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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher The U-isotope system is a well-established palaeo-redox proxy that potentially constrains the global extent of
marine anoxia during average as well as extreme redox events throughout Earth's history. A typical archive that

Keywords: forms underneath a reducing water column and acts as an intense U sink is organic-rich black shale. However,

Uranium isotopes the degree to which black shale archives reflect the marine U-isotope signature is not well understood because U-

Uranium isotope fractionation
Black shales
Oceanic anoxic event 2

isotope fractionation between U(VI)-bearing seawater and U(IV)-bearing black shales may vary as a function of
local environmental conditions. Here, we present a combination of U-isotope and elemental concentration
datasets, supported by a complementary Mo-isotope record, for the Furlo sedimentary section in Marche-

gﬁfofedox —Umbria, Italy and interrogate the combined systematics to unravel the mechanisms controlling the U-isotope
fractionation factor between black shales and ambient seawater. We examine black shales deposited before and
during Oceanic Anoxic Event 2 (OAE 2), which was one of the most extreme climatic perturbations of the
Mesozoic Era that took place around the Cenomanian-Turonian boundary (Late Cretaceous, c. 94 Ma). The
results of this study show that the U-isotope signature in the black shales deposited before OAE 2 was controlled
by different mechanisms than the U-isotope ratios recorded in black shales deposited during OAE 2, with both
stratigraphic intervals likely influenced by local environmental conditions. Probable local environmental
changes include increased U reduction associated with biomass at or above the sediment-water interface and
varying dissolved hydrogen sulphide concentrations in the water column and sediment. The overall results of this
study confirm that black shales are a highly complex archive for U-isotope studies of past oceanic redox con-
ditions, due to the sensitivity of the U-isotope fractionation mechanism to local environmental conditions, which
are difficult to constrain. We propose the application of a A238Ushale_seawater of 0.6 £ 0.1 %o to black shale records

deposited under locally constant euxinic conditions at non-restricted settings.
1. Introduction addition to the utilisation of redox-sensitive and/or chalcophilic metal
concentrations as direct redox proxies (e.g. Algeo, 2004; Tribovillard
The reconstruction of episodes of changing marine oxygenation et al., 2006), the uranium (U)- and molybdenum (Mo)-isotope systems
throughout Earth's history provides a unique opportunity to unravel the have been increasingly used to identify global changes in ocean redox
response of the complex ocean-atmosphere system during periods of conditions due to their long oceanic residence times on the order of 10°
major climatic disturbances, which, in turn, aids the understanding of years (e.g. Kendall et al., 2015; Dickson et al., 2016; Clarkson et al.,
modern and future oceanic deoxygenation. In the oceanic environment, 2018; Siebert et al., 2021). Under suboxic (0.2-2.0 mL O,/L), anoxic
organic-rich black shales have been well studied for the investigation of (<0.2 mL Oy/L) and euxinic (anoxic and sulfidic) seawater and pore-
ancient ocean-atmosphere and climate perturbations (Algeo, 2004). In water conditions (Tyson and Pearson, 1991), soluble U(VI) is reduced
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to immobile U(IV) and deposited in sediment, increasing the U content
of the sediment pile while simultaneously decreasing the U content of
the water column (Anderson, 1987; Dunk et al., 2002). Uranium U(VI)-U
(IV) reduction has also been shown to lead to the preferential deposition
of isotopically ‘heavy’ 238U over isotopically ‘light’ 23°U (Stirling et al.,
2007; Weyer et al., 2008; Andersen et al., 2017). Because U removal is
typically non-quantitative, this process shifts the 232U /23%U of sediments
to higher values while leaving the residual seawater enriched in 225U
with lower 238U/2%5U signatures. In contrast to U, the discriminatory
power of the Mo-isotope system is that intense sedimentary Mo
enrichment requires sulphidic conditions, causing, under certain hy-
drographic regimes, near-quantitative Mo drawdown via the precipita-
tion of thiomolybdates that can record the open seawater **Mo/**Mo
isotope signature (Fig. la; Dickson, 2017). By contrast, oxic or less
reducing oceanic conditions lead to the removal of minor amounts of Mo
by adsorption onto iron (Fe)- and manganese (Mn)-(oxyhydr)oxides or
by partial S thiolation of oxidised Mo species. Both of these processes
lead to the preferential deposition of lighter Mo isotopes that shifts the
sediments to lower *®Mo/*°Mo values (e.g. Arnold et al., 2004; Neubert
et al., 2008; Dahl et al., 2010). Due to these differences in the U- and Mo-
isotope systematics, the combination of both systems has improved
discriminatory power and studies with paired applications have become
more common in recent years (e.g. Briiske et al., 2020; Kendall et al.,
2020; Lu et al., 2020; He et al., 2021; Li et al., 2022). In open-marine,
suboxic environments, the sequestration of U to the sediment is
preferred over that of Mo (Fig. 1b), whereas with developing anoxia and
euxinia Mo enrichment commences. Furthermore, greater enrichment of
Mo relative to U in sediments can indicate that a Mn-(oxyhydr)oxide
‘particulate shuttle’ was at work within the water column at the time of
deposition, accelerating the transport of Mn, Fe and other adsorbed
trace metals, including Mo, from an oxic water column to sulphidic
sediments (Fig. 1c; e.g. Poulson Brucker et al., 2009; Dellwig et al.,
2010).

Attempts to quantify the extent of seafloor anoxia throughout Earth's
history based on the U-isotope system have implemented simple mass-
balance models that estimate average conditions across the event of
interest (e.g. Montoya-Pino et al., 2010; Brennecka et al., 2011; Kendall
etal., 2013; McDonald et al., 2022), or dynamic biogeochemical models
that incorporate changes in other environmental parameters, such as
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atmospheric Oy concentrations, weathering rates, nutrient fluxes or any
combination thereof (e.g. Clarkson et al., 2018; Zhang et al., 2020). Such
models require knowledge of marine 238U/23%U variations across the
perturbation interval relative to the modern oceanic regime, as well as
the 238U,/235U signatures of U sinks in and sources to the ocean. Recent
studies have shown that ancient black shales offer significant potential
as robust archives of the marine U-isotope system, provided the direc-
tion and magnitude of U-isotope fractionation between black-shale
deposition and the contemporaneous global seawater reservoir, and
how this fractionation factor evolves throughout the interval of sedi-
mentary deposition, are adequately known (e.g. Montoya-Pino et al.,
2010; Kendall et al., 2015; Dickson et al., 2022).

In suboxic, anoxic and euxinic marine basins, the prevailing view is
that U(VI)-U(IV) reduction and partial U(IV) removal primarily occurs in
sedimentary pore waters (Anderson, 1987; Dunk et al., 2002; Andersen
etal., 2017; Rolison et al., 2017) and therefore is limited by the diffusion
of U across the sediment-water interface. This process would give rise to
a U-isotope gradient across the sediment depth range spanning the pore-
water zone, resulting in an ‘apparent’ net U-isotope signature, integrated
over the reducing sediment pile, that is fractionated from seawater by
approximately half of the full ‘intrinsic’ fractionation factor, theoreti-
cally expected for U(VD)-U(IV) reduction (Fig. 2; Clark and Johnson,
2008; Andersen et al., 2014; Lau et al., 2020). A complication is that the
value for the intrinsic fractionation factor describing the U(VI)-U(IV)
equilibrium reduction reaction is not completely established and likely
varies with different environmental and redox conditions. To a first
order, it has been standard practice to apply a fixed U-isotope frac-
tionation factor, typically 0.6 %o, to describe the U-isotopic difference
between black shales and seawater in ocean redox reconstructions based
on U-isotope observations for modern anoxic basins and differing sedi-
mentary archives for the same ancient perturbation events. This
approach does not take into account that this apparent fractionation
factor is not very well constrained and, moreover, may vary as a function
of local environmental conditions as well as possible secondary U(VI)
removal processes. Importantly, this lack of constraint translates to large
uncertainties in estimates for the area of anoxic seafloor if the assumed
fractionation factor differs from the true factor at the time of anoxic
deposition (Lau et al., 2016; Jost et al., 2017; Rolison et al., 2017;
Clarkson et al., 2018; McDonald et al., 2022; Zhang et al., 2022).
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Fig. 1. Differences between U and Mo sedimentary enrichments in (a) euxinic settings, (b) suboxic-anoxic settings and (c) a Mn-(oxyhydr)oxide particulate shuttle.
The water column is shown in blue and the sediment in brown, where darker colours indicate the presence of H,S (modified from Algeo and Tribovillard (2009)). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Consequently, detailed understanding of how U-isotope fractionation
between seawater and black shales is influenced by local environmental
conditions is vital for the robust reconstruction of the redox evolution of
the past oceans.

To address these limitations, we present a U-isotope dataset, sup-
ported by a complementary Mo-isotope record, for a stratigraphically
extensive set of black shales deposited before and during ‘Oceanic
Anoxic Event 2’ (OAE 2) that is exposed at Furlo in Marche-Umbria,
Italy. Oceanic Anoxic Event 2 was one of the most severe of the Meso-
zoic OAEs, and caused widespread marine reducing conditions during
the interval spanning the Cenomanian-Turonian (C/T) boundary, dated
at 93.9 Ma (Jenkyns, 2010). The detailed stratigraphy and the well-
constrained local redox conditions of the Furlo section provide a
unique opportunity to deconvolve the complex mechanisms controlling
U-isotope fractionation between black shales and ambient seawater
across a gradation of changing ocean redox settings, ranging from sub-
oxic to anoxic to euxinic, within an organic-rich shale-dominated facies.

2. Organic-rich sedimentary deposition spanning OAE 2 at
Furlo, Italy

Ocean Anoxic Event 2 was associated with the widespread deposition
of organic-rich black shales, indicating vast environmental changes,
including elevated global temperatures (Forster et al., 2007) and
widespread marine anoxia and ultimately euxinia on regional to global
scales (Jenkyns, 2003, 2010). In addition, OAE 2 is characterised by a
‘positive carbon-isotope excursion’ (CIE) of 24 %o in the Be12¢ 6'%0)
signatures of both marine and atmospheric carbon reservoirs (Scholle
and Arthur, 1980; Tsikos et al., 2004; Jenkyns, 2010). The rise and fall of
513C values are most likely caused by an increase and decrease in global
carbon burial, respectively, concomitant with the expansion and retreat
of oceanic anoxia (e.g. Kuypers et al., 2002; Jenkyns et al., 2017).

The Furlo OAE 2 section is located approximately 25 km southeast of
Urbino in the Marche-Umbria Basin of central Italy (Fig. 3a). The Furlo
outcrop exposes a ~ 30 m thick sequence of partly chertified pelagic
calcitic carbonates, rich in planktonic foraminifera, coccoliths and
carbonate-replaced radiolarians, representing the Scaglia Bianca For-
mation. This formation was deposited in an open-marine setting at a
palaeo-latitude of ~20° N on the continental margins of the Tethyan
Ocean (Fig. 3b; Bernoulli and Jenkyns, 2009; Lanci et al., 2010) and at
an estimated palaeo-depth of approximately 1000-2000 m (Kuhnt,
1990), below the aragonite compensation depth because of the complete
lack of preserved ammonites. The Scaglia Bianca sequence includes a
finely laminated, ~110 cm thick organic-rich black shale unit inter-
bedded with radiolarian-rich sand and chert layers representing the

Water column
Water column

Fig. 2. Soluble U(VI) reduction to insoluble
(C) U(IV) at or below the sediment-water inter-
face under suboxic to euxinic conditions. (a)
Concentration and redox-states of U in
seawater (light blue), pore waters (dark
blue) and sediments (brown) during U
reduction. (b) 528U in seawater, pore waters
and sediments during U reduction. (c) Inte-
grated 52°°U in the sediment pile over time
results in half of the full ‘intrinsic’ U-isotope
fractionation factor (AZ%%U) relative to
ambient seawater. Note that the sediment
pile in (c) is shown buried deeper in the
seafloor after all possible U reduction has
occurred. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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‘Livello Bonarelli’, being the local sedimentary expression of OAE 2
(Fig. 3c; Beaudoin et al., 1996; Turgeon and Brumsack, 2006; Jenkyns
etal., 2007; Mort et al., 2007; Lanci et al., 2010). The Livello Bonarelli at
this locality contains up to 18 wt% total organic carbon (TOC; Turgeon
and Brumsack, 2006; Jenkyns et al., 2007; Mort et al., 2007; Gamba-
corta et al., 2015), has <2 wt% carbonate and contains several pyrite
lenses lying parallel to the bedding planes (Jenkyns et al., 2007).

Below the Livello Bonarelli, and deposited prior to OAE 2, are 30
minor organic-rich sedimentary intervals with up to 20% TOC (‘black
levels’), ranging in thickness from a few mm up to 15 cm, and inter-
bedded within the Scaglia Bianca (Fig. 3d; Beaudoin et al., 1996; Tur-
geon and Brumsack, 2006; Jenkyns et al., 2007). These black intervals
consist of finely laminated grey-black radiolarian-rich chert and shale
that, based on their lithology and Fe speciation, have been interpreted to
represent anoxic precursors of the Livello Bonarelli (Beaudoin et al.,
1996; Mort et al., 2007; Owens et al., 2017). However, these black levels
are an extremely local phenomenon, missing in many other sub-Livello
Bonarelli sites in the Marche-Umbria Basin (Tsikos et al., 2004; Gam-
bacorta et al., 2015) and their expression is very heterogeneous in terms
of lateral continuity and TOC values in the same section. The overall
sequence shows a rhythmically bedded pattern of limestones, cherts and
shales. This rhythmic sequence has been attributed to astronomical cy-
cles with the black levels (cherts and shales) representing eccentricity
minima with warmer climates at Furlo, causing reduced ocean mixing
and favouring transient anoxia, and the limestones representing eccen-
tricity maxima with colder climates and better marine oxygenation
(Lanci et al., 2010; Batenburg et al., 2016).

Based on cyclostratigraphy, the sampled pre-OAE 2 interval con-
taining the black levels has an estimated duration of deposition of
~1.45 My and the duration of Livello Bonarelli deposition has been
estimated as ~413 ky (Batenburg et al., 2016). On this basis, the
duration of the sampled interval, containing both the black levels and
the Livello Bonarelli, is equivalent to ~1.86 My.

3. Materials and methods
3.1. Sample selection and pre-treatment

The Furlo sedimentary samples selected for this study were acquired
from the University of Oxford archive, for which TOC and §'3C stra-
tigraphy has previously been reported (Fig. 3d; Jenkyns et al., 2007). In
total, 57 samples of ~1 cm thickness were taken from the Furlo section
(see Jenkyns et al. (2007) for details) of which 43 samples were utilised
within this project. Twenty-nine of these samples derive from the Livello
Bonarelli spanning the OAE 2 interval (stratigraphic heights of 0 to 1.1
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Fig. 3. (a) Map of Italy showing the location of the Furlo section. (b) Palaecogeographic reconstruction of the Cretaceous Period denoting the location of Furlo
(modified from Zhou et al., 2015) (c) General view in north-westerly direction of the Furlo stratigraphy with the Livello Bonarelli and the black levels. (d) Stra-
tigraphy, weight per cent total organic carbon (wt% TOC) and 613(]0rg datasets from Furlo (Jenkyns et al., 2007). The triangles indicate the black levels investigated
within this study. Filled triangles show samples used for metal concentration and U-isotope measurements and open triangles indicate samples analysed for Mo

isotopes and concentrations.

m), and an additional 14 samples originate from the black levels rep-
resenting the pre-OAE 2 interval (stratigraphic heights of 0 to —16 m).

All samples from the Livello Bonarelli as well as eight samples from
the black levels were chemically processed for elemental concentration
and U-isotope analysis in the Centre for Trace Element Analysis at the
University of Otago. Rock pieces were mechanically cleaned to remove
surface contaminants. Subsequently, all samples were ultrasonically
cleaned in ultra-pure water and powdered using a trace-metal-free agate

mortar and pestle. The six other samples from the black levels were
prepared for Mo-isotope analysis at the University of Oxford using
similar techniques.

3.2. Digestion

For each sample processed at the University of Otago, ~2 g of
powdered material underwent selective digestion of the authigenic
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fraction, comprising organic matter (up to 20%), carbonates (up to 80%)
and minor amounts of (oxyhydr)oxides and sulphides that record the
seawater and/or pore-water composition at the time of mineral forma-
tion, by adding 20 mL of inverse aqua regia (1:2 M ratio of HCI:HNO3)
and heating on a hotplate held at 120 °C for 3 h (Xu et al., 2012). This
selective leaching procedure has been shown to be effective at removing
the authigenic fraction whilst leaving behind the inherited detrital
fraction as undigested residue (Xu et al., 2012; Dang et al., 2022). This
was confirmed by testing the impact of the contributions of U derived
from detrital sources on the measured §2°°U values. The detrital
correction is negligible and was therefore omitted (see Supplementary
Material [SM]). In addition to partial digestion of the entire sample set
with inverse aqua regia, the eight black levels underwent whole-rock
total digestion with HF-HNO3-HCI, using approximately 0.1 g of
powdered material.

Samples processed at the University of Oxford were oxidised in in-
verse aqua-regia (1:3 M ratio of HCI:HNO3) at 150 °C for 48 h following
the addition of a °“Mo—""Mo double spike solution. The detrital
contribution of Mo on the measured 5°*Mo values was negligible (see
SM).

3.3. Elemental concentration analysis

Elemental concentrations of cobalt (Co), Mn, Fe, thallium (TI),
chromium (Cr), vanadium (V), U, Mo, copper (Cu), nickel (Ni), cadmium
(Cd), zinc (Zn) and aluminium (Al) in sub-samples of all inverse aqua
regia leachates and total digests processed at the University of Otago
were measured by inductively coupled plasma mass spectrometry (ICP-
MS) equipped with a quadruple mass analyser using an Agilent 7900
ICP-MS instrument (Agilent Technologies, USA). Analytical precision,
based on the replicate measurement of samples, is reported as two times
the standard deviation (2 SD), and is typically <10%, unless stated
otherwise.

3.4. Uranium-isotope analysis

Uranium-isotope analysis was conducted by multiple-collector ICP-
MS (MC-ICP-MS) modified from previously published protocols (Stirling
et al., 2007; Clarkson et al., 2018). In brief, sub-samples of inverse aqua
regia digests processed at the University of Otago were spiked with a
Z6y—233y double spike tracer in order to correct for both instrumental
mass fractionation during analysis and any U-isotope fractionation
occurring during chemical preparation. Spiked digests then underwent
U separation and purification by ion exchange chromatography using
UTEVA® resin (Eichrom Technologies, USA). 238U/235U-isotope ratios
were measured using a Nu Plasma-HR MC-ICPMS instrument (Ametek
Ltd., USA). All U-isotope data are presented in standard &-notation ac-
cording to (1) as §%38U in permil (%o) relative to the interpolated
composition of a bracketed CRM-145 (National Institute of Standards
and Technology, USA) U-isotope standard analysed immediately before
and after the sample using the same analytical conditions. Uncertainties
are given as two times the standard error (2 SE) and account for the
internal standard error of the measurements of the samples as well as the
standards combined in quadrature, using standard error propagation
techniques. The 2 SE is typically £0.07 %o and is comparable to the
external reproducibility (2 SD) based on repeat measurements of the
same sample.

(238 U)
735
v samp

Jay 1 [+1000 m
(W>CRM—I45

8 Uy (%0) =
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3.5. Molybdenum-isotope analysis

Molybdenum was purified from the inverse-aqua-regia sample di-
gests at the University of Oxford using an anion column procedure
described by Pearce et al. (2009) and Dickson et al. (2016). Sample
solutions were analysed on a Nu Plasma MC-ICP-MS. 0.28 M blank
HNOs solutions were analysed prior to each sample and used to correct
signal intensities. Uncertainties are presented as the propagated 2 SE of
the sample counting statistics and the bracketing NIST 3134 standard
solutions. Molybdenum-isotope compositions are calculated according
to (2).

%Mo
Mo samp

<f}8 Mo)
95
Mo ) NisT3134

The long-term 2 SD on 8°®Mo, as calculated from full procedural
replicates of the United States Geological Survey (USGS) reference
Devonian Ohio shale, SDO-1, is +0.08 %o. Molybdenum concentrations
were calculated by isotope dilution from the *°®Mo,/**Mo ratio.

8" Moy (%o) = —1 [+1000 +0.25 )

4. Results and discussion

All U and Mo concentrations and Mo-isotope and U-isotope compo-
sitions for the black levels and Livello Bonarelli samples are presented in
Table 1 and in Fig. 4, together with their detailed stratigraphic position
relative to the 5!*Croc curve (Jenkyns et al., 2007). The U concentra-
tions range from 0.13 pg/g to 6.49 pg/g in the black levels and from
0.22 pg/g to 21.66 pg/g in the Livello Bonarelli. Uranium-isotope sig-
natures range from 0.01 %o to 0.57 %o in the black levels and from —0.38
%o to 0.26 %o in the Livello Bonarelli. Despite fluctuating U concentra-
tions and U-isotope ratios across the Furlo stratigraphic section, the
average 522%U value in the black levels is ~0.3 %o higher than in the
Livello Bonarelli (black and red squares in Fig. 4). The Mo concentra-
tions range from 6.91 pg/g to 13.06 ug/g in the black levels and from
6.52 pg/g to 26.18 pg/g in the Livello Bonarelli. Molybdenum-isotope
composition ranges from —1.70 %o to —0.44 %o and from —0.55 %o to
0.54 %o in the black levels and in the Livello Bonarelli, respectively.
Similarly to U, Mo concentrations and Mo-isotope ratios fluctuate up-
section; however, the black levels have an average 58Mo value, which
is ~0.7 %o lower than in the Livello Bonarelli. The concentrations of
other elements besides U and Mo can be found in the SM.

4.1. Redox framework for deposition of black shale at Furlo before and
during OAE 2

The palaeo-redox conditions in the Furlo section have previously
been investigated using sedimentary metal concentrations (Turgeon and
Brumsack, 2006; Westermann et al., 2014), Fe-speciation variations
(Westermann et al., 2014; Owens et al., 2017), and the Fe and Mo redox-
sensitive stable isotope ratios (Jenkyns et al., 2007; Westermann et al.,
2014). These datasets, together with the elemental concentration results
of this study, provide a redox framework for constraining the U and Mo
systematics and the mechanisms controlling black-shale deposition at
the Furlo site leading up to and during OAE 2.

4.1.1. Redox framework for black levels deposited prior to OAE 2

A compilation of geochemical evidence suggests that the sediments
constituting the black levels were deposited under an oxygen-depleted
water column. The precise redox state of seawater during deposition is
uncertain, although all studies agree that it was likely to have been
suboxic to anoxic with low sulphide production rates (Turgeon and
Brumsack, 2006; Jenkyns et al., 2007; Owens et al., 2017). Specifically,
the Fe-isotope signatures of the black levels imply suboxic basin con-
ditions leading up to OAE 2 (Jenkyns et al., 2007). By contrast, observed
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Table 1
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Uranium concentrations and U-isotope ratios from inverse aqua regia digests and Mo concentrations and Mo-isotope ratios from inverse aqua regia digests (pre-OAE 2
black levels) and whole-rock digests (OAE 2 Livello Bonarelli, Westermann et al., 2014) of black shales deposited at Furlo.

Formation Depth (cm) U (ng/g) 82280 (%o0) +2 SE Mo (pg/g) 5%®Mo (%o NIST 3134) +2 SE
—1565 1.15 0.375 0.056
—1286 10.02 -1.697 0.037
—-1205 1.68 0.567 0.065
—1082 0.87 0.416 0.091
—824 6.91 -1.167 0.042
—800 5.05 0.264 0.047
—689 0.13 0.010 0.073

Pre-OAE 2 black levels —455 7.03 —0.440 0.036
—452 2.96 0.122 0.087
—435 9.15 —0.471 0.048
—411 1.35 0.235 0.062
—392 9.67 -0.718 0.047
—322 13.06 —0.873 0.051
—-320 6.49 0.372 0.063
Average 2.46 0.295 0.142 9.31 —0.895 0.392
0 0.54 —0.054 0.069
2.8 7.950 —0.158 0.069
3.6 4.75 0.260 0.068
6.3 1.12 —0.028 0.079 7.470 —0.143 0.036
8.1 4.36 0.036 0.072
11.2 5.78 —0.131 0.074
15.6 0.78 0.038 0.070
16.8 16.124 0.017 0.056
17.8 0.88 0.002 0.065
20.9 4.41 —0.101 0.076
24.3 7.148 —0.375 0.048
25.3 1.09 —0.051 0.066
25.8 15.786 0.537 0.051
27.8 4.57 —0.015 0.074
31.8 16.43 —0.167 0.070
34.4 2.99 —0.030 0.067
34.8 4.75 —0.044 0.068
35.5 7.243 —0.101 0.081
42.5 26.177 0.252 0.057
46.9 11.363 —0.399 0.060
49.5 7.060 0.204 0.070
53.3 1.76 0.010 0.068
53.5 13.898 —0.511 0.084
55.8 0.69 0.068 0.061
57.0 12.237 —0.223 0.048
58.3 4.74 0.149 0.051
61.0 20.027 —0.015 0.083
61.8 21.66 —0.381 0.046
65.1 7.503 —0.469 0.052
65.6 3.03 0.055 0.053
66.9 11.439 —0.418 0.054
69.3 0.35 0.088 0.071
70 0.22 —0.051 0.101
70.2 6.524 —0.236 0.048
70.5 2.99 0.055 0.099
71.9 0.66 0.038 0.069
75.2 5.72 0.158 0.066
83.5 2.06 0.110 0.092
84.0 11.913 —0.249 0.048
86.2 3.57 0.221 0.083
87.3 24.570 —0.005 0.060
90 0.27 —0.174 0.029 14.245 —0.550 0.035
91.9 2.31 0.065 0.116
92.1 21.894 0.019 0.054
96.3 14.670 —0.415 0.050
98.9 0.99 —0.043 0.106
105.7 1.23 0.139 0.108

OAE 2 Livello Bonarelli Average 3.61 0.008 0.088 13.262 —0.162 0.139

enrichments in highly reactive Fe compared with total Fe (Feyr/Fer)
and a low content of pyrite (FeS5) Fe relative to total highly reactive Fe
(Fepy/Fepr) were used to infer ferruginous (anoxic and iron-rich) rather
than euxinic (anoxic and sulphidic) oceanic conditions prior to OAE 2
(Owens et al., 2017). This interpretation is also supported by elemental
concentration datasets, especially by a depletion in Mn relative to
average shale due to its removal from sediment under low-oxygen
conditions, and elevated Re/Mo ratios that are also indicative of

anoxic, but non-euxinic conditions during deposition of the black levels
(Turgeon and Brumsack, 2006; Owens et al., 2017). The above findings
are supported by the elemental concentrations of this study. A detailed
comparison of the elemental concentrations and TOC values (Jenkyns
et al., 2007) of the two units, the black levels and the sediments of the
Livello Bonarelli, is presented in the SM.

Furthermore, co-variations of sedimentary Mo and U enrichment
factors (EF) relative to average shale (Turekian and Wedepohl, 1961; see
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Fig. 4. 6*°°U and 5°®Mo stratigraphies, and U and Mo concentrations in comparison to the 8'Croc stratigraphy from Jenkyns et al. (2007). The §°*Mo and Mo
concentration data in the Livello Bonarelli are from Westermann et al. (2014). Note the change in vertical scale between the black levels (<0 m, grey area) and the
Livello Bonarelli (>0 cm, pink area). In order to improve the visibility of the sample positions, the stratigraphic heights of the black levels are given in m, whereas the
stratigraphic heights of the Livello Bonarelli are given in cm. Average §>®U and §°®Mo values in the black levels and in the Livello Bonarelli are shown as black and
red squares, respectively. Error bars are given as +2 SE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

SM) can be utilised to constrain the degree of seawater deoxygenation
and the presence or absence of a Mn-(oxyhydr)oxide particulate shuttle
(Algeo and Tribovillard, 2009; Poulson Brucker et al., 2009). West-
ermann et al. (2014) have shown that the Mo and U EF of whole-rock
digests of samples from the Livello Bonarelli exhibit a co-variation
that lies between the unrestricted, open ocean, marine area and the
particulate shuttle area of a Mo—U cross-plot, indicative of a weak, or
intermittently active, shuttle during OAE 2 at the Furlo depositional site.
The Mo and U EF of the whole-rock digests of samples from the black
levels measured in this study plot between the suboxic and anoxic areas
of a Mo—U cross-plot, further implying less reducing conditions with

low sulphide production rates before the onset of the OAE than during
the event itself (Fig. 5).

4.1.2. Redox framework for Livello Bonarelli deposited during OAE 2
Oceanic oxygen deprivation has been interpreted to have progres-
sively intensified at the Furlo site throughout OAE 2 as the event became
established, evolving from suboxic to anoxic bottom-water conditions,
based on systematically decreasing Re/Mo data (Turgeon and Brumsack,
2006). By contrast, a shift towards heavier Mo-isotope ratios at the onset
of OAE 2 indicates the earlier development of anoxic conditions and
oxygen deprivation already at the beginning of the event (Westermann

et al., 2014). Furthermore, Fe-speciation studies have shown that the
Livello Bonerelli formation had much greater Fepy/Feyg than the black
levels, indicating strong de-oxygenation and even a local shift towards
euxinic conditions at the onset of OAE 2 (Owens et al., 2017). This
interpretation is also supported by an increase in Fe-isotope ratios from
the bottom to the top of the section, which is thought to reflect the
increased burial of isotopically light Fe through the development of free
H,S availability and enhanced pyrite formation (Jenkyns et al., 2007). A
decrease in the size of pyrite framboids at the start of the Livello
Bonarelli deposition is indicative of their formation in the water column
rather than in sedimentary pore waters and supports the interpretation
of locally increasingly euxinic conditions at the Furlo site during OAE 2
compared to prior to the event (Jenkyns et al., 2007). Westermann et al.
(2014), however, did not observe the same increase in the proportion of
pyrite and instead suggested that the Livello Bonarelli was predomi-
nantly anoxic rather than euxinic, which agrees with the Mo and U EF
(Fig. 5). Taking all of the above datasets into consideration, it is likely
that the majority of the organic-rich sediments within the Livello
Bonarelli were deposited under an anoxic to euxinic water column.
Importantly, the new elemental data presented here are also indicative
of the pelagic environment being more reducing during the deposition of
the Livello Bonarelli black shales than during the deposition of the older
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Fig. 5. Cross-plot of Mo and U enrichment factors (EF) of total digests in Furlo
using the Mo and U concentration datasets for the Livello Bonarelli from
Westermann et al. (2014) (pink squares) and for the pre-OAE 2 black levels
from this study (blue circles). Enrichment factors were calculated based on
average shale values from Turekian and Wedepohl (1961). The lines show Mo
and U concentrations typical for seawater (SW) and multiples thereof (0.3 x SW
and 3 x SW). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

black levels, in agreement with previous findings (see SM).

4.2. Variability of the U-isotope fractionation factor during OAE 2 at
Furlo

The U-isotope fractionation factor describing U(VI)-U(IV) reduction
and removal from seawater and the deposition of U(IV) in organic-rich
black shale is defined as & = 233U/?®Ugnate / 2%8U/?* Useawater and,
after the conversion to %o, can generally be simplified to A%*8Ugale.
seawater — 6238Ushale - 6238Useawater' The assumption that Az38Ushale-
seawater 1S Spatially and temporally constant and known is crucial for the
reconstruction of palaeo-redox conditions from ancient sediments.

Literature values for AZ38Ug,qie-seawater derived from water column

Eastbourne, UK

Tsikos et al. (2004),
Clarkson et al. (2018)

Portland #1 core, USA

Sageman et al. (2006),
McDonald et al. (2022)
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and core-top sediment 5?°®U in modern anoxic and euxinic basins
include 0.63 + 0.09 %o to 0.84 + 0.11 %o in the Black Sea, dependent on
whether isotope fractionation occurs under closed- or open-system
conditions (Rolison et al., 2017), 0.62 £ 0.17 %o in Saanich Inlet
(Holmden et al., 2015) and ~ 0.7-0.8 %o in the Kyllaren Fjord (Noord-
mann et al.,, 2015). The generation of an apparent A238U5hale_seawater
value of 0.6-0.8 %o in a diffusion-limited setting would translate to a full
A?38U g le-seawater Value of 1.2-1.6 %o without a diffusion limit, which is
in agreement with the intrinsic values indirectly inferred to range from
1.4 %o to 1.6 %o based on experimental studies (Fujii et al., 2006; Wang
etal., 2015). These results suggest that the A238Ushale_seawater constrained
from observations of modern anoxic-euxinic ocean basins may be valid
for palaeo-redox reconstructions, at least to a first-order, but requires
further scrutiny because of (1) the large range in U-isotope fractionation
behaviour between different de-oxygenated marine settings and the
strong sensitivity of palaeo-redox reconstructions to the adopted U-
isotope fractionation factor between seawater and the black shales in the
sedimentary archive, as well as (2) the dependence on constraints in
restricted marine basins that are not strictly applicable to open-marine
settings in ancient oceans.

The conclusion that the Livello Bonarelli was deposited underneath
an anoxic to euxinic water column, leads to the assumption of a
consistent U-isotope fractionation factor between seawater and black
shales. This assumption, in turn, would lead to an expected constant
offset between U-isotope records in sediments deposited during OAE 2
and coeval carbonates deposited in overlying oxic waters that approxi-
mate ambient seawater. Fig. 6 and Fig. 7 present a comparison of the
5238U dataset across the OAE 2 pelagic chalk section of Eastbourne in the
UK (Clarkson et al., 2018) and the pelagic limestones from Portland #1
core in the USA (McDonald et al., 2022) with those of the black shales at
Furlo in Italy (this study) and at Demerara Rise in the North Atlantic
Ocean (Montoya-Pino et al., 2010). While the Eastbourne record is
thought to reflect the seawater §23%U signature at the time of deposition
(Clarkson et al., 2018), U-isotope data from the Portland #1 core has
undergone correction for isotope fractionation in order to gain the
seawater signature (McDonald et al., 2022). When OAE 2 is taken to

Furlo, Italy Demerara Rise, North Atlantic
Jenkyns et al. (2007), Erbacher et al. (2005),
this study Montoya-Pino et al. (2010)
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Fig. 6. Compilation of 8'>C and §?°®U stratigraphies for sediments deposited before and during OAE 2 from Eastbourne, UK (Tsikos et al., 2004; Jenkyns et al., 2017;
Clarkson et al., 2018), Portland #1 core, USA (Sageman et al., 2006; McDonald et al., 2022), Furlo, Italy (Jenkyns et al., 2007; this study) and Demerara Rise
(Erbacher et al., 2005; Montoya-Pino et al., 2010). Note that the Portland #1 core comprises grey shales prior to OAE 2 and pelagic limestones corrected for U-isotope
fractionation between seawater and sediments during the OAE 2 event. Error bars are given as +2 SE. The grey band marks the C-isotope excursion from the onset to

the end of the plateau phase.
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Fig. 7. Frequency distribution of 8**®U in sediments deposited before and during OAE 2 from Eastbourne, UK (Clarkson et al., 2018), Portland #1 core, USA
(McDonald et al., 2022), Furlo, Italy (this study) and Demerara Rise (Montoya-Pino et al., 2010). The blue bars represent ranges of 0.04 %o and f denotes the fraction
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extend over the time interval represented by the onset to the end of the
plateau phase of the carbon-isotope excursion (Fig. 6; cf. Jenkyns et al.,
2007), the black shales at Demerara Rise have an average 52380 value of
—0.04 £ 0.11 %o (2 SE) (Montoya-Pino et al., 2010). This composition is
comparable to the average value of 0.01 + 0.09 %o (2 SE) recorded in the
Livello Bonarelli at Furlo (Fig. 7; Student's t-test p-value = 0.49). The
similarity in average U-isotope ratios in sediments deposited during the
OAE 2 proper at Furlo and Demerara Rise, both in black-shale lithol-
ogies, but deposited in distinctly different ocean basins that were
geographically separated by ~6000 km (Fig. 3b), suggests that the U-
isotope ratios recorded at both sites are likely dominated by global U-
drawdown and reflect the marine §%%®U signature during OAE 2.
Furthermore, the average 5%38U for OAE 2 of 0.01 + 0.09 %o (2 SE) at
Furlo is offset by 0.45 + 0.17 %o (2 SE) towards heavier values compared
to the average carbonate §%38U value of —0.44 + 0.08 %o (2 SE) recorded
during the same interval in the pelagic chalk at Eastbourne, and by 0.66
+ 0.38 %o (2 SE) towards heavier values compared to the average

seawater 528U value of —0.65 + 0.29 %o (2 SE) recorded in the pelagic
limestones in Portland #1 core. This offset is comparable in both di-
rection and magnitude to that recorded between contemporaneous
black shale and carbonate sediments or seawater in the modern ocean
when the uncertainty limits are taken into account and is a further
indication that the U isotopes in the Livello Bonarelli are dominated by
the oceanic 538U signature.

The reduction and removal of U from the global ocean under wide-
spread periods of anoxia to euxinia, such as during an oceanic anoxic
event, is expected to result in a negative correlation between 523U and
U concentrations in black shales, as the preferential removal of U
enriched in the heavy 2*®U isotope to reducing sediments leads to a
decrease in U concentration and 822U in all sedimentary archives,
assuming the water column renewal of U does not keep pace with U
removal (e.g. Stirling et al., 2007; Weyer et al., 2008; Andersen et al.,
2017). However, 523U and U concentrations in the Livello Bonarelli
only show a very weak negative correlation (R? = 0.27; Fig. 8a), which
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during reduction. The lower panel represents the expected observed AZ®U, either negative or positive, compared to the full U-isotope fractionation factor for U
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legend, the reader is referred to the web version of this article.)

implies that the apparent AZBU g ale-seawater expressed at Furlo during 4.3. Variability of the U-isotope signature in black shales deposited prior
OAE 2 may have been modulated by local environmental changes. This to OAE 2 at Furlo
interpretation is supported by the differences in small-scale variations of

the §238U records across the OAE 2 interval between the independently In contrast to the very weak negative correlation between 523U and
deposited coeval sections of Eastbourne and Demerara Rise (Fig. 6). U concentrations in the Livello Bonarelli, the U-isotope ratios in the
However, this lack of agreement is probably the result of the subtlety of black levels tend to shift towards more positive values when U con-
U-isotope shifts, difficulties in exact stratigraphic correlation between centrations increase (Fig. 8a). While 523U and U concentrations in the
records at a fine scale, different sedimentation rates between sections, black levels do not correlate, the average §238U value for the black levels
and minor variations in sedimentary composition within the different of 0.30 =+ 0.14 %o (2 SE) is significantly higher than the 8%*%U for the
lithologies (black shales versus pelagic carbonates). Livello Bonarelli of 0.01 £ 0.09 %o (2 SE; Student's t-test p-value <0.01).

The systematic difference in behaviour of the U-isotope signatures of
these two distinct sample sets is also clearly apparent in the combined
52%8U - U/Mo systematics, which reflect the degree of sulphide supply
(Fig. 8b). These clear shifts in the systematics shown by both the §238U -
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U/Mo and §238U - U systems between the black levels and the Livello
Bonarelli of the OAE 2 proper is striking and a strong indicator that
different mechanisms were driving this systematic behaviour through
each interval of deposition. Potential viable mechanisms include a shift
to more positive global seawater 522U signatures compared to modern
compositions and local variations in A238Usha1e-seawater, and are discussed
in turn below.

4.3.1. Variability of the U-isotope signature in black levels as the result of
fluctuations in global coeval seawater 62U signatures prior to OAE 2

The extent of ocean-wide anoxia could have varied between indi-
vidual black levels, because these intervals themselves were apparently
deposited during eccentricity minima, separated by the deposition of
limestones during eccentricity maxima, phenomena that would neces-
sarily have had global reach (Beaudoin et al., 1996; Mort et al., 2007;
Lanci et al., 2010; Batenburg et al., 2016). This variation would, in turn,
have led to globally increased drawdown of 238U over 23°U expressed as
higher sedimentary 52°®U during phases with more extensive areas of
anoxia, leaving the global seawater 228U signatures more negative than
during phases with less extensive areas of anoxia. This assumption
agrees with the fluctuating §23®U values recorded in the carbonate
section of Eastbourne, and thereby seawater, prior to the OAE, although
these fluctuations are also within the expected range of diagenetic
scatter (Clarkson et al., 2018).

While the average 238U value for the black levels of 0.30 =+ 0.14 %o
(2 SE) is comparable to the temporally equivalent value of 0.26 + 0.10
%o (2 SE) for coeval grey shales in the Portland #1 core, the black shales
at Demerara Rise record a significantly lower average value of 0.03 +
0.08 %o (2 SE; Fig. 7). This discrepancy suggests that one or more of these
52380 records may be primarily controlled by local environmental fac-
tors with varying apparent A238Ushale-seawater values for the interval prior
to OAE 2. Adopting a constant A?8Ugpate-seawater Of 0.6 %o gives seawater
§2%8U values ranging from —0.59 %o to —0.03 %o during the pre-OAE 2
interval while the black levels were being deposited. A global seawater
signature of —0.03 % is higher than that of the lithogenic U input (%°U
= —0.3 %o) constrained by the global riverine average 52°°U that rep-
resents the primary source of U to the oceans and is not likely to have
changed significantly through the last 100 Ma. The implication is that
variations in global areas of anoxia with U(VI)-U(IV) reduction could not
have alone caused the most positive U-isotope ratios recorded in the
black levels. Instead, fluctuations in the global seawater §2°°U signature
could only have caused the U-isotope variations recorded in the black
levels if additional processes were at work that either introduced
isotopically heavy U to the water column, such as from the oxidative
dissolution of black shales enriched in 28U, or preferentially removed
isotopically light U from the water column.

While the widespread oxidative dissolution of black shales is unlikely
during eccentricity minima with ongoing black-shale deposition at
Furlo, processes leading to the preferential removal of isotopically light
U from global seawater include for example widespread adsorption of U
(VI) onto organic matter (e.g. Holmden et al., 2015; Chen et al., 2021).
However, the preferred drawdown of isotopically light U would have led
to significantly heavier 52°%U seawater signatures compared to the
modern oceans. Such positive compositions have not been recorded in
the Eastbourne section (Clarkson et al., 2018) and consequently, it is
unlikely that fluctuations in U-isotope signatures in global seawater
have caused the positive §?°%U values in the black levels at Furlo.

4.3.2. Constraints on the U-isotope fractionation factor between seawater
and black shales assuming stable coeval global seawater 528U signatures
prior to OAE 2

The U-isotope signature of seawater during the deposition of the
black levels is not well constrained, but an average 522U of —0.40 +
0.09 %o (2 SE) is estimated independently from the Eastbourne car-
bonate pre-OAE 2 succession (Clarkson et al., 2018) and is adopted in
the first instance. This value is in agreement with a seawater estimate
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based on the Hartland Shale Member in the Portland #1 core in the
Western Interior Seaway of North America (McDonald et al., 2022).
Accepting a relatively invariant seawater 528U signature of —0.40 +
0.09 %o (2 SE) during the deposition of the black levels, all variability in
the Furlo sedimentary 238U signatures is then inferred to have been a
consequence of locally controlled, redox-driven changes in the magni-
tude of U-isotope fractionation between seawater and black shales. This
is expressed as an apparent AU g le-seawaters fluctuating between 0.4 %o
and 1.0 %o based on the range of 523U variability observed in the Furlo
black levels. Local redox variations during the deposition of the black
levels are also indicated by the positive correlation of 528U values with
U/Mo and therefore lower §238U values during higher rates of sulphide
production locally (Fig. 8b), whereas a trend in the opposite direction
between §2°8U and U/Mo would be expected if the systematics were
instead driven by global-scale Mo drawdown into sulphides. Variability
in A%%8Ugpate.seawater could result from several factors, described as
follows:

A possible explanation for higher 528U values with higher U/Mo in
the black levels is partial U reduction in the water column, for example
in association with biomass in an organic surface floc overlying the
sediment or higher up in the water column if sufficient reductants and
flocculates were present (e.g. Cheng et al., 2020; Wei et al., 2021; Zhang
et al., 2022). Uranium reduction above the sediment-water interface
would likely not be subject to the exhaustion of U at Furlo, as is the case
in the restricted conditions of pore waters. Instead, the constant supply
of heavy 238(J from the water column would result in a A238Ushale_seawate,
that is closer to the intrinsic equilibrium fractionation factor (A%8Ughate.
seawater > 0.6 %o) resulting in higher authigenic 5238V values in the
sediments (Fig. 8c; Andersen et al., 2017).

The black levels express more positive 28U values with higher U/
Mo and therefore with lower sulphide production levels. The control of
U-isotope fractionation by sulphide levels has been suggested in previ-
ous studies, with less quantitative removal and higher A238Ushale_sem,,,‘.iter
under less-reducing conditions (e.g. Briiske et al., 2020; Kendall et al.,
2020). Importantly, a compilation of modern and recent reducing set-
tings has shown that very high §?*®U values commonly correspond with
low HsS concentrations and reduction above the sediment—water
interface (Clarkson et al., 2023).

The black levels are further characterised by a very low average
5°8Mo signature of —0.89 = 0.39 %o (Fig. 9). A potential reason for such
very low 8°Mo values could be the sequestration of Mo via a Mn-
(oxyhydr)oxide particulate shuttle (Barling and Anbar, 2004; Wasylenki
et al., 2008). However, a Mo—U cross-plot does not indicate the pres-
ence of a Mn-(oxyhydr)oxide particulate shuttle during deposition of the
black levels (Fig. 5). A more likely mechanism is the formation of in-
termediate thiomolybdate species with large negative isotopic frac-
tionation factors. Ab initio calculations of Mo-isotope fractionation
between oceanic molybdate and different thiomolybdate species have
shown that the fractionation factor changes as a function of dissolved
H,S concentration (e.g. Tossell, 2005; Matthews et al., 2017). Thus, the
5°8Mo values of sediments in bottom waters with low sulphide pro-
duction rates could be as low as —0.7 %o, if modern seawater 5°%Mo
signatures of 2.3 %o (Siebert et al., 2003) are assumed. Seawater 5%8Mo
signatures during black level deposition are estimated as between 1.1 %o
and 1.9 %o (Dickson et al., 2021). Such figures mean that sediments in
bottom waters with low sulphide production rates could record §*®Mo
values as low as —1.9 %o and is in good agreement with the Mo-isotope
signatures in the black levels of as low as —1.7 %eo.

The rhythmically alternating black levels and limestone beds of the
Scaglia Bianca have been modulated by orbital forcing (Lanci et al.,
2010; Batenburg et al., 2016). The same overall control is a feature of
eastern Mediterranean sapropels of the recent ocean, which were
deposited during insolation maxima in the Northern Hemisphere related
to precession cycles (Rohling et al., 2015). Specifically, the Holocene
(~11-6 ka) S1 sapropel unit is likely to be a relevant analogue of the
Furlo black levels, where relatively high 528U values, of up to 0.5 %o,
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Fig. 9. Cross-plot of average 8°*Mo versus §2°%U in black shale samples from
the pre-OAE 2 black levels and the OAE 2 Livello Bonarelli at Furlo in com-
parison to eastern Mediterranean sapropels S1 and S5 (Andersen et al., 2020).
The Livello Bonarelli §°®Mo data are from Westermann et al. (2014).

and 5°®Mo as low as —0.8 %o have been recorded at the onset of depo-
sition, independent of the sedimentation rate (Azrieli-Tal et al., 2014;
Andersen et al., 2020). Reducing conditions during S1 sapropel depo-
sition are thought to have developed early and rapidly (Azrieli-Tal et al.,
2014), whereas the underlying Last Interglacial (~128-122 ka) S5
sapropel from the same core probably developed more slowly, even
though bottom waters were more reducing (e.g. Andersen et al., 2020).
Likewise, it is probable that oxygen deprivation reached its maximum
more rapidly during the relatively short periods (several ky) of black-
level formation compared to the longer duration (~413 ky) Livello
Bonarelli during OAE 2. Furthermore, S1 sapropel has more positive
528U and more negative §°*Mo compared to the S5 sapropel. These
differing U-isotope systematics between the S1 and S5 sapropel units
have been attributed to the interplay of an elevated particulate-to-water
ratio, for example, with an organic surface floc layer, and low HyS
concentrations in bottom waters (e.g. Azrieli-Tal et al., 2014; Andersen
et al., 2020). This distinct §°®Mo — 828U pattern displayed by the sap-
ropels is in agreement with the systematics shown by pre-OAE 2 organic-
rich deposition at Furlo, where the black levels show higher average
52%8U and lower average 6°°Mo values under less reducing conditions
than the OAE 2 Livello Bonarelli (Fig. 4 and Fig. 9; Westermann et al.,
2014).

The mechanisms leading to sapropel S1 deposition, in which weakly
sulfidic conditions resulting from water column stratification and
enhanced productivity due to thermohaline circulation, might not be
exactly the same as those that caused the deposition of the black levels at
Furlo. However, the striking similarities between the §*®Mo — 523U
systematics of the Mediterranean sapropels and the black-shale intervals
at Furlo are a further indication that the black levels are likely the result
of specific local depositional conditions, including a combination of
local variations in redox states and the precise location of U reduction.

4.4. Implications for reconstructions of global ocean redox variations

The results of this study show that U-isotope fractionation between
seawater and black shales is very sensitive to local environmental
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conditions, in particular to bottom-water redox conditions and the
precise location of U reduction. A reliable AZBU g ale-seawater CAN only be
estimated if these conditions were invariant throughout the sampled
interval or if other local influences on U-isotope fractionation between
seawater and sediments were either negligible or can be well charac-
terised and corrected for accordingly. None of these circumstances can
be guaranteed in the case of ancient sediments. Consequently, the usage
of independent redox tracers is vital for studies of the U-isotope sys-
tematics in black-shale stratigraphies. We recommend the combination
of elemental concentrations, together with Mo-isotope and U-isotope
compositions in black shales from non-restricted settings in order to
unravel the AZ*8Ug,je.seawater value and, in turn, gain reliable seawater
5238U signatures during the time of deposition. We conclude that black
shales in general are not an ideal archive for authigenic U-isotope
studies. For black-shale records deposited under locally constant euxinic
conditions at non-restricted settings, however, we suggest a A238Ushale_
seawater value of 0.6 & 0.1 %o, based on average §2%8U signatures from the
Livello Bonarelli black shales and those in the concomitantly deposited
pelagic chalks from Eastbourne, UK.

5. Conclusions

The degree to which organic-rich sediments record the true marine
U-isotope signature is key to quantifying the size of the anoxic U sink
and, in turn, the percentage of seafloor covered by anoxic waters during
past ocean-atmosphere reorganisations. However, reconstruction efforts
using the 828U palaeo-redox tracer are hindered because the extent of
U-isotope fractionation between U(VI)-bearing seawater and U(IV)-
bearing black shales, described by A?38U g ale-seawaters may vary as a
function of local environmental conditions. To address this issue, black
shales deposited both before OAE 2 and during OAE 2 at the Furlo
section in Marche-Umbria, Italy, but under distinctly different U
removal conditions, were investigated to deconvolve the mechanisms
controlling U-isotope fractionation between organic-rich black shales
and ambient seawater.

Taken together, the results of this study and previous studies imply
that the palaeo-redox conditions at the Furlo site were suboxic to anoxic
with low sulphide production rates during the deposition of the pre-OAE
2 black levels and significantly more reducing, and anoxic to euxinic,
during the deposition of the Livello Bonarelli OAE 2 proper (Turgeon
and Brumsack, 2006; Jenkyns et al., 2007; Westermann et al., 2014;
Owens et al., 2017). A pronounced difference in the combined U-isotope
and Mo-isotope systematics between the pre-OAE 2 black level and OAE
Livello Bonarelli datasets is observed in the Furlo black shales. This
difference suggests that the U budget recorded in the black levels was
controlled by local conditions creating variable AZ38U g ale-seawater Values
and therefore the sedimentary 5*3®U signatures cannot be used to infer
changes in the global seawater U-isotope composition during the in-
terval leading up to OAE 2. Local environmental changes likely included
increased U reduction associated with biomass above the sediment—-
water interface and very low, but varying dissolved HS concentrations.
By contrast, the U-isotope ratios for the Livello Bonarelli, deposited
during the OAE 2 proper, were probably less influenced by local redox
changes than the black levels. However, global seawater §23%U signa-
tures could not be constrained because the value for A%®Ugate-seawater
could not be precisely determined.

Overall, the results of this study indicate that the characterisation of
local influences on U-isotope fractionation between seawater and sedi-
ments is vital for the reliable reconstruction of palaeo-oceanic redox
changes. The combined use of elemental concentrations, Mo-isotope
signatures and U-isotope compositions has proven valuable in unravel-
ling these local influences. Significantly, different U-removal mecha-
nisms drove the contrasting behaviour of 523U relative to U contents
during deposition of the pre-OAE 2 black levels and during deposition of
the OAE 2 Livello Bonarelli. Consequently, the black levels cannot be
seen as the local expression of widespread, global-scale anoxia prior to
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OAE 2, but rather as a record of distinct local redox dynamics. The
preferred black-shale archive would be sediments from non-restricted
setting with local influences on U-isotope fractionation being either
negligible or well characterised and corrected for accordingly.
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