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Abstract

The sedimentary Mo and U isotope systems have been commonly used as novel
global ocean redox tracers due to their long oceanic residence times and redox-sensitive
behavior. However, local sedimentary environments and global ocean redox conditions
both influence the Mo and U isotope compositions of euxinic organic-rich mudrocks
(ORM). Here, we further develop the coupled use of Mo and U isotope data from
euxinic ORM to more robustly infer coeval global ocean redox conditions. We
measured 3*3%U from eight late Neoproterozoic to middle Paleozoic ORM units that
have previously reported Mo isotope and Fe speciation data. Integration of our new data
with previously published Proterozoic and Phanerozoic Mo and U isotope data reveals
that there is no overall correlation between the Mo and U isotope compositions of
euxinic ORM. This observation confirms that the extent to which local versus global
environments influenced the preserved Mo and U isotope compositions in ORM was
variable. Individual ORM units can have negative, positive, or no correlation between
3%Mo and 8*%U. A negative correlation between 8°*Mo and 6%38U in the Upper
Devonian Kettle Point Formation is similar to the observations from modern euxinic
basins, reflecting a major control on the Mo-U isotope systematics by changes in the
local depositional environment, such as bottom-water sulfide concentrations. A positive
correlation between 6°*Mo and 623U observed in the Upper Ordovician Fjicka Shale
is best explained by changes in global ocean redox conditions that simultaneously
shifted the Mo and U isotope compositions of the global seawater and the Fjacka Shale
ORMs in the same direction. No correlations between 6°*Mo and 3*3%U for euxinic
ORM may be caused by specific local depositional changes, a lack of or a combination
of local and global environmental changes, and/or is an artifact of limited data. For

example, a vertical trend (variable °*Mo but similar $238U) is shown by most samples



from Member IV of the Ediacaran Doushantuo Formation, implying a strong influence
on the Mo isotope data by an Fe-Mn particulate shuttle. A horizontal trend (similar
3%Mo but variable 62*8U) is observed from the Paleoproterozoic Zaonega Formation,
implying that relatively constant bottom water sulfide concentrations caused similar
magnitudes of Mo isotope fractionations whereas other factors (e.g., U reduction
pathways, aqueous U species, productivity) were responsible for variable U isotope
fractionations. Relatively constant elemental concentrations and isotope compositions
from the Tanezzuft Formation are indicative of stable conditions at local and global
scales. We further propose a method to estimate the coeval seawater Mo and U isotope
compositions based on a coupled Mo-U isotope mass balance model and the
observations from modern euxinic basins. The coupled Mo-U isotope data from euxinic
ORMs provide more insights on the local and global environmental controls on the
preservation of both isotope systems than previously realized. Our study highlights the
importance of examining the local depositional environment and using large datasets of
coupled Mo-U isotope compositions from euxinic ORM intervals to reconstruct

paleocean redox conditions.
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1. INTRODUCTION

Changes in Earth’s atmosphere-ocean redox conditions are likely intertwined
with the evolution of the overall Earth system, including the biosphere, crust, and
mantle (e.g., Holland, 2006; Canfield et al., 2007; Dahl et al., 2010; Lyons et al., 2014;
Kendall et al., 2015; Reinhard et al., 2016; Wallace et al., 2017; Lu et al., 2018).
Although the modern atmosphere and ocean are well-oxygenated, the environment of
the Precambrian was likely different — more widespread anoxic conditions (e.g., Scott
et al., 2008; Partin et al., 2013; Lyons et al., 2014; Lu et al., 2017a; Lu et al., 2018;
Sheen et al., 2018; Wang et al., 2018). Both environmental (e.g., oxygen level, climate
change) and ecological/genetic factors (e.g., arms race) could influence metazoan
evolution (e.g., Rhoads and Morse, 1971; Diaz and Rosenberg, 1995; Dahl et al., 2010;
Mills and Canfield, 2014; Planavsky et al., 2014; Reinhard et al., 2016). It has been
demonstrated a physiological control of O, on the body size of species, diversity of
carnivory, and complexity of food webs (e.g., Dahl and Hammarlund, 2011; Payne et
al., 2011; Sperling et al., 2013; Mills and Canfield, 2014). Therefore, exploring the
Earth’s surface oxygenation through time greatly helps to understand how metazoans
diversified through time and how the Earth evolved as a complex system (e.g., Holland,
2006; Canfield et al., 2007; Butterfield, 2009; Dahl et al., 2010, 2017b, 2019; Reinhard
et al., 2013; Lyons et al., 2014; Kendall et al., 2015; Wallace et al., 2017; Lu et al.,
2018; Zhang et al., 2019).

Tracking the Earth’s oxygenation history is not straightforward and is often
inferred from geochemical redox proxies, such as the concentrations and isotopic
compositions of redox-sensitive trace metals (e.g., Scott et al., 2008; Partin et al., 2013;

Kendall etal., 2015; Luetal., 2017a; Sheen et al., 2018). The molybdenum and uranium



isotope compositions of euxinic organic-rich mudrocks (ORM) have been widely used
as novel global ocean redox tracers (e.g., Barling et al., 2001; Arnold et al., 2004;
Stirling et al., 2007; Weyer et al., 2008; Kendall et al., 2009, 2015, 2020; Dahl et al.,
2010, 2011; Asael et al., 2013; Lu et al., 2017b; Yang et al., 2017; Wang et al., 2018;
Gilleaudeau et al., 2019; Ostrander et al., 2019a). Both Mo and U have much longer
modern oceanic residence times (Mo: 440 kyr; U: 400-500 kyr) than the ocean mixing
time (~1-2 kyr) (Ku et al., 1977; Dunk et al., 2002; Miller et al., 2011). These metals
are soluble and show conservative behavior in oxygenated waters and can be removed
to sediments under anoxic conditions via different mechanisms (see Section 2;
Anderson, 1989; Barnes and Cochran, 1990; Helz et al., 1996, 2011; Morford and
Emerson, 1999; Erickson and Helz, 2000; Dunk et al., 2002; McManus et al., 2006;
Algeo and Tribovillard, 2009). The Mo and U isotope compositions of ORMs are
sensitive to the extent of global ocean euxinia, and geochemical models have been
developed to quantitatively constrain the contemporaneous global ocean redox
conditions (e.g., Dahl et al., 2011; Goldberg et al., 2016; Gilleaudeau et al., 2019).
Depending on only Mo isotope compositions of euxinic ORM leads to
uncertainty when reconstructing paleocean redox conditions (e.g., Arnold et al., 2004;
Neubert et al., 2008; Gordon et al., 2009). Only under strongly euxinic bottom water
conditions ([H,S],q > 11pM) and near-quantitative removal of Mo from bottom waters
can the Mo isotope compositions of modern euxinic sediments approach the global
seawater Mo isotope composition (Barling et al., 2001; Arnold et al., 2004; Neubert et
al., 2008; Nagler et al., 2011; Noordmann et al., 2015; Bura-Naki¢ et al., 2018). In
contrast, much larger and variable Mo isotope fractionations (0.5-3.0%o) between
modern seawater and sediments occur when bottom waters are non-euxinic or weakly

euxinic ([H,S]aq < 11uM) (Arnold et al., 2004; Neubert et al., 2008; Poulson et al.,



2006; Poulson Brucker et al., 2009; Goldberg et al., 2012; Kendall et al., 2017).
However, there is no valid method to distinguish between strongly and weakly euxinic
conditions for ancient ORM. Therefore, it is challenging to determine how much
seawater Mo isotope variation occurred during deposition of a euxinic ORM
stratigraphic unit. Because of this difficulty, the heaviest Mo isotope compositions of a
euxinic ORM stratigraphic unit are commonly regarded as a conservative lower limit
of coeval seawater Mo isotope compositions for the entire unit (Barling et al., 2001;
Arnold et al., 2004; Neubert et al., 2008; Gordon et al., 2009; Dahl et al., 2010; Nagler
et al., 2011; Kendall et al., 2015; Briiske et al., 2020). However, doing so limits the
utility of the Mo isotope system as a global ocean redox tracer.

Inferring ancient global ocean redox conditions solely based on the U isotope
compositions of euxinic ORM can also be ambiguous (e.g., Andersen et al., 2014;
Rolison et al., 2017; Wang et al., 2018; Briiske et al., 2020; Kendall et al., 2020). A
large apparent U isotope fractionation factor between bottom waters and euxinic
sediments (> 0.6%o) is found to be accompanied by both abiotic and biotic U reduction
(U[VI] to U[IV]) and removal, resulting in the preferential accumulation of 233U in
U(IV) in sediments as observed in modern euxinic basins (Stirling et al., 2007; Weyer
et al., 2008; Montoya-Pino et al., 2010, 2011; Andersen et al., 2014, 2017; Holmden et
al., 2015; Noordmann et al., 2015; Rolison et al., 2017; Bura-Naki¢ et al., 2018; Briiske
et al., 2020). This process is explained as the nuclear field shift fractionation (e.g.,
Bigeleisen, 1996; Schauble, 2007; Abe et al., 2008). However, the effective U isotope
fractionation between euxinic bottom waters and sediments can be variable due to
changes in the local depositional environment (e.g., aqueous U species, site of U
reduction (above, at, or below sediment-water interface [SWI]), the efficiency of U

removal, U diffusive-reactive process, sedimentation rate, productivity), limiting the



use of U isotope compositions from ancient ORM to reconstruct global paleocean redox
conditions (Andersen et al., 2014, 2017; Noordmann et al., 2015; Rolison et al., 2017;
Brown et al., 2018; Bura-Naki¢ et al., 2018; Briiske et al., 2020; Lau et al., 2020).
Using a single metal isotope system can lead to significant uncertainties;
however, the combined use of multiple metal isotope systems is a better approach to
more robustly infer ancient seawater metal isotope compositions and thus infer global
ocean redox conditions. In this study, we use new and previously published data to
further develop the coupled use of Mo and U isotope compositions from Proterozoic
and Phanerozoic euxinic ORM to reconstruct global ocean redox conditions. Different
patterns of covariation between Mo and U isotope data from individual ORM units are
observed, shedding light on the relative influence of local depositional effects versus
global redox controls. In addition, the potential ranges of contemporaneous seawater
Mo and U isotope compositions during ORM deposition are estimated using a coupled

Mo-U isotope model developed from observations of modern marine sediments.

2. THE MOLYBDENUM AND URANIUM ISOTOPE SYSTEMS AS GLOBAL

OCEAN REDOX TRACERS

2.1 The Mo isotope proxy

Molybdenum is mainly sourced from the oxidative weathering of the upper
continental crust and delivered to the oceans via rivers, and low-temperature seafloor
hydrothermal systems contribute a small amount of Mo (~5-10%) to the oceans
(McManus et al., 2002; Miller et al., 2011; Reinhard et al., 2013). In the oxygenated
surface waters, Mo mainly exists as soluble molybdate (MoQO,4?-), which can be slowly

adsorbed on the surface of Mn oxides (Barling et al., 2001; Siebert et al., 2003; Barling



and Anbar, 2004). In anoxic and sulfidic environments, the soluble molybdate can
efficiently react with aqueous hydrogen sulfide ([H»S],q) to form particle reactive
thiomolybdate and polysulfide species that are scavenged by organic matter and solid
sulfide minerals (Helz et al., 1996, 2011; Morford and Emerson, 1999; Erickson and
Helz, 2000; Dahl et al., 2013, 2017a). The Mo removal rates in euxinic settings are
much higher than in oxic settings (Bertine and Turekian, 1973; Emerson and Huested,
1991; Scott et al., 2008). The redox sensitive behavior and long oceanic residence time
(~440 kyr today) make Mo an ideal tracer for global ocean redox conditions (Barling
et al., 2001; Miller et al., 2011; Kendall et al., 2017).

The modern ocean has a homogenous 6°*Mo of ~2.34 + 0.10%o (2SD; Barling
etal., 2001; Nakagawa et al., 2012; Négler et al., 2014). The §°®Mo of low-temperature
seafloor hydrothermal systems is estimated around 0.8%o, but is still poorly understood
(McManus et al., 2002; Kendall et al., 2017). The weight-averaged 8°®Mo of large rivers
is estimated to be ~0.7%o (Archer and Vance, 2008). However, groundwater could
potentially contribute a larger amount of Mo to the rivers than previously thought
(Moore, 1996). Taking the groundwater input into consideration, the newly estimated
average 8°3Mo of the riverine inputs is similar to the estimated average composition of
the upper continental crust (0.3-0.6%o; Voegelin et al., 2014; King et al., 2016; Willbold
and Elliott, 2017; King and Pett-Ridge, 2018). Neely et al. (2018) estimated a 3°*Mo
value of ~0.5%o for the overall oceanic Mo inputs, including contributions from rivers,
groundwaters, and low-temperature hydrothermal systems.

Under well-oxygenated bottom waters, Fe-Mn oxides are characterized by an
average 8°*Mo of —0.7%o, indicating a large Mo isotope fractionation of ~3%o during
Mo adsorption to Fe-Mn oxides (Barling et al., 2001; Siebert et al., 2003; Barling and

Anbar, 2004). By contrast, continental margin sediments, deposited under weakly



oxygenated and anoxic bottom waters where aqueous hydrogen sulfide is restricted to
the porewaters, have a much heavier §°*Mo value of 1.6-2.1%o (Poulson et al., 2006;
Siebert et al., 2006; Poulson Brucker et al., 2009; Eroglu et al., 2020). Sediments
deposited in mildly oxygenated environments have intermediate 3°*Mo values between
—1.0%o0 and +1.6%o, which are influenced by the different compositions of Fe and Mn
oxides and the levels of [H,S],q in the porewaters (Siebert et al., 2006; Goldberg et al.,
2009, 2012).

When the bottom water is strongly euxinic ([H,S],q > 11 pM, “active point of
switch” [APS]), molybdate can be completely converted to trithiomolybdate (MoOS;%")
or tetrathiomolybdate (MoS,;*) (Helz et al., 1996; Erickson and Helz, 2000). If
quantitative Mo removal was further achieved, the authigenic Mo isotope composition
of the euxinic sediment is close to that of the open-ocean seawater value as observed in
the deep Black Sea and the Kyllaren Fjord (Barling et al., 2001; Neubert et al., 2008;
Helz et al., 2011; Noordmann et al., 2015). However, if Mo removal was incomplete
(e.g., bottom water renewal rate > Mo burial rate), a small Mo isotopic offset (0.5 +
0.3%0) between seawater and the euxinic sediments could still occur even in a strongly
euxinic environment (Nagler et al., 2011; Bura-Naki¢ et al., 2018). In contrast, large
and variable Mo isotope fractionations (up to ~3%o) could occur under weakly euxinic
bottom water conditions ([HS],q < 11 pM) due to the formation of intermediate
thiomolybdate species and non-quantitative Mo removal from bottom waters (Arnold
et al., 2004; Neubert et al., 2008; Nagler et al., 2011). Short-term redox fluctuations
(possibly associated with eustatic sea-level change, occasional inflow of oxygenated
waters) could stimulate cycling of the Fe-Mn oxides that shuttle isotopically light Mo
to deeper waters or the sediment surface, which can also cause lower 3°*Mo in these

euxinic sediments as observed in the Cariaco Basin and the Baltic Sea (Gotland Deep



and Landsort Deep) (Huckriede and Meischner, 1996; Dellwig et al., 2010, 2012;
Arnold et al., 2004; Goldberg et al., 2009, 2012; Négler et al., 2011; Scholz, 2013, 2018;
Noordmann et al., 2015).

In this framework, during expanded ocean euxinia, the seawater would be
characterized by a relatively lower Mo isotope composition due to less removal of
isotopically light Mo to oxic sediments. In contrast, a widespread oxygenated ocean

would have a higher Mo isotope composition.

2.2 The U isotope proxy

Riverine input is the only known major source of U to the oceans (Dunk et al.,
2002). Groundwaters, as an important source of Mo to the oceans, might contribute to
oceanic U although it is currently a knowledge gap. Uranium mainly exists as the
Ca/Mg-UQO,-CO; complexes in oxygenated waters (Langmuir, 1978; Anderson et al.,
1989; Dunk et al., 2002; Endrizzi et al., 2016). Unlike Mo removal that can occur in a
euxinic water column, U removal typically involves the diffusion of seawater U(VI)
into porewaters and subsequent reduction of soluble U(VI) to insoluble U(IV) at the
SWI or within the sediments under anoxic conditions (Anderson et al., 1989; Barnes
and Cochran, 1990, 1993). The strong negative correlation (r> = 0.99) between
dissolved U concentrations and hydrogen sulfide concentrations in the Black Sea water
column indicates U removal is more efficient when euxinia is more intense (Rolison et
al., 2017). It has also been demonstrated that the U reduction and removal rate is
proportional to the sulfate reduction rate (Barnes and Cochran, 1993). The U burial
rates in euxinic settings are much higher than in oxic settings (Barnes and Cochran,
1990; Morford and Emerson, 1999; Dunk et al., 2002). Oxygenated modern seawater

has an average 338U of —0.39 £ 0.04%o (2SD; Stirling et al., 2007; Weyer et al., 2008;



Tissot and Dauphas, 2015; Andersen et al., 2016; Noordmann et al., 2016). The
weighted average 623U of rivers has been estimated between —0.34%o and —0.24%o,
which is similar to the upper continental crust (—0.3%o; Stirling et al., 2007; Weyer et
al., 2008; Tissot and Dauphas, 2015; Andersen et al., 2016; Noordmann et al., 2016).

The U reduction and removal process below the SWI is accompanied by a large
and variable U isotope fractionation (typically 0.6-0.8%o) between modern euxinic
sediments and bottom waters (Stirling et al., 2007; Weyer et al., 2008; Montoya-Pino
etal.,2010; Andersen et al., 2014, 2016; Holmden et al., 2015; Noordmann et al., 2015,
2016; Rolison et al., 2017; Bura-Naki¢ et al., 2018; Briiske et al., 2020). This diffusive-
reactive process for U has been fully explained in previous studies (Clark and Johnson,
2008; Andersen et al., 2014; Rolison et al., 2017; Wang et al., 2018), and thus is only
briefly described here. When dissolved U(VI) diffuses across the SWI from bottom
waters to sediments, partial U reduction and removal will cause authigenic U
accumulation and preferential enrichment of 238U in the sediments, leading to lower U
concentrations and lower 8*%U in the porewaters. When U reduction occurs at greater
depths below the SWI, there will be progressively less U isotopic offset from overlying
seawater because of less dissolved U(VI) in the porewaters (Clark and Johnson, 2008;
Andersen et al., 2014; Rolison et al., 2017; Wang et al., 2018).

The full range of intrinsic U isotope fractionation during reduction of U®* to U%*
is not well determined. Theoretical calculations based on ab initio molecular orbital
modeling suggest an intrinsic U isotope fractionation of 0.95%o (Abe et al., 2008).
Laboratory experimental studies yield a similar value of ~1.0-1.3%o for abiotic and
biotic U reduction (Basu et al., 2014; Stirling et al., 2015; Stylo et al., 2015; Brown et
al., 2018). Based on a model that describes Se diffusion and reduction below the SWI,

the effective Se isotope fractionation between the dissolved phase and reduced phase is



calculated to be half of the intrinsic Se isotope fractionation (Clark and Johnson, 2008).
Similarly, this diffusive-reactive approach can be used for U (Andersen et al., 2014).
An effective U isotope fractionation of ~0.6%o between euxinic bottom waters and
sediments is observed in several modern anoxic basins (e.g., the Black Sea, Cariaco
Basin, Saanich Inlet, Kyllaren Fjord, Lake Rogoznica; Andersen et al., 2014;
Noordmann et al., 2015; Holmden et al., 2015; Rolison et al., 2017; Bura-Nakic¢ et al.,
2018; Briiske et al., 2020). This value also matches calculations by a simple Rayleigh
model based on studies of modern anoxic basins (Andersen et al., 2014; Rolison et al.,
2017; Bura-Naki¢ et al., 2018; Briiske et al., 2020). Therefore, the intrinsic U isotope
fractionation could reach 1.2%o using an effective U isotope fractionation of 0.6%o
(Clark and Johnson, 2008; Andersen et al., 2014). This intrinsic U isotope fractionation
value (1.2%o) is similar to theoretical predictions (Abe et al., 2008) and laboratory
studies (Basu et al., 2014; Stirling et al., 2015; Stylo et al., 2015; Brown et al., 2018).
In addition, a few anomalously high U isotope compositions were reported for ancient
ORMs, such as the Neoarchean Albitibi Formation (up to 0.81%., leaches; Wang et al.
2018) and Paleoproterozoic Zaonega Formation (up to 0.79%o, whole rock; Mind et al.
2020), implying large U isotope fractionations (likely > 0.6%o) from coeval seawater.
In this study, an intrinsic U isotope fractionation of 1.2%o is tentatively used.

The depositional environment significantly influences the effective U isotope
fractionation factor associated with U reduction and removal to sediments. Taking the
U reduction pathway as an example, if U reduction primarily occurred on the sediment
surface and was less affected by diffusive-reactive process, the effective U isotope
fractionation would be close to the intrinsic U isotope fractionation (Andersen et al.,
2017). In addition, generally smaller U isotopic offsets occur in more severely restricted

basins due to basin reservoir effect (Andersen et al., 2017; Rolison et al., 2017; Lau et



al., 2020). Besides the U reduction pathway and basin reservoir effect, the magnitude
of U isotope fractionation in euxinic settings is influenced by several other factors, such
as aqueous U species, aqueous major ion chemistry, basin geometry, bottom water
chemistry, sedimentation rate, and productivity (e.g., Andersen et al., 2014, 2018;
Noordmann et al., 2015; Rolison et al., 2017; Brown et al., 2018; Bura-Naki¢ et al.,
2018; Tissot et al., 2018; Briiske et al., 2020; Lau et al., 2020).

Ferruginous settings, which were prevalent in the Precambrian (e.g., Planavsky
etal., 2011; Poulton and Canfield, 2011; Lowenstein et al., 2014), could be an important
sink of U (Cole et al., 2020). A recent study suggests highly variable 8*%U in ancient
and modern ferruginous settings, but the average U isotope composition of modern
ferruginous sediments is indistinguishable from the adjacent oxic settings (Cole et al.,
2020). More studies are needed to further constrain U behavior in ferruginous settings.

In modern oxic and suboxic settings, the U isotope fractionations are much
smaller compared with those in euxinic settings (Weyer et al., 2008; Tissot and Dauphas,
2015; Andersen et al., 2016; Cole et al., 2020). The oxygenated Fe-Mn crusts have
lighter 828U (=0.59%0 to —0.69%o) that is ~0.25%o on average lower than that of
seawater (Goto et al., 2014; Wang et al., 2016). It indicates that 235U is preferentially
adsorbed to Fe-Mn crusts, leaving seawater enriched in?*3U. In the continental margin
of Peru and Washington State (United States), sediments deposited under suboxic
bottom waters contain $?3¥U that are only 0.1-0.2%o0 heavier than seawater (Weyer et
al., 2008; Tissot and Dauphas, 2015; Andersen et al., 2016). Primary biogenic
carbonates contain 623U values that approach the modern seawater value, with a small
isotope fractionation of < 0.1%0 (Weyer et al., 2008; Romaniello et al., 2013; Chen et
al., 2018b). However, modern shallow-water carbonate sediments from the Bahamas

bank have higher U concentrations and isotopic compositions (0.24 = 0.14%., 1SD)



mainly due to U reduction in the sulfidic sediment pore fluids and aqueous U speciation-
dependent isotope fractionations (Romaniello et al., 2013; Chen et al., 2018a, Tissot et
al., 2018, Dahl et al., 2019). Negligible U isotope fractionation is observed between
seawater and high-temperature hydrothermal alteration of oceanic crust, whereas the
3%38U of crust altered by low-temperature hydrothermal fluids is approximately 0.25%o
higher than that of seawater (Tissot and Dauphas, 2015; Andersen et al., 2015, 2016;
Noordmann et al., 2016).

The basic logic of interpreting 623U from ORM for the extent of ancient ocean
oxygenation/euxinia is based on the modern marine U isotope cycle. During an
expansion of ocean euxinia, 233U is preferentially removed to sediments, thus leading
to a lighter seawater U isotope composition (enriched in 233U). On the contrary, with
increased ocean oxygenation, the preferential removal of 238U from the oceans to
euxinic sediments is largely reduced, resulting in a heavier seawater U isotope

composition.

2.3 Covariations of 6°®Mo and 638U in modern euxinic sediments

Bura-Naki¢ et al. (2018) compiled sedimentary authigenic average Mo and U
isotope compositions of euxinic organic-rich sediments from modern basins and
observed an overall negative correlation between the Mo and U isotope data (Figure 1).
The apparent ratio of the isotopic fractionation factors of Mo to U (A%Mo : A?8U =
—0.9%o : 0.6%0 = —3 : 2) in the euxinic sediments from Kyllaren Fjord, Lake Rogoznica,
Cariaco Basin, and Saanich Inlet is approximately —1.5 (Bura-Naki¢ et al., 2018). This
pattern is not suitable for the Black Sea sediments (Unit 1), which may be due to
sluggish ventilation and renewal of the strongly euxinic deep bottom waters (Bura-

Nakic¢ et al., 2018). This causes more efficient Mo removal relative to U such that the



Mo isotope compositions of euxinic sediments in the Black Sea approaches global
seawater whereas there are still U isotope fractionations due to kinetically slower U
removal (than Mo) and diffusive-reactive processes (Andersen et al., 2014; Rolison et
al., 2017; Briiske et al., 2020; Lau et al., 2020).

The inverse correlations between Mo and U isotope compositions are also
shown in sediments from several individual euxinic basins (Andersen et al., 2018;
Briiske et al., 2020). The A%Mo : A?38U ratios of the coupled Mo-U isotope data in
sediments from the Black Sea (the Unit I, II, and core 32MUC24 sediments), the
Cariaco Basin (> 10 cm below the SWI), and the Eastern Mediterranean Sea (Sapropel
S5) are —1.19 £ 0.32 (ISE), —1.74 = 0.33 (ISE), and —2.63 + 0.57 (1SE), respectively
(Barling et al., 2001; Weyer et al., 2008; Montoya-Pino et al., 2010, 2011; Arnold et
al., 2012; Andersen et al., 2018; Briiske et al., 2020). The ratios yielded from the Black
Sea and Cariaco Basin sediments (Briiske et al., 2020) are close to the ratio inferred
from Bura-Nakic et al. (2018), whereas the Sapropel S5 of Eastern Mediterranean Sea
has a lower ratio (Andersen et al., 2018). These observations suggest that different
depositional conditions for each basin can cause different individual A%*Mo : A238U
ratios. Overall, the local depositional environment (e.g., particulate shuttle, the degree
of basin restriction, basin geometry, and dissolved sulfide concentrations) is the major
control on the Mo-U isotope data in modern euxinic basins such that the observed
negative correlations between the two isotope systems are not related to changes in
global ocean redox conditions (Figure 1; Andersen et al., 2018; Bura-Nakic¢ et al., 2018;
Briiske et al., 2020).

The Fe-Mn oxide shuttle should also be mentioned because it can significantly
influence the 8°®Mo but has little influence on the 6>3U of the sediments (Figure 1;

Barling et al., 2001; Weyer et al., 2008; Noordmann et al., 2015; Scholz et al., 2018).



For example, the Landsort Deep sediments deposited < 6 cm below the SWI and
Gotland Deep sediments deposited > 20 cm below the SWI of the Baltic Sea were
strongly affected by the delivery of Fe-Mn oxides to the seafloor during the inflow of
oxygenated waters, and have low 3°*Mo of —0.03 = 0.20%o (1SD) and —0.15 + 0.22%o
(1SD), respectively (Noordmann et al., 2015; Scholz et al., 2018). Although the Fe-Mn
oxide shuttle also operates in the Cariaco Basin, the influence of the shuttle is weaker
because the 3°*Mo (> 0.9%o) of the sediments in the basin are generally higher than that

of the Baltic Sea sediments (Arnold et al., 2004; Briiske et al., 2020).

3. SAMPLES AND ANALYTICAL METHODS

We report new U isotope data for 28 samples of late Neoproterozoic to middle
Paleozoic ORM formations that were previously measured for Mo isotope
compositions and sedimentary Fe speciation (Dahl et al., 2010; Kendall et al., 2015).
These samples are from the: ca. 640 Ma Black River Dolomite, ca. 520 Ma Yu’anshan
Formation, ca. 500-485 Ma Alum Shale, ca. 465 Ma Almelund Shale, ca. 442 Ma
Rastrites Shale, ca. 442 Ma Birkhill Shale, ca. 365 Ma Chattanooga Shale, and ca. 365
Ma New Albany Shale (see Appendix A for geological backgrounds). In this study, we
also revisit the coupled Mo-U isotope compositions (i.e., measured on the same samples)
reported previously for several other ORM formations, including the ca. 372 Ma Kettle
Point Formation (Kendall et al., 2020), ca. 442 Ma Tanezzuft Formation (Stockey et
al., 2020), ca. 448 Ma Fjacka Shale (Lu et al., 2017b), ca. 555 Ma Member IV of the
Doushantuo Formation (Kendall et al., 2015), ca. 1360 Ma Velkerri Formation (Kendall
etal., 2009; Yang et al., 2017), and ca. 2050 Ma Zaonega Formation (Asael et al., 2013).

This compilation of new and previously published data is used in our coupled Mo-U



isotope mass-balance model (section 5.2).

Trace element concentrations and uranium isotope separations were carried out
in the clean lab of the Metal Isotope Geochemistry Laboratory at the University of
Waterloo. The sample dissolutions and purification of U from the digested sample
solutions followed the protocols of Weyer et al. (2008) and Kendall et al. (2013), which
are briefly described as follows. A small amount (~100mg) of rock powders were ashed
at 550°C for at least 24 hours to remove organic matter. Subsequently, samples were
digested by concentrated HF-HNO;-HCI. Samples were then diluted in 2% HNO; and
elemental concentrations were measured on an Agilent 8800 triple quadrupole
inductively coupled plasma mass spectrometer (QQQ-ICP-MS). The SBC-1 (Brush
Creek Shale) and SGR-1b (Eocene Green River Shale) were processed along with the
samples to verify instrument accuracy. The Al-normalized enrichment factors (EF) of
Mo and U were calculated relative to the post-Archean Australian Shale (PAAS) (EF =
[metal/Al]gmple / [metal/Al]paas). The PAAS values for Al, U, and Mo are 10 wt.%, 3.1
ng/g, and 1.0 pg/g, respectively (Taylor and McLennan, 1985).

A weighted amount of 23¢U-233U double spike (IRMM-3636) was added to each
digested sample solution to correct for instrumental mass bias and any U isotope
fractionation during the column chemistry. Eichrom® UTEVA resin was used to
separate U from sample-spike solutions. The U isotope compositions were measured
on a Thermo Scientific Neptune multi-collector ICP-MS at the W.M. Keck Foundation
Laboratory for Environmental Biogeochemistry, School of Earth and Space
Exploration, Arizona State University. The U isotope compositions are reported against

the CRM 145 standard:
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Three U isotope standards CRM145, CRM129a, and Ricca were measured
during the study and have average 6233U values of 0.00 + 0.07%o (2SD, n = 31), —1.69
+ 0.12%0 (2SD, n = 6), and —0.21 + 0.05%0 (2SD, n = 6), respectively. The measured
average 6*33U for the CRM129a and Ricca standards in this study agree with the long-
term average 623U reported for CRM129a (—1.71 £ 0.09%o, 2SD, n = 237) and Ricca (
—0.22 £ 0.07%o, 2SD, n = 243) at Arizona State University (Yang et al., 2017). The 2SD
uncertainty of a sample is reported as either the 2SD uncertainty of sample replicate
measurements or 0.08%o (the average long-term 2SD uncertainty of CRM129a and
Ricca), whichever is greater. The reference materials SBC-1 and SGR-1b that were
processed through chemistry in the same way along with our samples have 623%U values
of —0.20 = 0.05%0 (2SD, n = 3) and —0.18 £ 0.09%0 (2SD; n = 3), respectively. The
measured 62%U of SBC-1 is identical to the value of —0.24 £+ 0.10%0 (2SD, n = 3)
reported by Yang et al. (2017) and —0.21 £ 0.04%o (2SD, n = 3) reported by Rolison et
al. (2017), and the measured 623U of SGR-1b is indistinguishable from the value of
—0.19 £ 0.05%0 (2SD, n = 3) reported by Yang et al. (2017). Three sample duplicates
have statistically identical 8*38U values given 2SD uncertainties.

Detrital contamination could affect the bulk Mo and U isotope compositions of
the samples. Therefore, authigenic 6*Mo (8°*Mo,,, relative to NIST 3134 = 0.25%o)

and 828U (838U, relative to CRM 145) are calculated relative to PAAS:

598M°PAAS/ §98Mo
98 _ <98 sample
5 Mo = Mo (AINO) s X i ) 1
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The Al (10 wt.%), Mo (1.0 pg/g), and U (3.1 pg/g) concentrations of PAAS are
assumed to be the detrital Al, Mo, and U concentrations, respectively (Taylor and
McLennan, 1985). The detrital 3°*Mo and 6**%U endmembers are assumed to be 0.3%o
and —0.3%o, respectively (Weyer et al., 2008; Voegelin et al., 2014; Tissot and Dauphas,
2015; Andersen et al., 2016, 2017; Noordmann et al., 2016; Kendall et al., 2017; Wang

et al., 2018).

4. RESULTS

The trace metal concentrations and isotope compositions for each ORM sample
are shown in Table 1. The Neoproterozoic (Cryogenian) Black River Dolomite has an
average 6°38Uq, of 0.01 £ 0.04%o0 (1SD, n = 5). The Cambrian Yu’anshan Formation
(520 Ma) and Alum Shale (500 Ma) have similar 8%3%U,, values of —0.01 £ 0.07%o
(1SD, n = 5) and —0.01 £+ 0.08%0 (1SD, n = 5), respectively. By contrast, the average
338U yun of the Ordovician ORM formations is variable: higher 6233U,, is observed for
the 485 Ma Alum Shale (0.15 = 0.05%0, 1SD, n = 4) and 442 Ma Birkhill Shale &
Rastrites Shale (0.05 + 0.11%o, 1SD, n = 3) whereas lower 6238U,,q, is observed for the
465 Ma Almelund Shale (—0.29 £ 0.00%o0, 1SD, n = 2). The Devonian New Albany
Shale and Chattanooga Shale have an average 628U, of —0.04 £ 0.08%0 (1SD, n = 3).

In order to provide a complete view of the covariation of Mo and U isotope
compositions during euxinic ORM deposition, we compiled the coupled Mo-U isotope
data from ancient ORM formations in this (number of formations “m” = 8; Table 1) and
previous studies (m = 6; Table A1; Figure 2; the Zaonega Formation [Asael et al., 2013],

upper Velkerri Formation [Kendall et al., 2009; Yang et al., 2017], Doushantuo

Formation Member IV [Kendall et al., 2015], Fjacka Shale [Lu et al., 2017b], Tanezzuft



Formation [Stockey et al., 2020], and Kettle Point Formation [Kendall et al., 2020]).
Archean ORM samples are not included in this compilation because oxidative
weathering and thus the riverine Mo flux to the oceans was much smaller in the Archean
and increased significantly following the Great Oxidation Event (GOE) (e.g., Farquhar
et al., 2000; Pavlov and Kasting, 2002; Scott et al., 2008; Bekker and Holland, 2012;
Lyons et al., 2014). Samples with Mo EF <2 or U EF <2 could have large uncertainties
in their authigenic 8°*Mo or $%38U values, thus these isotope data (left blank) are not
considered in the following discussion (Table A1).

Correlation coefficients (r, —1 <r < +1) are calculated to show the relationship
between the coupled Mo-U isotope data. We interpret r values between £0.5 and =1 as
datasets as exhibiting negative (—) or positive (+) correlations between authigenic
3%Mo and 8*%U data, whereas no specific correlations if —0.5 <r < 0.5. It should be
noted that the number of samples in each ORM formation are not equal, thus correlation
coefficients could be influenced by an ORM formation if it contains a relatively large
number of samples and show specific relationships (e.g., the Doushantuo Formation
Member 1V). In addition, ORM formations with limited number of samples (n < 5) do
not yield robust correlations even if r is between 0.5 and £1 (e.g., the Almelund Shale).

There is an overall lack of correlation between the compiled Mo and U isotope
data from these euxinic ORM formations (r = —0.44, Figure 2). However, for individual
ORM units, the coupled Mo-U isotope data show negative (e.g., the Devonian Kettle
Point Formation, r=—0.88), positive (e.g., the Ordovician Fjiacka Shale, r =+0.75), and
no correlations (e.g., the Rhuddadian Tanezzuft Formation [r = —0.22], the
Paleoproterozoic Zaonega Formation [r = —0.12]), suggesting different controlling
mechanisms at local and global scales that influenced the preservation of sedimentary

Mo and U isotope compositions. The correlation coefficient of the Ediacaran



Doushantuo Formation Member IV is —0.54, suggesting an overall negative correlation.
However, the Doushantuo samples can be stratigraphically divided into three groups
based on different characteristics of the coupled Mo-U isotope data, implying different

controls on the Mo and U isotope compositions for each group.

5. DISCUSSION

5.1 Inferring the seawater Mo and U isotope compositions from the coupled Mo-
U isotope data of euxinic sediments

Here, we build upon a method from Dahl et al. (2017b) to estimate potential
ranges of seawater Mo and U isotope compositions through the combined use of a
coupled Mo-U isotope mass balance model and covariations of the coupled Mo-U

isotope compositions observed in modern euxinic sediments.

5.1.1 A coupled Mo and U isotope mass balance model

The coupled Mo-U isotope mass balance model can be used to not only
quantitatively constrain the relative proportion of each Mo and U oceanic sink but also
to estimate the seawater Mo and U isotope compositions under various global ocean
redox conditions, respectively. Assuming a steady state mass-balance for Mo (e.g.,
Goldberg et al., 2016; Ostrander et al., 2019b) and U (e.g., Andersen et al., 2016;
Gilleaudeau et al., 2019) for the modern ocean, the Mo and U input fluxes (Fy) and
isotope compositions (dy) should be equal to that of the Mo and U outputs (Four, dout),
respectively:

Fin=Four (V)

Sin X Fin = Sout X Four V)



Assuming a three-sink model for Mo (euxinic [EUX], sulfidic at depth [SAD], and oxic
[OX] sinks) and a two-sink model for U (euxinic [EUX] and other [OTHER] sinks), the
isotope mass balance [equation (V)] can be expressed as:

Sour X Four=2X(8 xF) (VI

9
1

where “1” represents each specific sink for Mo and U. Defining “f” as the burial fraction
of the total Mo or U sinks [equation (VII)], the sum of “f;” is 1 [equation (VIII)] and
equation (VI) can be rewritten as equation (IX):
f.=Fi/Four, (0<fi<1) (VI
=1 (VII)
Sour=2(8 xf)  (IX)
Further, the isotope composition of each sink i is related to that of the
contemporaneous seawater, as shown in equation (X):
Sour = X[(8sw + A) x ] (X)
where “Ogw” represents the isotope composition of the seawater, and “A;” represents the
net isotopic offset between seawater and each sink i. Combining equations V-X, the Mo
and U isotope composition of seawater can be calculated as shown in equations (XI)
and (XII), respectively:

8%8Mogw = 878Moy — A%®Mogy — (A%Mogyy — A%®Mogx) X fue_pux —(A%®Mosap —
A%Mogy) X fuosap  (XI)

62%8Usw = 823Uy — A% Ugraer — (A% Upux — A%*%Uorner) X fupux  (XID)
Rivers, groundwaters, and low-temperature seafloor hydrothermal inputs are the
sources of Mo to the oceans. The 3°*Mo of the overall modern Mo inputs was estimated
to be ~0.5%o0 (Neely et al., 2018). Here, we use an average 6°®Mo of 0.5 + 0.2%o for the
oceanic Mo inputs, which is similar to the average upper crust (0.3-0.6%o; Voegelin et

al., 2014; Willbold and Elliott, 2017). Assigning an average Mo isotopic offset for the



euxinic settings is difficult because sediments deposited under strongly and weakly
euxinic environments are characterized by different Mo isotope fractionations (see
Section 2.1). Here, we tentatively assume an average Mo isotopic offset of 0.5 £ 0.3%o
for euxinic settings (Table 2). In the oxic settings, a Mo isotope fractionation of 3.0 +
0.1%o 1s observed and is used in this model (Table 2; Siebert et al., 2003; Barling and
Anbar, 2004; Wasylenki et al., 2008). The sulfidic at depth sink is used to describe the
environment where dissolved sulfide is restricted to the shallow sediment porewaters
and either does not occur or rarely occurs in the bottom waters above the SWI (e.g., the
Peru continental margin). The SAD sink consists of both the anoxic sink and mildly
oxygenated sink, which are characterized by a Mo isotopic offset of ~0.2-0.8%o0 and
~0.8-3.0%o, respectively (Poulson et al., 2006; Siebert et al., 2006; Goldberg et al., 2009,
2012; Poulson Brucker et al., 2009; Eroglu et al., 2020). Molybdenum removal to the
anoxic sink is more efficient than Mo removal to the mildly oxygenated sink, indicating
a dominant role of the anoxic sink for the SAD sink (Poulson Brucker et al., 2009).
Therefore, an average Mo isotopic offset of 0.9 £+ 0.2%o is tentatively used for Mo burial
in sediments associated with the SAD sink (Poulson et al., 2006; Siebert et al., 2006;
Poulson Brucker et al., 2009).

By using the parameters above, euxinic settings should approximately account
for less than 8% of total Mo removal to achieve the modern global seawater Mo isotope
composition of 2.34%o. Otherwise, the modern seawater Mo isotope composition can
only be achieved by increasing Mo removal to the oxic and euxinic sinks while
decreasing Mo removal into the SAD sink, which is unrealistic because the intermediate
SAD sink should generally expand along with the expansion of the euxinic sink. Here,
45 £ 10%, 50 £ 10%, and 5 + 3% of total Mo removal in the modern ocean is used for

the oxic, SAD, and euxinic sinks, respectively. These values are generally consistent



with estimates from previous studies (Siebert et al., 2003; Scott et al., 2008; Poulson
Brucker et al., 2009; Kendall et al., 2009, 2017; Dahl et al., 2011; Reinhard et al., 2013;
Chen et al., 2015). Therefore, applying these parameters (Table 2) in equation (XI), the
predicted modern seawater Mo isotope composition is 2.33 & 0.24%o, which is identical
to the measured seawater Mo isotope composition of 2.34 +0.10%o (Barling et al., 2001;
Nakagawa et al., 2012; Négler et al., 2014).

The riverine input is the major U source to the oceans and has an average 6>33U
value between —0.34%o and —0.24%o that is similar to the average upper crust (Dunk et
al., 2002; Tissot and Dauphas, 2015; Andersen et al., 2016, 2017; Noordmann et al.,
2016; Wang et al., 2018). Therefore, we use an average 338U of —0.29 + 0.03%o for the
U input. Several factors influence U reduction and removal such that variable U isotope
fractionations between sediments and bottom waters are observed in modern euxinic
settings (see Section 2.2; Andersen et al., 2014, 2017; Holmden et al., 2015;
Noordmann et al., 2015; Rolison et al., 2017; Bura-Naki¢ et al., 2018; Briiske et al.,
2020). We tentatively use 0.60 & 0.20%o as the U isotopic offset for the euxinic sink
because this value is generally consistent with modern euxinic basins (Holmden et al.,
2015; Noordmann et al., 2015; Rolison et al., 2017; Bura-Nakic¢ et al., 2018; Briiske et
al., 2020). The “other sink” comprises several sinks, including other reducing
environments (suboxic settings, anoxic/ferruginous settings, carbonates with dissolved
sulfide in sediment pore fluids, biogenic carbonates, oceanic crust altered by high- and
low-temperature hydrothermal fluids, and oxic sediments) (Table 3; Tissot and
Dauphas, 2015; Andersen et al., 2016, 2017; Noordmann et al., 2016; Wang et al., 2016;
Cole et al., 2020). According to the relative fraction of U removal into each sink (Table
3), an overall weighted U isotopic offset of 0.05 + 0.09%o is calculated for the other

sink [OTHER], which agrees with previous studies (Weyer et al., 2008; Montoya-Pino



et al., 2010; Andersen et al., 2016; Wang et al., 2016; Dahl et al., 2017b; Yang et al.,
2017; Zhang et al., 2018; Gilleaudeau et al., 2019; Stockey et al., 2020).

Using the above parameters, the modern seawater 62%U of —0.39%o can be
achieved when the euxinic and other sinks comprise 9% and 91% of U removal,
respectively. These values are consistent with previous estimates of 5-25% for the
euxinic sink and 75-95% for the other sink (Barnes and Cochran, 1990; Morford and
Emerson, 1999; Dunk et al., 2002; Tissot and Dauphas, 2015; Andersen et al., 2016).
Here, we use 9 + 6% of U removal for the euxinic sinks and 91 + 6% for the other sinks
(Table 2). Applying these values in equation (XII), the modeled modern seawater has a
0%38U 0f —0.39 £ 0.10%o (Table 2), which is in good agreement with the measured 623U
of modern seawater (—0.39 + 0.04%0; Weyer et al., 2008; Tissot and Dauphas, 2015;
Andersen et al., 2016, 2017; Noordmann et al., 2016).

In order to couple the Mo and U isotope mass balance models, we assume that
there is a general correlation between the Mo and U euxinic burial fractions (Dahl et
al., 2017b), which can be described as:

fmo_pux = fu_eux” (XTII)

Two end-member criteria should be fulfilled for the above equation: 1) if
fmo rux = 0, then fy gux = 0; 2) if fy, gux = 1, then fy gux = 1. Here, y = 1.24 £ 0.38 is
calculated using 5 = 3% and 9 = 6% as the euxinic burial fraction of Mo and U in the
modern ocean, respectively (Table 2; see Figure Al for sensitivity analysis). This is
identical to the previously reported value of 1.34 + 0.38 by Dahl et al. (2017b), who
assumed the fractions of anoxic Mo and U removal in the modern ocean are 6-15% and
12-25%, respectively. Combining equations (XI)-(XIII), the covariations of the
seawater Mo and U isotope compositions under various redox conditions are shown in

Figure 3a. Each black dot in Figure 3a represent specific seawater Mo and U isotope



compositions that correspond to specific fractions of U removal into the euxinic sink

(vertical black dashed lines) and Mo removal into the SAD sink (curved colorful lines).

5.1.2 Estimating the modern seawater Mo and U isotope compositions from the coupled
Mo-U isotope mass balance model

The estimation of modern seawater Mo and U isotope compositions here is
based on the coupled Mo-U isotope data from modern euxinic settings and the coupled
Mo-U isotope mass balance model. Although an effective U isotope fractionation of
~0.6%o has been proposed for euxinic settings (e.g., Andersen et al., 2014; Bura-Naki¢
et al., 2018; Briiske et al., 2020), several factors could influence the effective U isotope
fractionations and the full range of intrinsic U isotope fractionations is still uncertain
(see Section 2.2). Here, we tentatively use 1.2%o as the intrinsic U isotope fractionation
during U®" reduction in euxinic settings (see Section 2.2) because this value is generally
consistent with theoretical ab initio modeling calculations (Abe et al., 2008) and
laboratory experiments (Stirling et al., 2015; Stylo et al., 2015; Brown et al., 2018).
Assuming the inverse correlation between Mo and U isotope compositions in modern
euxinic settings (A”®Mo : A>8U = =3 : 2; Bura-Naki¢ et al., 2018) is still effective at the
full range of intrinsic U isotope fractionation of 1.2%o, the corresponding range of Mo
isotope fractionation would be 1.8%o0. We acknowledge that this linear relationship is
not confirmed by experiments and needs further studies.

This linear relationship is used to account for variable U isotope fractionations
between open ocean seawater and euxinic sediments caused by local depositional
environments (e.g., dotted and dashed lines in Figure 3b; see Section 2.2). For the curve,
symbol “X” represents the best estimate of modern seawater Mo and U isotope

compositions. The regression line with a negative slope is defined by Mo-U isotope



data from euxinic basins without severe restriction from the open ocean, whereas the
line that intersects the Black Sea sediments represents the case of strong basin
restriction (Figure 3b and 3c).

Our approach for estimating the 8°*Mo and 8*%U of modern seawater is to
extrapolate the curve inferred from modern euxinic environments (Bura-Naki¢ et al.,
2018) to the coupled Mo-U isotope mass balance model solutions, in which unrealistic
solutions for the modern ocean (e.g., Mo removal in EUX is larger than SAD) are
excluded (Figure 3b). Two scenarios are applicable here: samples deposited in non- or
weakly-restricted basins vs strongly restricted basins. Using the Mo-U isotope data of
sediments deposited with no severe basin restrictions and no significant influence of
the Fe-Mn particulate shuttle (e.g., the Cariaco Basin), the symbol “X” of the dotted
and dashed curves should be moved along the negative regression line to reach the
model solution space. The dotted and dashed curves represent maximum and minimum
U isotope fractionations, respectively (Figure 3b). Therefore, the modern seawater Mo
and U isotope compositions are estimated to be 2.25%o0 to 2.55%0 and —0.51%o to
—0.34%o, respectively (Figure 3b). On the other hand, if there was strong basin
restriction during sediment deposition (e.g., Black Sea Unit I), the euxinic sediments
potentially have seawater-like Mo isotope compositions and the curve should be moved
horizontally to reach the model solution space (solid curves in Figure 3c; Bura-Naki¢
et al., 2018). In this case, the modern seawater is estimated to have 6°®Mo of ~2.37%o
and 8%3%U from —0.50%o to —0.34%o.. The estimated 3°*Mo and 623U of modern seawater
from both cases are similar to the measured 6°*Mo (2.34 + 0.10%0) and 6>*%U (—0.39 +
0.04%o) values of modern seawater, respectively (Barling et al., 2001; Weyer et al.,
2008; Nakagawa et al., 2012; Négler et al., 2014; Tissot and Dauphas, 2015; Andersen

et al., 2016; Noordmann et al., 2016; Bura-Naki¢ et al., 2018).



5.1.3 Estimating the ancient seawater Mo and U isotope compositions based on euxinic
ORMs from the coupled Mo-U isotope mass balance model

To reconstruct ancient seawater Mo and U isotope compositions, there are a few
assumptions for the use of the coupled Mo-U isotope mass balance model. We assume
that: 1) steady state conditions were achieved during ancient ORM deposition,
particularly for a long period of geologic time and not perturbed by post-depositional
processes; 2) the post-Archean Mo and U oceanic inputs have similar Mo (0.5 +
0.2%o0) and 623U (—0.29 + 0.03%o) values as today; 3) the magnitudes of net Mo and U
isotopic difference between each defined sink and coeval seawater are similar to those
observed in modern observations; 4) the relationship between Mo and U isotope
compositions of ancient euxinic ORM are similar to that inferred from multiple modern
euxinic basins, though inverse Mo-U isotope correlations can have slopes that are
different in the individual basins.

Applying the coupled Mo-U isotope mass balance model to ancient euxinic
ORMs needs to be discussed in two cases: ORMs (not affected by a Fe-Mn oxide shuttle)
deposited in non- or weakly-restricted basins (Figure 4a) vs strongly restricted basin
(Figure 4b). Before interpreting the coupled Mo-U isotope data, the local depositional
environment should be carefully evaluated. For the conceptual illustrations shown in
Figure 4, it is assumed that the ORMs were deposited under euxinic conditions and
were not significantly affected by a particulate Fe-Mn oxide shuttle. If the ORMs were
deposited when basin restriction was not severe, then the negative regression line (curve
1 and 2) should be placed at sample A (the lowest A?33U/A%Mo ratio) and then
extrapolated to solution boundaries (yellow area, Figure 4a). Curve 1 and 2 represent

the minimum and maximum isotope fractionations from coeval seawater, respectively



(Figure 4a). The U isotopic offset between samples and the best estimate for seawater
3%38U (symbol “X”) should be within the range of the intrinsic U isotope fractionation
for euxinic settings (1.2%o). Curve 3 is by moving curve 2 up vertically and stopping at
where the negative regression line crosses the sample B (the highest A233U/A%Mo ratio)
(Figure 4a). This movement ensures that all samples are bracketed between the two
negative regression lines and the U isotopic offsets between the samples and seawater
are within 1.2%.. The model solution space (highlighted area) encompassed between
the two negative regression lines represents the potential range of contemporaneous
seawater Mo and U isotope compositions during ORM deposition. Because the highest
3%Mo from a set of euxinic samples from the same formation represents the most
conservative estimate of seawater Mo isotope composition (white dotted horizontal
line), in this case, the upper highlighted blue area (above the white dotted line) in Figure
4a represents the potential range of coeval seawater isotope compositions. For the
ORMs deposited in strongly restricted basins, assuming there was no variation in
seawater 6°Mo during deposition, only the sample with the highest 6®Mo is used
because this 8°®Mo value likely approached the coeval seawater Mo isotope
composition (Figure 4b). Therefore, curve 1’ is moved laterally to curve 2’ and the best
estimate of the seawater U isotope composition is between the “X” symbols of both
curves (Figure 4b). However, with a data distribution that is shown in Figure 4b, it is
not possible to know if seawater 6°®*Mo was constant or variable because a combination
of local and global changes could cause a scattered data distribution. For simplicity,
only curve 1 and 3 in Figure 4a and curve 2’ in Figure 4b (assuming there were no
seawater 6°®Mo variations during deposition) are used for weak and strong basin

restrictions, respectively, when discussing application of the model to ancient ORM.



5.2 Covariations of Mo and U isotope compositions in the individual ancient
euxinic ORM units: Influence of local depositional environment versus global
ocean redox conditions

Although there is no overall correlation between 6°*Mo and 8*3%U of the
compiled euxinic ORM formations (r = —0.44), the individual euxinic ORM units
exhibit various patterns of coupled Mo and U isotope compositions: a negative
correlation for the Devonian Kettle Point Formation (r = —0.88; Kendall et al., 2020), a
positive correlation for the Ordovician Fjacka Shale (r =0.75; Lu et al., 2017b), and no
or weak correlations for the other ORM units (e.g., the Rhuddadian Tanezzuft
Formation [r = —0.22; Stockey et al., 2020], the Paleoproterozoic Zaonega Formation
[r =—-0.12; Asael et al., 2013], the Ediacaran Doushantuo Formation Member IV [r =
—0.54; Kendall et al., 2015]). To decipher global ocean redox conditions using the
sedimentary Mo and U isotope compositions of ORMSs, the local depositional
environment needs to be analyzed and understood (e.g., Dahl et al., 2010; Scholz et al.,
2013, 2018; Andersen et al., 2014, 2017; Noordmann et al., 2015; Kendall et al., 2015,
2017, 2020; Rolison et al., 2017; Bura-Nakic et al., 2018; Ostrander et al., 2019a;
Briiske et al., 2020). Here, the geochemical data, including the Mo/TOC ratios, Mo/U
EF ratios, and Fe speciation, together with geological background (e.g.,
paleogeographic maps), are used to interpret the local depositional environment of
ORM formations from this (n = 8; Dahl et al., 2010) and previous studies (n = 6; Kendall
etal., 2009, 2015, 2020; Asael et al., 2013; Lu et al., 2017b; Yang et al., 2017; Stockey
et al., 2020).

The local bottom water redox condition can be inferred from sedimentary Fe
speciation (Poulton and Raiswell, 2002; Poulton and Canfield, 2005, 2011; Canfield et

al., 2007; Planavsky et al., 2011; Raiswell et al., 2018). Highly reactive Fe (Fepgr)



consists of pyrite Fe (Feyy) as well as the carbonate Fe (Fec,), ferric oxide Fe (Fe,y),
and magnetite Fe (Fen,e) that could react with sulfide during deposition and early
diagenesis (Poulton and Canfield, 2005, 2011; Raiswell et al., 2018). The ratio of highly
reactive Fe over total Fe (Fet) can be used to indicate anoxic (Feygr/Fer > 0.38) or oxic
(Feyr/Fer < 0.22) water columns (Poulton and Canfield, 2011; Raiswell et al., 2018).
The Feyr/Fer ratios between 0.22 and 0.38 represent an ambiguous zone of bottom
water redox environment. In anoxic bottom waters, the ratio of pyrite Fe over total Fe
can further distinguish euxinic (Fe,,/Fepyr > 0.7-0.8) and ferruginous (Fe,,/Fepr < 0.7-
0.8) conditions (Poulton and Canfield, 2011; Raiswell et al., 2018).

The Mo/TOC ratios of modern euxinic sediments are suggested to mimic
aqueous Mo concentrations in the bottom waters and reflect the rate of bottom water
renewal by open-ocean seawater (Algeo and Lyons, 2006). In the modern anoxic basins,
euxinic sediments from the strongly restricted Black Sea, the moderately restricted
Framvaren Fjord, the less restricted Cariaco Basin, and the relatively open Saanich Inlet
have average Mo/TOC ratios of 4.5 pg/g/wt.%, 9 png/g/wt.%, 25 pg/g/wt.%, and 45
ng/g/wt.%, respectively (Algeo and Lyons, 2006). Therefore, the comparison of
sedimentary Mo/TOC between ancient ORM and modern basins can be used to indicate
the degree of basin restriction. However, other factors complicate the use of
sedimentary Mo/TOC as a tracer of basin restriction, such as global ocean redox
conditions, sedimentation rates, and thermal maturity (e.g., Algeo and Lyons, 2006;
Scott et al., 2008; Ardakani et al., 2016; Dickson et al., 2019). For example, a fast
sedimentation rate could dilute Mo concentrations in euxinic sediments and cause lower
Mo/TOC ratios, thus leading to an incorrect interpretation of a more restricted
depositional environment (Sageman and Lyons, 2003). Less oxygenated ancient oceans

could have a smaller Mo reservoir than the well-oxygenated modern ocean such that



the deposited ORMs contain lower Mo/TOC ratios without basin restriction (Scott et
al., 2008; Asael et al., 2013). The maturation of ORM could cause the loss of TOC, thus
leading to an increase of Mo/TOC ratios (Dickson et al., 2019) and scattered Mo-TOC
relationships on a cross plot of Mo vs TOC (Ardakani et al., 2016).

The patterns of Mo and U enrichments in sediments can be used to infer the
local depositional environment due to the different removal mechanisms of the two
metals (Algeo and Tribovillard, 2009). The efficiency of Mo removal to sediments is
influenced by the amount of hydrogen sulfide ([H,S],q) in the water column and the
operation of a particulate Fe-Mn oxyhydroxide shuttle (Helz et al., 1996, 2011; Morford
and Emerson, 1999; McManus et al., 2006; Algeo and Tribovillard, 2009). In contrast,
the efficiency of U removal to sediments is less dependent on dissolved H,S availability
and is more associated with abiotic/biotic reduction and the diffusive-reactive process
below the SWI (Anderson, 1989; Barnes and Cochran, 1990; Dunk et al., 2002;
McManus et al., 2006; Algeo and Tribovillard, 2009). Therefore, the covariations of
Al-normalized Mo and U EF can be used to infer the importance of the Fe-Mn
particulate shuttle, bottom water redox conditions, and hydrographic controls on metal
enrichment in ORM (Algeo and Tribovillard, 2009). However, the early and middle
Proterozoic ORMs have relatively low U concentrations because of dominantly anoxic
deep oceans and widespread U removal into anoxic (both euxinic and ferruginous)
sediments (Partin et al., 2013). By contrast, Mo removal is mainly associated with the
euxinic waters. Therefore, those euxinic ORM could have overall less enrichments of
Mo and U but still high Mo/U ratios, which can be incorrectly interpreted as the effect
of the particulate shuttle.

After determining the local depositional environment, the contemporaneous

ancient seawater Mo and U isotope compositions during ORM deposition can be



estimated based on the coupled 3°*Mo-3%38U data of each ORM unit. Applying the curve
to fully cover the coupled 6°*Mo-6?*8U data points of each ORM, the potential ranges
of the coeval seawater Mo and U isotope compositions can be revealed by the coupled

Mo-U isotope mass balance model (see Section 5.1.3).

5.2.1 Negative correlation between 6**Mo and 6?3%U: The Kettle Point Formation

The Devonian Kettle Point Formation was deposited in the Appalachian
Foreland Basin of an epeiric sea during the Acadian Orogeny (Hamblin, 2010). It is
preserved in the “Chatham Sag”, which is a structural depression between the
Appalachian Basin and Michigan Basin (Hamblin, 2010). The Kettle Point Formation
is informally subdivided into units 1 to 4 from the stratigraphic bottom to the top of the
formation. Interbedded organic-rich and poor mudstones are found in units 1 and 3 and
more uniform intervals of organic-rich mudstones are found in units 2 and 4 (Bingham-
Kozlowski et al., 2016). The samples have an average Mo/TOC ratio of 16.1 £ 8.1
ng/g/wt.% (1SD) that is between the Framvaren Fjord (~9 pg/g/wt.%) and the Cariaco
Basin (~25 pg/g/wt.%) (Figure 5a; Algeo and Lyons, 2006). High Mo/U EF ratios,
together with high Mo and U enrichments (Mo EF: 51.5-644.1, U EF: 3.4-26.7; Figure
5b), suggest a relatively good connection between open-ocean seawater and the local
waterbody during the deposition of the Kettle Point Formation (Table Al; Kendall et
al., 2020). Although there are no Fe speciation data available, a euxinic depositional
environment is indicated by the consistently high Mo/U EF ratios that are three times
the modern seawater Mo/U ratio (Algeo and Tribovillard, 2009). In addition, upper unit
4 samples with vanadium EF > 5 may reflect the operation of the Fe-Mn oxide shuttle
that is associated with the brackish conditions during deposition (Table Al; Kendall et

al., 2020).



The coupled Mo-U isotope data of the Kettle Point Formation ORM show a
negative correlation (r = —0.88) with a slope of —1.36 + 0.12 (1SE), which is similar to
the proposed negative regression line (a slope of —1.5) based on modern environments
(Figure 5c; Bura-Naki¢ et al., 2018). This observation indicates that changes in local
depositional factors (e.g., bottom water sulfide concentrations) influenced the Mo and
U isotope compositions of these ORM at a time of relatively stable global seawater
redox conditions (Kendall et al., 2020). Upper unit 4 samples that are potentially
affected by the Fe-Mn particulate shuttle show a general horizontal trend (relatively
invariable 6°®*Mo and variable 6?*3U) with a slope of —0.23 + 0.31 (1SE). However, the
influence of a particulate shuttle on the observed low 8°*Mo (0.79 + 0.11%o) of upper
unit 4 may not be that significant because the Landsort Deep (—0.03 + 0.20%o, 1SD;
sediments deposited < 6 cm below the SWI) and Gotland Deep sediments (—0.15 +
0.22%o0, 1SD; sediments deposited > 20 cm below the SWI) that are significantly
affected by the particulate shuttle have lower Mo isotope compositions (Noordmann et
al., 2015; Scholz et al., 2018). In addition, there is no vertical jump of Mo between
the upper unit 4 and units 1-3 & lower unit 4, implying that the particulate shuttle does
not significantly alter the sedimentary 8°®Mo record. Therefore, it is possible that
relatively lower and constant bottom water sulfide concentrations associated with
increased mixing with fresh waters (brackish conditions) led to a relatively constant Mo
isotopic offset between sediment and seawater during upper unit 4 deposition. At the
same time, the variable 3*3%U values of the same samples indicate that the U isotope
fractionations are influenced by several other factors such as the aqueous U species and
the rates of U reduction and removal (Andersen et al., 2014, 2017; Rolison et al., 2017;
Kendall et al., 2020). By contrast, units 1-3 and lower unit 4 samples show a negative

correlation between the Mo and U isotope compositions with a slope of —1.78 £+ 0.33



(1SE) that is similar to the modern Cariaco Basin (—1.74 + 0.33, 1SE; Briiske et al.,
2020). Dissolved sulfide levels in the bottom waters likely control the efficiency of Mo
and U removal into sediments, thus resulting in the observed negative correlation
between the Mo and U isotope compositions (Kendall et al., 2020).

The Kettle Point Formation samples are used to estimate the ancient seawater
Mo and U isotope compositions during ORM deposition by extrapolating the inverse
correlation to the coupled Mo-U isotope mass balance model solution space. Applying
our proposed method to all samples, the best estimate of coeval seawater Mo and U
isotope compositions during ORM deposition is 2.04%o to 2.75%0 and —0.61%o to
—0.34%o, respectively (Figure 5¢). Similar seawater isotope compositions (6°*Mo: 2.04%o
to 2.75%o, 6%38U: —0.70%o to —0.34%o) are obtained if only units 1-3 and lower unit 4
samples are used. Our predictions are consistent with the estimations (6°*Mo > 2.0%o,
338U < —0.3%0) from Kendall et al. (2020), which are suggestive of a generally
oxygenated global ocean during deposition of the largely Famennian Kettle Point
Formation. This interpretation is also consistent with the proposed increase in
atmosphere-ocean oxygenation during the Devonian (Dahl et al., 2010; Wallace et al.,

2017; Lu et al., 2018).

5.2.2 Positive correlation between 6°*Mo and 6°38U: The Fjicka Shale

The Fjécka Shale is preserved in the Siljan Ring area of central Sweden and was
deposited on the margin of the Baltica continent, which was at the equator during the
(Katian) Late Ordovician (Cocks and Torsvik, 2005). The Mo/TOC ratios of the Fjicka
Shale (13.2 + 10.8 pg/g/wt.%, 1SD) are generally between that of the Black Sea (~4.5
ng/g/wt.%) and Cariaco Basin (~25 pg/g/wt.%) (Figure 6a; Table Al; Luetal., 2017b).

A relatively smaller oceanic Mo reservoir in a less oxygenated Katian world compared



to today likely resulted in overall lower Mo/TOC ratios of Katian ORM compared to
modern euxinic sediments (Lu et al., 2017b). Therefore, the depositional environment
of the Fjacka Shale is probably no more than moderately restricted, which is in line with
high Mo and U enrichments (Mo EF: 14.1-226.9, U EF: 6.2-10.4; Lu et al., 2017b).
Euxinic bottom water redox conditions during Fjidcka Shale deposition are inferred
from the Fe speciation data, which agrees with the high Mo/U EF ratios (Figure 6b;
Table Al; Lu et al., 2017b).

The Fjacka Shale is an example of an ORM unit with a positive correlation
between Mo and U isotope compositions (r =+0.75; Figure 6¢). In contrast to a negative
correlation that is controlled by changes in the local depositional environment, a
positive correlation between Mo and U isotope compositions is best explained by a
changing global ocean redox state, which shifts seawater Mo and U isotope
compositions and thus the sedimentary Mo and U isotope compositions of euxinic
ORM in the same direction (see Section 2). Other explanations seem unlikely. The
stratigraphically lower and higher Fjacka Shale samples are characterized by lower
3%Mo (0.42%o to 0.81%o0) and 628U (—0.23%o to —0.02%o), whereas samples with higher
3%Mo (0.87%o to 1.28%0) and &%3%U (0.03%0 to 0.14%o) are stratigraphically in the
middle (Table Al). Samples with higher 6°®Mo and 8*%U are from the Stumsnas #1
core (more continuous sampling over ~4 m) but not the Solberga #1 core (more discrete
sampling over ~2 m) possibly because samples from the Solberga #1 core with the same
features were missed during sampling (Lu et al., 2017b).

Applying our method, the coeval seawater could have 3°*Mo of 1.31%o to 1.75%o
and 8%%U of —0.80%o to —0.54%o during the deposition of stratigraphically higher and
lower Fjdcka Shale, whereas the global seawater 6°*Mo and 6***U could be 1.48%o to

2.37%o and —0.69%o to —0.34%., respectively, during deposition of the stratigraphically



middle Fjacka Shale (Figure 6¢). Therefore, a transient ocean oxygenation event likely
occurred during the deposition of Fjidcka Shale. These seawater estimations assume that
the inverse correlation of Mo-U isotope compositions for Ordovician euxinic basins is
identical to the overall slope defined by modern euxinic basins. Because individual
modern euxinic basins have yielded different slopes between the Mo and U isotope
compositions (see Section 2.3), there is some uncertainty associated with estimates of
global seawater Mo and U isotope compositions based on ORM data that show a
positive Mo-U isotope correlation. By comparison, Lu et al. (2017b) estimated Late
Ordovician (Katian) seawater 3°*Mo of 1.4%o to 2.1%o and 623U of —0.85%o to —0.60%o
during Fjacka Shale deposition. Their estimations were made individually with
assumed isotopic offsets. However, they did not recognize the changing global ocean
redox conditions through the positively correlated Mo and U isotope compositions. An
episode of increased global ocean oxygenation during the Katian Fjdcka Shale
deposition is suggested in this study based on the coupled Mo-U isotopes, implying
dynamic ocean redox conditions during the Ordovician (and more generally throughout

the Early Paleozoic; Dahl et al., 2017b, 2019; Bartlett et al., 2018; Wei et al., 2018).

5.2.3 No correlation between 6°*Mo and 6°38U

Unlike the two previous examples of negative and positive correlations of Mo-
U isotope data for euxinic ORM that are mainly controlled by changes in the local
depositional environment and global ocean redox conditions, respectively, the absence
of a correlation between 8°Mo and 6233U suggests distinctive local depositional
conditions, a more complex combination of local and global controlling mechanisms or
is an artifact of limited data. The Tanezzuft Formation, Zaonega Formation, and

Doushantuo Formation Member IV have sufficient data and thus will be discussed in



detail, whereas the other ORM units with limited data will only be briefly described.

5.2.3.1 The Tanezufft Formation: relatively stable local and global ocean redox
conditions

The (Rhuddanian) early Silurian Tanezzuft Formation was deposited in the
intracratonic Murzuq Basin (Libya) during a marine transgression caused by the
melting of the Late Ordovician ice sheets (Desio, 1936; Davidson et al., 2000; Liining
etal., 2000). The Mo/TOC ratios of the Tanezzuft Formation (7.2 + 2.6 pg/g/wt.%, 1SD)
are mostly between that of the Black Sea (~4.5 ng/g/wt.%) and Framvaren Fjord (~9
ng/g/wt.%) (Figure 7a; Table Al; Stockey et al., 2020). This low Mo/TOC ratio does
not necessarily represent a limited connection between the local watermass and the open
ocean because a smaller oceanic Mo reservoir is expected during the ocean anoxic
events (e.g., Algeo, 2004; Montoya-Pino et al., 2010), in this case, the Hirnantian-
Rhuddanian ocean anoxic event (Hammarlund et al., 2012; Melchin et al., 2013; Bartlett
et al., 2018; Zou et al., 2018). The average Mo EF and U EF are 54.3 (8.3-127.7) and
8.2 (2.5-23.3), respectively. The high Mo/U EF ratios that are nearly three times the
modern seawater Mo/U ratio suggest a relatively good connection between the local
watermass and the open ocean (Figure 7b). Euxinic bottom water conditions are
inferred from sedimentary Fe speciation, which is in an agreement with high Mo/U EF
ratios (Stockey et al., 2020).

Covariations of the Mo and U isotope compositions of the Tanezzuft Formation
are examined (Figure 7c). Narrow ranges are observed for both 8°*Mo,.q4 (0.51 to
0.97%0) and 628U, (—0.18%0 to 0.07%o), suggesting relatively constant Mo and U
isotopic offsets between the euxinic ORM and seawater (Stockey et al., 2020). This

observation further implies a relatively stable local depositional environment (e.g.,



bottom water redox conditions, basin restriction). The coupled 8**Mo,,q, and 6233U 4,
data of the Tanezzuft Formation do not exhibit a negative or positive correlation (r =
—0.22), indicating no significant changes in global ocean redox conditions at the time.
The contemporaneous seawater Mo and U isotope compositions during
deposition of the Tanezzuft Formation are estimated by the proposed model and
compared with previous studies (Bartlett et al., 2018; Stockey et al., 2020). Applying
our method, Rhuddanian seawater is characterized by 6°®Mo of 1.32%o to 1.95%0 and
3%38U of —0.78%o to —0.34%o during deposition of the Tanezzuft Formation (Figure 7¢).
By comparison, Stockey et al. (2020) did not clearly predict a coeval seawater 623U
value but estimated Rhuddadian seawater 6°*Mo to be ~0.69 + 0.13 (1SD) assuming no
Mo isotope fractionations between local euxinic ORMs and the open ocean. The
broadly co-deposited carbonates (the Becscie Formation) on Anticosti Island (Canada)
have an average 638U of ~ —0.45%o (Bartlett et al., 2018). Applying a modern 423U
offset of 0.24%o between shallow-water carbonates and seawater to the carbonates of
the Becscie Formation, the Rhuddadian seawater likely had a 62*3U value of ~ —0.69%o.
Therefore, the 6?33U offset of ~0.67%o between euxinic Tanezzuft Formation (—0.02 +
0.07%o, 1SD; Stockey et al., 2020) and the Rhuddadian seawater (~ —0.69%o) inferred
from carbonates is generally consistent with observed U isotope fractionations between
modern euxinic sediments and open-ocean seawater (e.g., Andersen et al., 2014, 2017;
Noordmann et al., 2015; Rolison et al., 2017; Bura-Naki¢ et al., 2018; Briiske et al.,
2020). In summary, our estimated 6°®*Mo of Rhuddanian seawater (1.32-1.95%o) is
higher than that (~0.69%o) from Stockey et al. (2020) mainly because they assumed no
Mo isotopic offset between euxinic ORMs and seawater, whereas our model predicts
there was a Mo isotopic offset. Our estimated Rhuddadian seawater 6233U value has a

large range (—0.78%o to —0.34%o) and is consistent with the estimation (—0.69%o) based



on carbonates of the Becscie Formation (Bartlett et al., 2018).

5.2.3.2 The Zaonega Formation: potentially variable extent of basin restriction

The Zaonega Formation (~2.05 Ga) was deposited in the Onega Basin in a rifted
continental marginal area and was deformed and metamorphosed (to low greenschist
facies) during the 1.98-1.79 Ga Svecofennian Orogeny (Hannah et al., 2008; Melezhik
et al., 1999, 2015). It is still not well understood if the basin was relatively well
connected to the open ocean (e.g., Asael et al., 2013; Scott et al., 2014; Ménd et al.,
2020) or not (e.g., Qu et al., 2012; Paiste et al., 2018) during deposition of the Zaonega
Formation. The Zaonega Formation has low Mo/TOC ratios that are mostly below the
modern Black Sea average (4.5 pg/g/wt.%), suggesting a severely restricted
environment (Figure 8a; Table A1). However, the low Mo/TOC ratios are also expected
for ORM deposited in the less oxygenated Paleoproterozoic oceans where a smaller
seawater Mo reservoir than the modern ocean was likely (Scott et al., 2008; Asael et
al., 2013; Reinhard et al., 2013). The average Mo and U enrichment factors are 33.9
(6.0-114.8) and 3.1 (1.5-7.2), respectively (Figure 8b). The high Mo/U EF ratios are
mostly three times the modern seawater Mo/U ratio, suggesting euxinic bottom waters
with the potential effect of an Fe-Mn particulate shuttle on Mo enrichment (Figure 8b).
It was previously suggested that the stratigraphically lower part of the section (Unit A
and B) was affected by metamorphism, which caused alteration of pyrite to pyrrhotite,
whereas the stratigraphically higher part of the section (Unit C) is less metamorphosed
(Asael et al., 2013). Euxinic bottom water redox conditions were inferred for samples
from Unit C (Asael et al., 2013). Detailed analysis of each specific Fe pool and the
similar Mo isotope compositions of all samples raises the possibility that the more

metamorphosed samples were also deposited under euxinic bottom waters (Asael et al.,



2013). It has been shown that ancient ORMs that have undergone low greenschist facies
metamorphism can still provide robust depositional information, such as precise and
accurate Re-Os depositional ages (Kendall et al., 2004; Rooney et al., 2011).
Considering the similar redox sensitive behavior between Mo & U and Re & Os, it is
likely that the Mo and U isotope compositions of such ORMs (especially less
metamorphosed samples in Unit C) reflect the depositional environment.

The coupled Mo-U isotope data from the euxinic samples in less
metamorphosed Unit C are used to ensure a more reasonable interpretation of global
seawater redox conditions (Figure 8c). The euxinic samples define a horizontal trend of
3%Mo (0.72 £ 0.09%o, 1SD) with a slope of —0.10 = 0.38 (1SE). This trend is similar to
upper unit 4 (6°*Mo = 0.79 £ 0.11%o, 1SD) of the Kettle Point Formation (—0.23 + 0.31,
1SE), suggesting that Mo isotope compositions were mainly controlled by relatively
lower and constant bottom water sulfide concentrations with a potentially minor effect
from the Fe-Mn particulate shuttle, whereas the variable U isotope fractionations were
influenced by several processes. However, there is one euxinic sample that shows a
higher 6°®Mo of 1.40 + 0.11%o (2SD) compared with other euxinic samples, though the
U EF is less than 2 (Figure 8c). The high 6°®Mo value could be caused by more
quantitative Mo removal when the bottom water renewal rate was slower (Mo/TOC =
1.8 png/g/wt.%; Asael et al., 2013), which is indicative of a transient period of stronger
basin restriction. Therefore, the degree of basin restriction was likely variable during
the deposition of Zaonega Formation.

The coeval seawater Mo and U isotope compositions during deposition of the
Zaonega Formation is estimated and compared with previous studies (Asael et al., 2013,
2018). Two possible scenarios are examined because of potential changes in the extent

of basin restriction: 1) stronger basin restriction for the euxinic sample that has a 3°*Mo



of 1.40%o; and 2) relatively open marine environment for the rest of the euxinic samples
that have an average 8°*Mo of 0.72 £ 0.09%o (1SD). Applying our method, the first
scenario suggests a global seawater 6°*Mo of 1.40%o (horizontal extrapolation to the
model curves assuming the local bottom waters were strongly euxinic) and 8*%U of
—0.66%0 to —0.34%o (solid line in Figure 8c). By comparison, the second scenario
suggests a global seawater 8°*Mo of 1.57%o to 2.37%o and 62*3U of —0.68%o to —0.34%o
by extrapolating to the model solution space using a curve whose slope is similar to the
average slope defined by data from modern euxinic basins (dotted lines in Figure 8c¢).
The current dataset does not allow us to further justify which case best reflects the
coeval global ocean redox conditions and it remains possible that both cases may have
occurred. In comparison, Asael et al. (2013) estimated that the ca. 2.05 Ga global
seawater 6°®Mo and 3*%U were 0.75 + 0.21%o and —0.18 + 0.15%o, respectively.
Recently, more 8°®Mo data were obtained for the Zaonega Formation from two
additional drillcores and suggested a coeval seawater Mo of 0.70 £ 0.21%o (Asael et
al., 2018), which is identical to the values from Asael et al. (2013). Our estimated
seawater 8°®Mo in both scenarios are higher than that of Asael et al. (2013) and Asael
et al. (2018). The estimated 3*3®U of contemporaneous seawater in this study has
significant uncertainty (a relatively large range of ~0.32%o) and is generally lower than

that of Asael et al. (2013).

5.2.3.3 The Doushantuo Formation Member IV: influence of the particulate Fe-Mn
oxide shuttle and the potential change of global ocean redox conditions

The Ediacaran Doushantuo Formation was deposited on a passive continental
margin (shelf lagoon and shelf margin-slope transition area) of the Yangtze Block

(Wang and Li, 2003; Jiang et al., 2003, 2011). The ORM samples of Doushantuo



Formation Member IV have an average Mo/TOC ratio of 28.3 + 14.2 ng/g/wt.% (except
one outlier with a Mo/TOC value of 290.0 pg/g/wt.%) that is higher than the modern
Cariaco Basin (25 pg/g/wt.%) (Figure 9a, Table A1, Kendall et al., 2015). The samples
are also enriched in Mo (EF: 65.1-592.1, outlier: 960.8) and U (EF: 6.0-59.0),
suggesting a relatively good connection between the local watermass and the open
ocean during ORM deposition (Figure 9b; Table Al; Kendall et al., 2015). The Mo/U
EF ratios of these samples are mostly greater than three times the modern seawater
Mo/U ratio, indicating a euxinic depositional environment that led to efficient Mo
removal to the sediments relative to U (Figure 9b; Kendall et al.,, 2015). This
interpretation is confirmed by Fe speciation data (Kendall et al., 2015). It is possible
that some samples with high Mo/U EF ratios were influenced by the Fe-Mn particulate
shuttle (Figure 9b; Algeo and Tribovillard, 2009).

In this study, rather than use the overall trend (r = —0.54), we subdivided the
ORM samples into three stratigraphic groups (1-3) from the bottom to top of Member
IV based on their different Mo and U isotope compositions. Group 1 contains lower
3%Mo (< 0.40%0) and variable 6**3U (0.15-0.61%o) (r = —0.75, n = 27), group 2 has
higher %Mo (1.12-2.01%0) and a relatively smaller range of 623U (0.08-0.31%o) (r =
+0.41, n = 8), and group 3 is characterized by moderate 8°*Mo (0.20-1.01%o) and
variable but generally lower 62*3U (—0.40%o to 0.21%o) (r = —1.00, n = 4; Figure 9¢ and
9d). These stratigraphic divisions suggest multiple controlling mechanisms on the
isotopic compositions of euxinic ORM during deposition of Member IV.

Group 1 and 2 samples overlap in 8*%U but have different 6°*Mo. The
overlapping 638U ranges between these two groups likely reflect different local
depositional effects (that influence the efficiency of U removal to sediments) but

generally similar global ocean redox states. The more variable 38U in group 1 could



be caused by different U reduction and removal rates under weakly euxinic bottom
waters, whereas the more uniform 8*%U in group 2 is indicative of relatively more
efficient U reduction and removal under more strongly euxinic bottom waters. In
addition, the 628U of group 2 (0.21 £ 0.09%o, 1SD) are similar to those of sediments
from the modern Cariaco Basin and Saanich Inlet, indicating a near modern-level of
ocean oxygenation if a U isotope fractionation of 0.6%o was expressed locally between
seawater and the euxinic sediments (Andersen et al., 2014; Holmden et al., 2015;
Kendall et al., 2015; Briiske et al., 2020). The interpretation of widespread ocean
oxygenation is also consistent with high 8°®Mo of the same samples (up to 2.01%o;
Kendall et al., 2015). These high 8°®Mo values can be explained by efficient Mo
removal under intensified euxinic bottom waters (Kendall et al., 2015).

By contrast, the much lower 6°®Mo of group 1 (—0.19 £ 0.38%o, 1SD) are similar
and comparable to that of the sediments from the Landsort Deep (—0.03 £ 0.20%o, 1SD;
sediments deposited < 6 cm below SWI) and Gotland Deep (—0.15 £+ 0.22%o, 1SD;
sediments deposited > 20 cm below SWI) in the Baltic Sea, which reflects Fe-Mn oxide
delivery to the sediments during local transient oxygenation events (Noordmann et al.,
2015; Scholz et al., 2018). Therefore, it is likely that the Fe-Mn particulate shuttle
contributes to the observed low 6°®Mo in group 1 as this process can explain different
3%8Mo but generally similar 6**3U for groups 1 and 2 (Figure 9c). There is a negative
correlation between Mo and U isotope compositions in group 1 that suggests changes
in the dissolved sulfide concentrations of bottom waters simultaneously affected the
Mo and U isotopic offsets between sediments and seawaters (Briiske et al., 2020). The
slope (—2.56 £+ 0.45, 1SE) of this negative correlation is similar to that of Sapropel S5
from the Eastern Mediterranean Sea (—2.63 £ 0.57, 1SE), which was related to changing

bottom water renewal rates with different extents of basin restriction (Andersen et al.,



2018). Hence, both an Fe-Mn particulate shuttle and bottom water sulfide
concentrations (possibly associated with variable basin restriction) may play important
roles on the covariation of Mo and U isotope compositions in group 1.

Similar and lower 8°*Mo values were recently reported for other Doushantuo
Formation Members (II, III, IV) (Ostrander et al., 2019a). Bottom water redox
conditions, the operation of an Fe-Mn (oxy)hydroxide shuttle, and sea-level changes
(that influence the extent of basin restriction) are proposed to influence Mo isotope
fractionations between sediments and overlying seawater (Ostrander et al., 2019a).

To sum up, the global ocean redox state was more oxygenated and remained
generally the same during the deposition of group 1 and 2, even though the 3°*Mo of
the two groups are significantly different. Because group 1 samples were significantly
influenced by the Fe-Mn particulate shuttle, the group 2 samples are used to estimate
the coeval seawater isotope compositions for both group 1 and 2 (Figure 9c¢). The coeval
global seawater 8°*Mo and 3%38U are estimated from 2.01%o to 3.10%o and from —0.64%o
to —0.34%., respectively (Figure 9c¢).

The stratigraphically highest group 3 contains only three samples, which have
intermediate 6°®Mo (0.20-1.01%o) and generally lower 6>3%U (—0.40%o to 0.21%o). The
Mo and U isotope compositions of these samples exhibit a clear negative correlation
(—1.33 £0.09, 1SE) that is close to the proposed average negative correlation observed
for modern euxinic basins, reflecting a dominant local depositional control on group 3
Mo-U isotope systematics (Figure 9d; Bura-Naki¢ et al., 2018; Briiske et al., 2020).
Applying our method, the contemporaneous seawater during group 3 deposition could
have 8°*Mo and 8%3%U of 1.32%o to 1.60%o and —0.78%o to —0.61%., respectively (Figure
9d). These values suggest an expansion of ocean anoxia (group 3) following an episode

of widespread ocean oxygenation (group 1 and 2). Although there are only three



samples in this group, this interpretation is in an agreement with the low 6233U (—1.2%o
to —0.8%o) reported for carbonates from the overlying Dengying Formation (South
China; Zhang et al., 2018) and co-deposited Nama Group (Namibia; Tostevin et al.,
2019). The exceptionally low 6238U values of the carbonates point to widespread global

ocean anoxia during the terminal Ediacaran (Zhang et al., 2018; Tostevin et al., 2019).

5.2.3.4 The rest of the ORM formations

The rest of the euxinic ORM formations have small Mo-U isotope datasets,
which significantly limits efforts to distinguish the influences of changes in local
depositional conditions from global ocean redox variations because only a small part of
the whole coupled Mo-U isotopes covariation pattern would be observed. The
Almelund Shale was potentially deposited in a restricted environment based on the low
Mo/TOC ratios (< 2.6 pg/g/wt.%]), low Mo EF (< 6.3) and U EF (< 2.7), and Fe
speciation evidence for locally euxinic bottom waters, but data come from only two
samples (Table 1). Except this formation, we tentatively suggest the rest of the ORM
units with small datasets were deposited under euxinic bottom waters with no severe
basin restrictions and were not significantly affected by an Fe-Mn particulate shuttle,
based on geological background and geochemical data (Figure 10; Appendix A.;
Kendall et al., 2009, 2015; Dahl et al., 2010; Yang et al., 2017). The estimated ranges
of global seawater Mo and U isotope compositions at the time of ORM deposition were
plotted in Figure 10 and summarized in Table 4. If the local depositional environment
of each ORM were interpreted correctly, the estimated °Mo of coeval seawater are
generally higher than that of the contemporaneous euxinic ORM units, implying
appreciable Mo isotope fractionation from coeval seawater. However, it is difficult to

determine the exact Mo isotopic offset between sediments and seawater because both a



weakly euxinic environment and the particulate shuttle are possible influencing factors
that can not be fully distinguished and quantitatively constrained using small datasets.
In addition, the estimated ranges of seawater 6>38U are relatively large for most of these
small datasets, which makes it difficult to predict the ancient seawater 5%3%U due to
several influencing factors on effective U isotope fractionations (e.g., bottom water
chemistry, aqueous U species, productivity, U diffusion-reactive process; Andersen et
al., 2017; Lau et al., 2020).

Even though a larger dataset would be more helpful, there are a few exceptions
where limited Mo-U isotope data could still be useful to reveal global ocean redox
conditions. For example, the Late Devonian Chattanooga Shale and New Albany Shale
contain high Mo (EF: 308.5-489.5) and U (EF: 28.7-50.1) enrichments, high 3°*Mo
(e.g., ~2.0%o), and 3*3%U (e.g., ~0.2%0). This combination of geochemical signatures
represents compelling evidence of widespread ocean oxygenation at the time of ORM
deposition. The ~1.36 Ga Velkerri Formation is worth mentioning as well. The
contemporaneous seawater Mo isotope composition is estimated to be at least 1.5%o in
this study, which is higher than previous estimates of ~1.0%0 (Arnold et al., 2004;
Kendall et al., 2009). If it is correct, then the global ocean at the time may be relatively
more oxygenated than previously thought (e.g., Arnold et al., 2004; Kendall et al., 2009;
Planavsky et al., 2011). This hypothesis is generally consistent with the interpretation
of high Mo (105-112 pg/g; Kendall et al., 2009) and Re (39.0-52.7 ppb; Sheen et al.,
2018) concentrations in bulk samples and pyrite trace element abundances (Mukherjee
and Large, 2016), which are suggestive of an episode of ocean oxygenation at 1.36 Ga.
In addition, recent studies of 6°*Mo and &**S,, from the ~1.40 Ga Xiamaling Formation
(Zhang et al., 2016; Diamond et al., 2018; Wang et al., 2020) and I/Ca from the ~1.44

Ga Tieling Formation (Hardisty et al., 2017) suggest an episode of transient ocean



oxygenation around ~1.4 Ga.

6. CONCLUSIONS

The coupled use of Mo and U isotope compositions from euxinic ORMs is
further developed in this study to better infer ancient global ocean redox conditions. A
lack of overall correlation between 8°®Mo and 8*38U is observed from a compilation of
coupled Mo-U isotope data from the same samples of euxinic post-Archean ORMs,
indicating that both local depositional factors and global ocean redox states exert
significant influence on the sedimentary Mo and U isotope compositions. Negative,
positive, and no correlations are observed from the covariations of the coupled Mo-U
isotope data in the individual euxinic ORM units. Hence, each euxinic ORM unit must
be carefully evaluated on a case-by-case basis to disentangle changes in local
depositional conditions from global ocean redox variations.

A negative correlation between the Mo and U isotope compositions, similar to
the observations from modern euxinic basins, is observed for the Upper Devonian
Kettle Point Formation. This negative correlation most likely reflects changes in local
depositional conditions with a generally stable global ocean redox state that, in the case
of the Late Devonian (Famennian), was only slightly less oxygenated than the modern
oceans. A lack of correlation between the Mo-U isotope compositions for upper unit 4
of the Kettle Point Formation implies relatively constant bottom water sulfide
concentrations. The Fe-Mn particulate shuttle could contribute to but is not the main
cause of the low Mo isotope compositions.

A positive correlation between Mo and U isotope compositions points to a

change in global ocean redox conditions during deposition of euxinic ORM. Such a



positive correlation is observed for the Upper Ordovician (Katian) Fjicka Shale,
suggesting a transient episode of increased ocean oxygenation that simultaneously
shifted the euxinic sediment Mo and U isotope compositions to higher values. This
interpretation supports previous studies that suggested dynamic ocean redox conditions
occurred during the Early Paleozoic Era.

No correlations are observed in many ORM units, which may be related to
relatively stable depositional environment at local and global scales, specific changes
in the local depositional environment, a combination of changes in local depositional
conditions and global ocean redox state, or may simply be an artifact of limited data.

The Tanezzuft Formation represents a case of relatively constant local
depositional conditions and global ocean redox conditions. This interpretation is
supported by no directional stratigraphic changes of various geochemical proxies and
narrow ranges of Mo and U isotope compositions of the euxinic shales from this
formation.

The Doushantuo Formation Member IV is an excellent example that shows the
combined effects of local (e.g., Fe-Mn particulate shuttle, changing bottom water
sulfide concentrations, bottom water renewal rates associated with basin restrictions)
and global variations (e.g., changing ocean redox conditions). Detailed analyses of the
geochemical data suggest widespread ocean oxygenation throughout much of Member
IV time, whereas an expansion of ocean anoxia is inferred during uppermost Member
IV time.

The Zaonega Formation represents potentially variable extents of basin
restriction during deposition. The coupled Mo-U isotope data exhibits a generally
horizontal trend that is similar to upper unit 4 of the Kettle Point Formation with only

one sample that has a higher 6°*Mo value. This lone sample with a higher 6°®Mo might



be deposited during a transient period of strong basin restriction that caused sluggish
bottom water ventilation and renewal, whereas the horizontal trend defined by the other
samples suggests that relatively constant bottom water sulfide concentrations resulted
in similar magnitudes of Mo isotope fractionations and several processes (e.g., U
reduction pathways, efficiency of U reduction and removal, aqueous U species) caused
variable U isotope fractionations.

For the ORMs with limited data, there are large uncertainties associated with
inferring global seawater Mo and U isotope compositions. Nevertheless, the coupled
high 8°Mo (nearly similar to modern seawater) and high 8238U of the Upper Devonian
Chattanooga Shale and New Albany Shale represents strong evidence of widespread
ocean oxygenation at that time.

Building upon recent studies of modern euxinic basins, our study highlights the
potential of using coupled Mo-U isotope data from euxinic ORM units to disentangle
the effects of the local depositional environment and global ocean redox states. Using
this approach, we have revealed some features that were not identified in previous
studies. We have also demonstrated how the contemporaneous global seawater Mo and
U isotope compositions during euxinic ORM deposition can be estimated through a
coupled Mo-U isotope mass balance model. Our study demonstrates the necessity of
carefully determining the local depositional environment (e.g., basin restriction, bottom
water redox conditions, operation of an Fe-Mn particulate shuttle) before interpreting
global ocean redox tracers (e.g., 8°*Mo and 62*3U) and highlights the necessity of using
large datasets of coupled Mo and U isotope data to better infer local and global ocean

redox dynamics.
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Tables

Table 1. Geochemical data for the euxinic ORM samples from eight formations in this study

Sample * Depth TOC?® Al Mo Mo U 6] %Mo © R (S 2SD nf  dBUL 588U, ¢ 2SD nf  Fer/Fer Fe,/Feur

(m) (Wt.%) (Wt.%) (ng/g) EF ¢ (ug/g) EFe© (%o0) (%o0) measured (%o0) (%o0) measured

New Albany & Chattanooga Shale, outcrop, USA 365 Ma

Clegg 873-B8+22 12.3 6.5 200.1 308.5 57.8 28.7 1.58 1.58 0.18 3 -0.14 -0.13 0.12 3 0.68 0.78
Chattanoga K8/7/94-22 13.6 5.6 236.5 425.0 76.5 443 1.65 1.66 0.10 3 -0.01 0.00 0.03 3 0.71 0.80
Chattanoga K8/7/94-23 14.7 53 257.9 489.9 81.7 50.1 1.85 1.85 0.13 2 0.00 0.01 0.09 3 0.66 0.70
Birkhill Shale, Dobs Linn outcrop, Scotland 442 Ma

DL6 133 1.4 6.0 17.7 29.7 8.2 44 1.36 1.40 0.17 3 -0.11 -0.06 0.11 3 0.44 0.73
Rastrites Shale, Billegrav-1 core, Sweden 442 Ma

BG-4 26.55 2.0 8.4 15.4 18.3 6.7 2.6 0.50 0.51 0.36 3 -0.09 0.05 0.08 3 0.45 0.78
Rastrites Shale, Lonstorp-1 core, Sweden 442 Ma

Lon97154 64.9 3.8 8.3 17.8 213 8.2 32 0.41 0.42 0.08 2 0.01 0.16 0.01 3 0.52 0.74
Lon97154 repe 64.9 8.9 18.0 20.4 7.7 2.8 0.04 0.22 0.07 3

Lon79002 72.4 1.0 7.8 5.6 7.2 43 1.8 0.69 0.75 0.23 2 -0.15 0.01 3 0.42 0.72
Almelund Shale, Albjira-1 core, Sweden 465 Ma

Alb79013 50.1 2.1 8.7 5.4 6.3 7.2 2.7 0.85 0.96 0.33 4 -0.29 -0.29 0.04 3 0.36 0.73
Alb79016 94.9 1.9 9.0 44 4.9 6.0 22 0.58 0.66 0.26 3 -0.29 -0.29 0.03 3 0.90 0.71
Alum Shale Formation, Albjira-1 core, Sweden 485 Ma

Alb97160 139.03 4.6 7.8 37.8 48.3 98.9 40.7 1.04 1.05 0.19 3 0.15 0.17 0.12 3 0.93 0.73
Alum Shale Formation, Gislovhammar-2 core, Sweden 485 Ma

Gis89934 24.03 7.3 7.6 69.4 91.7 45.9 19.6 0.46 0.46 1 0.06 0.08 0.01 3 0.44 0.71
Gis89933 26 8.7 7.7 132.1 170.9 44.4 18.5 0.55 0.74

Gis89933 rep® 26 7.9 136.8 173.5 44.8 18.3 0.20 0.20 1 0.16 0.19 0.04 3



Gis89931

Alum Shale Formation, Andrarum-3 core, Sweden 500 Ma

Alum0760
Alum1178
Alum1200
Alum1300
Alum1370

28

7.6
11.78
12
13
13.7

73

12.4
7.1
9.1
9.1
7.5

Yu'anshan Formation, Ma'fang core, China, 520 Ma

Cheng485
Cheng476
Cheng456
Cheng442
Cheng438

Black River Dolomite, Forest-1 core, Tasmania, 640 Ma

RC06-FOR02-B
RC06-FOR02-B rep#
RC06-FOR02-D
RC06-FOR02-G
RC06-FOR02-H
RC06-FORO02-H rep#
RC06-FOR02-1

48.5
47.6
45.6
442
43.8

828.11-828.15
828.11-828.15
828.23-828.27
828.37-828.40
828.48-828.50
828.48-828.50
828.55 - 828.58

1.5
1.3
1.5
23
2.0

6.5

6.6

6.5

6.4

6.8

83

7.5
7.4
7.4
7.3
7.1

7.1
72
72
7.1
7.0

7.8
6.6
11.3
7.1
6.8
6.9
7.5

119.9

111.1
51.2
60.1

44.6
53.4

18.6
7.6
7.8
19.9

16.2

31.5
26.4
435
29.3
28.6
28.9
27.5

143.7

148.4
69.1
80.8
61.2
75.8

26.3
10.6
10.8
28.0
232

40.5
40.2
385
41.2
41.8
41.8
36.6

37.6

132.2
28.5
333
20.6
18.7

14.5
8.8
6.8

10.9

10.8

7.5
6.6
11.7
6.9
6.9
7.1
8.0

14.5

57.0
12.4
14.5
9.1
8.6

6.6
4.0
3.0
5.0
5.0

3.1
3.2
33
3.1
32
3.3
3.4

0.33

1.07
0.93
0.97
1.23
1.29

0.46
0.51
0.94
0.99
1.01

0.53

0.55

0.46

0.39

0.54

1.07
0.94
0.98
1.24
1.30

0.46
0.53
1.01
1.01
1.04

0.56
0.46
0.39

0.33

0.09
0.17
0.10
0.06
0.06

0.34
0.17
0.24
0.18
0.17

0.10

0.18

0.21

0.10

0.12

()} W w»n A~ B~ W W N NN W

w

0.13

-0.15
0.03
0.02
-0.02
-0.04

-0.03
-0.05
-0.19
-0.08
-0.04

-0.05
-0.10
-0.07
-0.07
-0.08
-0.10
-0.13

0.16

-0.14
0.05
0.04
0.02

-0.01

0.02
0.03
-0.13
-0.02
0.02

0.07
-0.01
0.03
0.04
0.02
-0.02
-0.07

0.05

0.07
0.06
0.13
0.05
0.04

0.08
0.12
0.10
0.07
0.05

0.03
0.07
0.07
0.09
0.03
0.03
0.07

W W W W W W W kA W W

W W W W W W W

1.25
1.35
1.35
1.22
1.31

0.51
0.44
0.41
0.55
0.50

0.79

0.80

0.80
0.90

0.70

0.78
0.75
0.80
0.73
0.74

0.85
0.89
0.83
0.89
0.85

0.93

0.93

0.93

0.93

0.90

2 Sample depth, Mo isotope data, TOC, and Fe speciation data are from Dahl et al. (2010)

> TOC = total organic carbon

¢ Mo isotope data reported relative to NIST SRM 3134 = 0.25%o

4'U isotope data reported relative to CRM 145
¢ See calculation methods in section 3 of the main text

fNumber of replicate analyses of the same sample solution






Table 2. Parameters used in the Mo and U isotope mass balance models for the modern

seawater (see main text for references)

Parameters for Parameters for

the Mo isotope mass balance model the U isotope mass balance model
Oinput 0.5 %+ 0.2%o Binput —0.29 £+ 0.03%o
A*pux-sw —0.5+0.3%0 | Apux-sw 0.60 £ 0.20%o
Asap-sw —0.9+0.2%0 | AoTHER-SW 0.05 £ 0.09%o
Aox-sw -3.0£0.1%0 | -- -
;o EUX 5+3% fu Bux 9+6%
fMo_sAD 50+ 10% fu orHER 91 + 6%
fmo_ox 45 +10% -- -
Modeled 6**Mogw 2.33+£0.24%0 | Modeled 8***Ugw —0.39 = 0.10%0
Measured §**Mogw 2.34£0.10%0 | Measured 3*3¥Ugw —0.39 + 0.04%eo

2 A = the net Mo and U isotopic offsets between each sink and seawater

b f = the fractions of Mo and U removal into each sink



Table 3. Fractions of U burial and corresponding isotope fractionations of each U sink

in the modern seawater.

Sinks Fraction of U burial | Fractionation factors | References

flux into each sink (%) | [Asink-sw (%o0)]

Euxinic 9+6 0.60 £ 0.20 1-6

Other reducing 40+ 10 0.15+0.16 1,3,6-11

(Ferruginous sediments*)

Bio-carbonate 30+ 10 0.01 £0.13 1,3,7,12,13
Hydrothermal High-T |3+3 0.00 = 0.02 1,14-17
alteration of crust | Low-T 6t6 0.25+0.02 1,14-17
Oxic sediments 12+6 -0.25 1,6,15-18
Weighted average of 0.05 + 0.09%

OTHER sink

References: 1. Dunk et al. (2002); 2. Andersen et al. (2014); 3. Andersen et al. (2017);
4. Holmden et al. (2015); 5. Bura-Naki¢ et al. (2018); 6. Weyer et al. (2008); 7.
Romaniello et al. (2013); 8. Andersen et al. (2016); 9. Chen et al. (2018a); 10. Tissot et
al. (2018); 11. Noordmann et al. (2016); 12. Partin et al. (2013); 13. Chen et al. (2018b);
14. Andersen et al. (2015); 15. Barnes and Cochran (1990); 16. Morford and Emerson
(1999); 17. Tissot and Dauphas (2015); 18. Cole et al. (2020);

* Ferruginous setting is not well understood.



Table 4. A summary of estimated ranges of global seawater Mo and U isotope

compositions based on the coupled Mo-U isotope compositions of euxinic ORMs

Birkhill Shale> ¢ *

Time (Ma) | ORM interval Estimated 6°*Mo of Estimated $238U of
coeval seawater coeval seawater

2050 Zaonega Formation' Scenario 1: 1.40%o Scenario 1: —0.66%o to
Scenario 2: 1.57%o to —0.34%o
2.37%o Scenario 2: —0.68%o to

—0.34%o

1360 upper Velkerri Formation>3 | 1.50%o to 2.23%o —0.70%o to —0.34%0

640 Black River Dolomite* 1.45%o0 to 1.75%o; —0.78%o0 to —0.55%o

555 Doushantuo Formation 2.01%o to 3.10%o (Group —0.64%o to —0.34%o

Member IV* 1 and 2); (Group 1 and 2);

1.32%o to 1.60%o —0.78%o to —0.61%o
(Group 3) (Group 3)

520 Yu’anshan Formation® © 1.43%o to 2.10%o —0.77%o to —0.34%o

500 Alum Shale> 1.37%o to 2.25%0 —0.72%o to —0.34%o

485 Alum Shale> 1.37%o to 2.27%o —0.78%o to —0.34%o

465 Almelund Shale’: ¢ # N/A N/A

448 Fjacka Shale’ 1.31%o to 1.75%o (early —0.80%0 to —0.54%o,
and late stage); (early and late stage);
1.48%o to 2.37%o and, —0.69%o to —0.34%o
(middle stage) (middle stage)

442 Rastrite Shale> ¢ and 1.37%o to 2.27%o —0.75%o to —0.34%o




442 Tanezzuft Formation® 1.32%o0 to 1.95%0 —0.78%o0 to —0.34%o

372 Kettle Point Formation® 2.04%o to 2.75%0 and —0.61%o0 to —0.34%o

365 Chattanooga Shale> ¢ and 1.82%o to 2.25%o —0.63%o to —0.34%o

New Albany Shale> ¢ *

References: ! Asael et al. (2013); 2 Kendall et al. (2009); 3 Yang et al. (2017); # Kendall
etal. (2015); > Dahl et al. (2010); ® This study;’ Lu et al. (2017b); 8 Kendall et al. (2020);
9 Stockey et al., (2020).

#For the Almelund Shale, the coeval global seawater Mo and U isotope compositions
are not estimated due to limited samples (n = 2).

*Because there is only one sample for the Birkhill Shale and New Albany Shale, the
shales that were broadly co-deposited are used together to estimate the coeval seawater

Mo and U isotope compositions.

Figure Captions

Figure 1. Covariations of Mo and U isotope compositions of sediments from modern
euxinic basins (modified from Bura-Naki¢ et al., 2018). Circled points represent the
averaged 8°®Mo-6238U of the euxinic basins (modified from Bura-Nakic et al. 2018 and
see references therein). Other sources: Black Sea Unit I (Barling et al., 2001; Weyer et

al., 2008; Arnold et al., 2012), Landsort Deep (Noordmann et al., 2015).

Figure 2. Covariations of the Mo and U isotope compositions of the euxinic organic-
rich mudrocks from this study and previous publications. Horizontal and vertical
dashed lines represent average upper crustal 3°*Mo (0.3%0; Voegelin et al., 2014;

Willbold and Elliott, 2017) and 6?33U (—0.3%o; Andersen et al., 2015; Tissot and



Dauphas, 2015), respectively. See Table 1 and Table A1 for references.

Figure 3. a) The modeled seawater (SW) Mo and U isotope compositions under
different redox conditions from a coupled Mo-U isotope mass balance model (see
Section 5.1.1). The points on the same vertical black dashed lines have the same euxinic
U burial fractions. The euxinic U burial fraction is 100% for the leftmost sample (fy gux
= fmo rux = 1) and decreases by 10% for each point towards its right (i.e. 90%, 80%,
70%, etc.). The curved colorful lines connect points that have the same SAD Mo burial
fractions. The SAD Mo burial fraction is 100% for the lower right sample (fyo sap = 1,
fu gux = 0) and decreases by 10% for each line radiating outwards (i.e., 90%, 80%,
70%, etc.). b) Estimated potential ranges of modern seawater Mo and U isotope
compositions (highlighted blue line) using samples deposited in modern euxinic basins
(except the severely restricted Black Sea). Unrealistic solutions (e.g., EUX > SAD for
Mo removal) of modern seawater are excluded. Data points of sediments are the
averaged authigenic 3°*Mo and 8*%U for modern euxinic basins (see Figure 1 and
references therein). Solid curve is from Bura-Naki¢ et al. (2018) and has a A*®Mo :
AP8U = -3 : 2, A%®Mo = 0.9%o, and A?38U = 0.6%o. The dotted and dashed curves have
the same A*®Mo : AZ38U ratios (=3 : 2) but A*®Mo = 1.8%0 and A?38U = 1.2%., covering
possible seawater-sediment U isotopic offsets up to the intrinsic U isotope fractionation
factor of 1.2%o associated with U®* reduction. ¢) Estimated potential ranges of modern
seawater Mo and U isotope compositions (highlighted blue line) using samples
deposited under strong basin restrictions (the Black Sea). Unrealistic solutions (e.g.,
EUX > SAD for Mo removal) are excluded. The solid curves move horizontally to

estimate the modern seawater isotope compositions (see Section 5.1.2 for details).



Figure 4. Illustration of the reconstruction of ancient seawater Mo and U isotope
compositions based on coupled Mo-U isotope data of euxinic ORMs assuming
deposition under a) non- or weakly-restricted basins and b) strongly-restricted basins.
Yellow area represents the model solutions of seawater Mo and U isotope compositions
and blue area represents the estimated seawater Mo and U isotope compositions using
the proposed approach (see Section 5.1.3 for details). The curves (1,2,3 inaand 1°, 2’

in b) have the same A%*Mo : A23U ratios (=3 : 2) and A*®Mo = 1.8%o and AZ3¥U = 1.2%.

Figure 5. Geochemical data of the Devonian Kettle Point Formation showing a) Mo vs
TOC, b) Mo EF vs U EF, and ¢) §*Mo vs 8*8U (Table Al; Kendall et al., 2020).
Dashed lines in a) represent regression slopes for four modern basins from Algeo and
Lyons (2006) (Black Sea: 4.5 = 1; Framvaren Fjord: 9 + 2; Cariaco Basin: 25 £ 5;
Saanich Inlet: 45 £ 5; in pg/g/wt.%). Dashed lines in b) represent the Mo/U ratios of
modern seawater (1 x SW; Algeo and Tribovillard, 2009), and fractions of modern
seawater (0.3 x SW and 3 x SW). The covariations of Mo and U enrichments and
controlling mechanisms in b) are plotted following Algeo and Tribovillard (2009).
Shaded area in c) represents the estimated ranges of coeval seawater Mo and U isotope
compositions. Authigenic 8°®Mo and 8*%U data of euxinic samples are used. The
dashed and dotted lines represent a Mo isotopic offset of —0.8%o and —0.2%0 between
the euxinic sink and seawater, respectively, by keeping all other parameters unchanged.

This approach is applied to the following figures (Fig. 6-10).

Figure 6. Geochemical data of the Ordovician Fjacka Shale showing a) Mo vs TOC,
b) Mo EF vs U EF, and ¢) Mo vs 623U (Table Al; Lu et al., 2017b). The dotted and

solid lines in c) are used to estimate ancient seawater isotope compositions for



stratigraphically middle samples and stratigraphically higher & lower samples,

respectively.

Figure 7. Geochemical data of the Silurian Tanezzuft Formation showing a) Mo vs TOC,

b) Mo EF vs U EF, and ¢) 8°®Mo vs 8*38U (Table Al; Stockey et al., 2020).

Figure 8. Geochemical data of the Paleoproterozoic Zaonega Formation showing a) Mo
vs TOC, b) Mo EF vs U EF, and ¢) 8°*Mo vs 8*%U using euxinic samples only (Table
Al; Asael et al., 2013). The dotted and solid lines in ¢) are used to estimate ancient
seawater isotope compositions for an open marine environment and local basin

restriction, respectively.

Figure 9. Geochemical data of the Ediacaran Doushantuo Formation Member IV
showing a) Mo vs TOC, b) Mo EF vs U EF, and ¢) §°®Mo vs 638U (group 1 and 2), and
d) %Mo vs 6?38U (group 3) (Table A1; Kendall et al., 2015). The vertical jump revealed
between group 1 and 2 likely reflects that group 1 was significantly affected by a

particulate Fe-Mn oxide shuttle.

Figure 10. Geochemical data of the rest of the ORM units that have no correlations
between Mo and U isotope compositions. Plots of (a) Mo vs TOC, (b) Mo EF vs U EF,
and (c) 6”®Mo vs 8*8U are shown for each of these ORM units (Table Al; Kendall et

al., 2009, 2015; Dahl et al., 2010; Yang et al., 2017; Sheen et al., 2018; This study).
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