but its relevance becomes more important closer to the Great Oxidation Event and is probably
related to already weakly oxidizing conditions even prior to the 2.5 Ga “whiff of oxygen”.

2. Introduction

The exact timing and evolution of the oxygenation of Earth’s atmosphere and oceans still remain
debated in the scientific community. The generally accepted model is of a Great Oxidation Event (GOE)
between 2.45 and 2.32 Ga (Bekker et al., 2004; Hannah et al., 2004; Holland, 2006) when atmospheric
oxygen levels rose above 107 of present atmospheric level (PAL) (Farquhar et al., 2000; Pavlov and Kasting,
2002). This view has been challenged by more recent studies that suggest at least locally a much earlier
first appearance of free atmospheric oxygen, which were most likely subjected to strong fluctuations
(Anbar et al., 2007; Crowe et al., 2013; Duan et al., 2010; Frei et al., 2009; Kurzweil et al., 2013; Planavsky
et al., 2014; Reinhard et al., 2013; Voegelin et al., 2010; Wille et al., 2007). These (temporal) increases in
atmospheric oxygen levels were tightly coupled with surface ocean oxygenation and the development of a
stratified water column with anoxic deep waters (Kendall et al., 2010; Reinhard et al., 2009). However, the
possible causes for environmental oxygenation during Meso- to Neoarchean are still a matter of debate,
as described in detail by Catling (2014).

Due to their redox sensitive behavior, some transition metals (V, Cr, Fe, Mo, Re) and, particularly, their
isotopic variations, can be used as proxies for environmental redox changes. Molybdenum, dissolved as
molybdate (MoO,?), is one of the most abundant transition metals in the modern oxygenated oceans. Its
long residence time between 440 and 750 kyrs depending on fluxes and mass balance calculations (Miller
etal., 2011; Morford and Emerson, 1999) results in a globally homogeneous modern seawater Mo-isotopic
composition of 2.3 %o in Mo (Siebert et al., 2003). This seawater 6%®Mo value is in stark contrast with
an average 6% Mo value of 0.4 %o of the upper continental crust (Voegelin et al., 2014), the main source
of oceanic Mo. The build-up of an isotopically heavy Mo oceanic reservoir is associated with Mo isotopic



CHAPTER | 15

fractionation during adsorption of M0042' onto mineral surfaces. Recent X-ray absorption spectroscopy
studies (XANES and EXAFS) show that the coordination of tetrahedrally coordinated molybdate (MoO,*)
may change during adsorption (Wasylenky et al., 2008; Kashiwabara et al., 2011). With this, adsorbed
Mo forms outer sphere complexes on ferrihydrite and Al-oxides that are partly tetrahedrally and partly
octahedrally coordinated. By contrast, Mo forms inner sphere complexes on Mn- and Ti-oxides that
are octahedrally coordinated (Kashiwabara et al., 2011). The Mo-coordination is of particular interest
for Mo-isotope studies, as octahedrally bound Mo has longer and therefore weaker Mo-O bonds than
tetrahedrally bound Mo. As a consequence, isotopically light Mo is preferentially incorporated into
octahedral coordination sites. Therefore, adsorption onto Mn-oxides causes large differences in the
Mo-isotopic composition (A*Mo,, .. =6%Mo,, .. -8%Mo__ =-3 %o; Barling et al., 2001),
whereas the difference is somewhat smaller when molybdate adsorbs onto ferrihydrite (AQSMofemhydrite_
comater = <S-°’8Moferrihydrite -8%Mo__ = -1.1 %o; Goldberg et al., 2009). Under euxinic conditions with H,S
concentrations above 11 umol L? (hereafter called as strongly euxinic conditions), molybdate is almost
guantitatively transformed to thiomolybdate (MoS42‘) (Helz et al., 1996; Nagler et al., 2011), which is
readily removed from solution either by adsorption onto organic matter (Dahl et al., 2010; McManus
et al., 2006) or by the formation of authigenic Fe-Mo-sulfides (Helz et al., 2011). As a consequence, the
6%Mo in black shales deposited below such a euxinic water column (hereafter called euxinic sediments)
should reflect the isotopic composition of seawater molybdate. Modern euxinic sediments from the Black
Sea exhibit the seawater isotopic composition of 2.3 %0 (Nagler et al., 2011; Neubert et al., 2008), but
are slightly depleted in the heavy isotopes compared to the directly overlying water column suggesting
a small net fractionation between thiomolybdate and authigenic sedimentary Mo of AgsMothiomolybdate-black
e = 0®Mo, 698Motlniomolybdate =-0.5 £ 0.3 %o (Nagler et al., 2011). This indicates that the removal is
only nearly-quantitative even at very high H,S concentrations. In intermediate redox milieus (e.g., weakly
euxinic environments, defined here as environments with low free H,S concentrations below 11umol L?
and suboxic environments, where HZS(aq)
to thiomolybdate (and the formation of intermediate oxythiomolybdate species MoO,S, *) can cause

is only present in the pore-water) the incomplete transformation

more significant net Mo isotope fractionations. Accordingly, sediments from weakly euxinic depositional
environments may reflect almost the full spectrum of observed Mo-isotope variations (Neubert et al.,
2008; Poulson et al., 2006; Siebert et al., 2006).

The oxidation of Mo* to Mo® and the formation of soluble molybdate is a prerequisite for large
subsequent isotope fractionation. In aqueous environments with Eh higher than -0.4 V (at a pH of 8),
molybdate is the thermodynamically stable species. By contrast, abiotic oxidation of other redox sensitive
metals such as iron (Fe?* oxidation to Fe®* at Eh of -0.1 V), chromium (Cr3* oxidation to Cr® at Eh of 0.3 V) or
manganese (Mn?* oxidation to Mn** at Eh > 0.5 V), need much higher redox potentials (Takeno, 2005). This
means that even under very reducing and ferruginous conditions, molybdate remains thermodynamically
stable as dissolved phase in seawater.

The goal of this study is to investigate the onset and mode of Neoarchean redox changes in the ocean-
atmosphere system. For this purpose we expand the Mo-isotope data of Hamersley Basin sedimentary
rocks presented by Duan et al. (2010) back in time, turning our attention to the Mo-isotopic evolution
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in different Archean sedimentary settings. The distinction between different depositional environments
within the same basin throughout the same time interval may provide a more detailed picture of the
Neoarchean Mo-cycle as well as the evolution of the oceanic redox state at different deposition depths.
We present Mo-isotope data from black shales as well as from carbonate and oxide facies iron formations
(IF) from the Neoarchean Hamersley Basin, spanning a depositional age range of 2.6 to 2.5 Ga.

3. Geological setting and sample description

The samples of this study are sedimentary rocks obtained from drill cores ABDP#9 and Millstream#9
from the Hamersley Basin of Western Australia (Fig. 1). Stratigraphically, samples from Millstream#9
represent the Marra Mamba Formation and the lower part of the Wittenoom Formation, which have an
age of ¥2597 £ 5 Ma (Fig. 1; Trendall et al., 1998). Samples from ABDP#9 are slightly younger, transitioning
from the upper part of the Wittenoom Formation (spherule layer: ~2541 +18/-15 Ma; Woodhead et al.,
1998) into the Mt. Sylvia Formation, the Mt. McRae Shale (~2501 + 8 Ma; Anbar et al., 2007) and the Dales
Gorge Member of the Brockman Iron Formation (2495 + 16 and 2461 + 6 Ma; Trendall et al., 2004).

The Hamersley Basin reflects a deep shelf/platform environment below wave base and above the
calcite compensation depth (Morris, 1993). Its depositional setting has been described as an outer-shelf
environment that was separated from the coast by a carbonate barrier, which inhibited large inputs
of terrigenous detrital material (Morris and Horwitz, 1983). The Marra Mamba Iron Formation mainly
consists of laminated ferruginous chert and oxide- and carbonate facies iron formation (Klein and Gole,
1981; KrapeZ et al., 2003) with intercalations of shaly, Fe-rich carbonates (Morris and Horwitz, 1983).
The lower Paraburdoo Member of the conformably overlying Wittenoom Formation consists mainly of
thinly bedded calcitic/dolomitic/sideritic carbonates. The upper Bee Gorge Member of the Wittenoom
Formation represents alternating grey-black shales and limestones/dolostones (Simonson et al., 1993). A
several meter thick chert layer, called the Lower Chert, marks the transition to the Mt. Sylvia Formation,
which is mainly composed of shales, siliciclastics, and chert units and capped by a 5 m thick layer of banded
iron formation, the so called Bruno’s Band (KrapezZ et al., 2003). The Mt. McRae Shale consists of two
black shale layers (S1 and S2) that are separated by a Fe-carbonate unit (Anbar et al., 2007). Conformably
overlying this is the Dales Gorge Member of the Brockman Iron Formation, which predominantly consists
of alternating layers of chert and banded iron formation (Krapez et al., 2003). The metamorphic grade
of the Hamersley Basin is sub-greenschist facies (i.e. prehnite-pumpellyte; McConchie, 1984; Tyler and
Thorne, 1990; Anbar et al., 2007).

The samples analyzed for this study include 1) organic rich, black shales, 2) grey-greenish and Fe-rich
shaly carbonates, and 3) banded iron formations. Black shales (1) are fine-grained and finely laminated.
They show strong enrichments in organic carbon and pyrite, the latter mainly appearing as early diagenetic
nodules and disseminated grains. Black shale deposits represent the most proximal setting (Beukes and
Gutzmer, 2008). Greenish shale units (2) are also finely laminated. These samples contain less organic
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FIGURE 1: Geological map of the Pilbara Craton with drill core locations of ABDP#9 and Millstream#9.
Also illustrated are the corresponding stratigraphic units and their predominant lithology. The bars on
the far right site demonstrate which stratigraphic units are covered by both drill cores of this study and
which parts of ABDP#9 were already analyzed by Anbar et al. (2007) and Duan et al. (2010). Also shown
are a U-Pb zircon age (2.60 Ga; Trendall et al., 1998), a Pb-Pb age (2.54 Ga; Woodhead et al., 1998), and
a Re-Os age (2.50 Ga; Anbar et al., 2007).

carbon and detrital material but are enriched in iron and carbonate. Most samples show disseminated Fe-
carbonates in fine-grained chert matrices. Less common are later diagenetic coarse-grained rhombohedral
carbonate grains. Beukes and Gutzmer (2008) argue that such samples represent relatively deep marine
environments. Iron formations (3) have no detrital material and represent the most distal deep water facies
(Beukes and Gutzmer, 2008). These samples show distinct bands of very fine grained chert alternating

with bands of reddish hematite and coarse grained, idiomorphic magnetite crystals.

4. Methods

Major element concentrations were determined by X-ray fluorescence analyses (XRF) using the Bruker
AXS Pioneer S4 at the University of Tuebingen. Glass beads were prepared by mixing 1.5 g of dried and
powdered sample material with 7.5 g lithium tetraborate, which was fused at 1050 °C for 30 minutes.
The loss of ignition was determined on a separate sample aliquot by the weight loss after 60 minutes
of heating in a furnace at 1050 °C. For concentration measurements 32 standardized samples define
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elemental calibration lines, with element specific analytical uncertainties is element specific (for Fe,O, the
1o standard error is 0.06 %).

To determine total organic carbon (TOC), powdered samples were decarbonized with 10 % HCl at room
temperature and four-times rinsed with ultrapure H,0 (18.2 MQ cm™). This procedure was repeated twice.
The concentration of TOC (decarbonized samples) and total carbon (TC; of untreated bulk samples) were
then measured by combustion with a Vario elemental analyzer. The total inorganic carbon component
(TIC) was calculated as the difference between TC and TOC.

Carbonate carbon and oxygen isotope measurements were determined on bulk sample material that
was treated with phosphoric acid (99 %) in a He-atmosphere at 90 °C for at least 150 minutes to fully
assure complete dissolution of all carbonates including iron carbonates. Isotopic ratios of the evolving
CO,-gas were measured by continuous flow with a Gasbench Il coupled to a Finnigan MAT 252 gas source
mass spectrometer at the University of Tuebingen. Isotope ratios were calibrated with NBS18 (6*3C of -5.00
%o and 680 of -22.96 %o) and NBS19 (6*3C of 1.95 %0 and 680 of -2.20 %o relative to the Vienna Pee Dee
Belemnite; V-PDB) and are reported in the 6-notation relative to the V-PDB standard:

r'X )
[W] Sample

§iX -1

[ﬁl Standard

where X is the respective element, i is the mass of the rare isotope, and j is the mass of the common
isotope. 6-values are reported in %o by multiplication with a factor of 1000. The external reproducibility is
0.1 %o (20) for both, 63C and 620.

For the determination of the carbon isotopic composition of the organic matter, a few milligrams
of the dried and decarbonized sample material were flash combusted at 1050 °C. The evolving CO, gas
was separated gas-chromatographically with a Carlo Erba NC 2500 elemental analyzer (EA). The EA was
coupled to a Finnigan Delta*XL for carbon isotope measurements using continuous flow mode. Results
were calibrated to the in-house standard USGS 24 and are presented here in the 6-notation in per mill and
relative to V-PDB.

Mo-isotope analyses follow the method described by Wille et al. (2013). Samples were ashed for 12
h at 600 °C to oxidize organic phases. An adequate amount of a ®Mo-"’Mo double spike was added
to 50-500 mg powdered sample material prior to sample digestion and Mo-purification. The double-
spike method allows for the correction of the instrumental mass bias as well as mass fractionation that
might be caused during chromatographic Mo-purification (Rudge et al., 2009). Samples were dissolved
in Teflon beakers by sequential digestion steps using distilled HF, HNO, and HCl acids. Mo was purified
using a combination of anion and cation exchange chromatography (i.e. using Dowex 1X8, 200-400 mesh
and Dowex 50WX8 200-400 mesh resins, respectively) as described by Wille et al. (2013). Molybdenum
isotopic ratios were measured on a multi-collector ICP-MS (ThermoFisher Scientific NeptunePlus) at the
University of Tuebingen. Measurements of the in-house standard ZH-2, a Mo-rich sulfide that ran through
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all chemical separation steps, yield a long-term reproducibility on §®Mo better than 0.09 %o (20). Results
were calibrated using the Johnson Matthey ICP standard and are reported in the 6-notation relative to the
NIST3134 standard (Goldberg et al., 2013), which was set to 0.25 %o following a proposal of Nagler et al.
(2014):

QBMD
(95 o)
§%Mo = [ rommsmle. _ 1 | x 1000
(QSMO)NIST3134
5. Results

In order to characterize the set of 23 samples we distinguish petrologically and chemically between
black shales, and carbonate and oxide facies iron formations (Table 1). Black shales are rich in TOC, with
values between 0.8 and 5.5 weight percent (wt%), have Fe,O, below 15 wt% and Al,O, above 10 wt%. In
contrast, iron formations have Fe,0, above 25 wt% and Al O, below 5 wt% (and most of them even below
1 wt%). We further distinguish between carbonate and oxide dominated iron formation facies, as well as
mixtures of both (carb-IF, ox-IF and carb/ox-IF, respectively). To do so, we calculated the iron formation
carbonate fraction assuming that all Ca and Mg are bound in carbonate. We further assumed that all
remaining carbonate is ferrous carbonate. All samples with more than 70 % of the total iron bound in
ferrous carbonate we refer to as carbonate facies iron formation, samples with less than 10 % we refer
to as oxide facies iron formation, and intermediate samples we refer to as oxide/carbonate facies iron
formation. This distinction is confirmed by petrological observations (Fig. 2).

a) ABDP-103 b) ABDP-190 c) ABDP-215

hematite magnetite

magnetite

Fe-carbonate
rhomboids

hematite

TYah

FIGURE 2: Reflected light microscopy images of samples ABDP-103 (a), ABDP-190 (b) and ABDP-215
(c). (a) shows iron carbonate spheroids in a fine grained chert matrix. Iron carbonate rhombs and
iron carbonate spheroids within chert are observed in (b). A layer of fine grained hematite and large
magnetite crystals marks a distinct boundary. (c) shows a fine chert matrix separated from a thick band
of hematite filled with magnetite crystals.



20 Continuously increasing 8 Mo values in Neoarchean black shales...

Table 1: Main elements of drill cores ABDP#9 and Millstream#9

Sample depth Formation Lithology SiO0, ALO; TiO, Fe,0; MnO MgO CaO Na,0 K,O0 P,05 LOI sum
(m) (Wt%) (Wt%) (wt%) (wt%) (wt%) (Wt%) (wt%) (Wt%) (wt%) Wwt%) (wt%)
ABDP-103 102.55 Dales Gorge carb-IF 12.2 0.0 0.0 53.4 0.2 4.1 1.0 0.0 0.0 0.1 28.0 99.1

ABDP-114 114.4 Mt McRae black shale  21.9 5.6 0.2 29 0.5 11.9 20.4 0.2 24 0.0 33.4 99.3
ABDP-133 132.7 Mt McRae black shale ~ 55.1 11.4 0.4 10.3 0.4 3.6 2.8 0.3 32 0.1 10.7 98.4

ABDP-164 163.5 Mt McRae carb-IF 11.2 4.1 0.1 442 0.4 8.4 1.9 0.1 15 0.1 29.5 101.4
ABDP-177 176.7 Mt McRae black shale  56.7 11.9 0.5 9.9 0.1 2.2 0.5 0.5 5.9 0.1 10.5 98.7
ABDP-180 179.8 Mt McRae carb-IF 324 0.6 0.0 30.1 0.7 5.4 5.9 0.0 0.0 0.1 24.4 99.6
ABDP-190 190.2 Mt Sylvia ox/carb-IF  12.9 0.0 0.0 65.7 0.3 2.7 2.8 0.1 0.0 0.1 15.1 99.6
ABDP-215 214.5 Mt Sylvia ox-IF 16.4 0.3 0.0 76.3 0.0 2.4 2.1 0.1 0.0 0.1 1.9 99.6
ABDP-219 218.65 Mt Sylvia black shale ~ 52.0 12.8 0.5 133 0.1 35 1.3 0.1 6.1 0.1 9.2 98.9
ABDP-220 219.95 Mt Sylvia ox-IF 58.5 0.0 0.0 37.6 0.0 0.7 1.1 0.1 0.0 0.0 1.0 98.9
ABDP-240 239.5 Wittenoom black shale  64.8 12.7 0.5 6.8 0.1 3.0 1.3 0.8 3.2 0.0 6.2 99.3
ABDP-259 259.38 Wittenoom black shale  64.9 10.8 0.4 10.2 0.1 34 1.4 0.6 1.4 0.1 5.8 99.3
ABDP-260 259.63 Wittenoom limestone 9.0 0.1 0.0 1.5 0.6 0.8 48.3 0.1 0.0 0.0 38.6 99.0
ABDP-292 291.6 Wittenoom carb-IF 22.0 3.6 0.2 28.5 0.4 6.9 115 0.1 0.3 0.0 26.2 99.6
ABDP-316 316 Wittenoom black shale  59.3 16.1 0.6 5.5 0.1 42 1.4 3.5 3.6 0.1 4.7 99.2
ABDP-332 332 Wittenoom limestone 0.9 0.1 0.0 0.8 0.2 0.6 54.8 0.1 0.0 0.0 43.0 100.6
ABDP-335 334.55 Wittenoom carb-IF 8.6 0.8 0.1 29.3 0.5 6.8 19.3 0.1 0.0 0.1 34.4 99.9
ABDP-340 340 Wittenoom black shale  57.1 15.9 0.7 6.9 0.2 4.5 2.1 1.3 3.1 0.1 7.5 99.3
ABDP-355 355.18 Wittenoom limestone 10.7 3.1 0.1 1.7 0.9 1.0 44.4 0.6 0.6 0.0 36.0 99.0
Mill-205 205 Wittenoom black shale  60.4 16.7 0.6 2.5 0.1 2.5 1.0 0.1 114 0.1 4.1 99.4
Mill-206 205.5 Wittenoom black shale ~ 58.3 13.5 0.7 1.8 0.1 4.1 3.7 0.1 8.2 0.1 8.7 99.3
Mill-217 217 Wittenoom black shale  59.3 17.7 0.9 1.9 0.0 2.6 0.4 0.1 10.7 0.1 5.6 99.2
Mill-223 223 Marra Mamba carb-IF 6.5 1.1 0.1 35.1 0.8 9.7 13.9 0.0 0.0 0.1 32.8 100.1

Mill-223.2 223.2  Marra Mamba carb-IF 7.8 1.8 0.1 26.8 0.8 10.5 17.7 0.1 0.2 0.1 33.5 99.5
Mill-225 225 Marra Mamba  ox/carb-IF 12.3 1.1 0.1 40.5 0.6 6.9 15.1 0.2 0.4 0.1 224 99.6
Mill-229 229.3 Marra Mamba  black shale ~ 45.8 11.0 0.5 2.6 0.3 7.6 92 0.1 6.0 0.1 16.3 99.5

Average concentrations of TIC follow the order ox-IFs (0.8 £ 0.3 wt%) < black shales (1.4 + 2.2 wt%) <
ox/carb IFs (5.9 £ 0.8 wt%) < carb IFs (8.5 + 1.0 wt%). Corresponding 6"*C__, values vary strongly (between -
17.0 and -0.1 %o) with averages in the order of black shales (-3.8 + 3.5 %o) > carb IF (-5.6 + 2.4 %o) > ox/carb
IFs (-6.9 % 2.8 %o) > ox IFs (-9.7 £ 2.1 %o). The 6'*0_ , pattern shows variable values only for black shales
(-14.5 to -6.7 %o) but is homogeneous for all iron formation (-11.1 to -9.1 %o). For comparison, the oxygen
and carbon isotopic composition of 3 limestones (ABDP-260; ABDP-332; ABDP-355) were measured. Both,
&2C.,, and 80 values span narrow ranges (6"*C_  between -1.27 and -0.87 %o and 6'*0__, between
-12.79 and -9.04 %o.). We observe no correlation between 6*C_  and 6**0__, (Fig. 3). Iron formations show
strong variability in 6°C__  (with values below limestone 6"C__,) at relatively constant 6*0__,.

Average TOC contents increase in the order ox-IFs (0.1 + 0.0 wt%) = ox/carb-IFs (0.1 + 0.1 wt%) < carb-
IFs (0.7 £ 0.4 wt%) < black shales (2.4 + 1.5 wt%). The corresponding 613’Corg values vary between -43.3 and
-27.2 %o with averages of carb IFs (-35.9 + 4.9 %), black shales (-33.6 £ 3.0 %o), ox/carb-IFs (-32.5 = 5.3
%o0) and ox-IFs (-30.1 + 1.9 %o) (Table 2). Considering only black shale samples, 6*°C_  and 513C0,g exhibit
a positive linear correlation with an R? value of 0.86, whereas no correlation is observed in both types of
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FIGURE 3: (a) Compilation of 60 and &%C of carbonates in bulk rock samples. Expected trends for
fluid alteration or lithification during diagenesis (Knauth and Kennedy, 2009) are not observed. Iron
formations have generally lower 6*C_ but similar 6'*0_ , as limestones (red circles), which is the
result of iron carbonate formation during dissimilatory iron reduction (DIR). (b) illustrates 513'COrg Vs.
&BC,,,, showing a correlation only in black shale samples (black circles). Iron formations, displayed as
squares (orange: carbonate facies IFs, white: oxide/carbonate facies IFs, blue: oxide facies IFs), exhibit

no correlation.

iron formations (Fig. 3b). Accordingly, the difference in 613C0rg and 6°C_  (A®C
%o very constant in black shales, but varies strongly in IFs (-26.15 + 8.45 %s).

) is with -29.85 + 1.36

Org-carb

For the determination of authigenic molybdenum concentrations we corrected all samples for a
detrital component by normalizing on Al, assuming that all Al is detrital with a chemical composition of the
Post Archean Australian Shale (PAAS) (Taylor and McLennan, 1985). Al concentrations in iron formations
are very low and show only weak correlation with Mo concentrations (R? of 0.39; Fig. 4a), which clearly
mismatches the range of Al/Mo ratios of average continental crust. The correction further indicates that
more than 80 % of Mo in iron formations is non-detrital, but authigenic (see Table 2). Black shales have
higher Al concentrations but are also enriched in Mo. The relative proportion of authigenic Mo is always
above 77 % (mostly even above 85 %). Mo and Al show no correlation and suggest that Mo enrichment
was decoupled from the detrital input.

Authigenic Mo concentrations vary between 0.3 and 13 ppm and averages increase in the order ox-
IFs (0.4 £ 0.1 ug/g) = carb/ox-IFs (0.4 = 0.1 ug/g) < carb-IFs (0.8 + 0.4 pg/g) < black shales (7.1 + 8.9 ug/g;
Table 2). Considering only black shales, we observe average authigenic Mo concentrations of 2.2 ug/g
in the Marra Mamba Formation (1 sample), 3.3 £ 1.2 ug/g in the Wittenoom Formation (7 samples), 3.8
ug/g in the Mt. Sylvia Formation (1 sample), 3.9 + 1.3 pg/g in the S2 of the Mt. McRae Shale (19 samples;
this study and Anbar et al., 2007) and 18.5 + 9.4 ug/g in the S1 layer of the Mt. McRae Shale (46 samples;
Anbar et al., 2007 and this study) revealing a concentration increase with time. Mo concentrations in all
sedimentary rocks show no correlation with iron (Fig. 4b) but a positive correlation with TOC (Fig. 4c).
Excluding the two black shale outliers with extremely high Mo and TOC, the linear trend between Mo and
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TOC has an R? value of 0.51. Mo/TOC ratios of black shales are between 1.0 and 3.7 ppm/wt% and show
no correlation with the molybdenum isotopic composition (6°®Mo). The §%Mo values are between +0.51
and +1.51 %o (Fig. 5) and thus above the 6°®Mo composition of the continental crust. Black shales and
carb-IFs of similar core depth have a similar Mo-isotopic composition (i.e. compare sample pair