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Abstract

The abundances and isotope compositions of molybdenum (Mo) and uranium (U) in ancient sediments are promising trac-
ers of the redox state of the past ocean, whose basis lies in the environmentally dependent Mo and U isotope signatures in
modern oceanic settings. Despite their dominance in oceanic budgets, the controls on the Mo-U systematics of upwelling mar-
gin sediments remain to be fully understood. Here we present a comprehensive sediment-porewater Mo and U isotope study
in the Benguela upwelling system off Namibia, including the first dataset incorporating coupled Mo-U abundance and isotope
analysis of both solid authigenic phases and porewaters.

The investigated stations represent shelf-to-slope settings, which lie on the upper edge, within and below the oxygen min-
imum zone (OMZ) of the South Atlantic. The sediments across all stations share similar characteristics: both Mo and U show
increasing authigenic enrichment with depth, coupled to an overall decrease in 8**Mo,y (from ~2.0%0 to 1.3%0 and from
~2.0%0 to 0.3%0) and increase in *BU,um (from —0.18%o0 to 0.05%0 and from —0.34%0 to —0.21%o0). Nevertheless, the extents
of Mo and U enrichment and associated isotopic fractionations display spatial variability across the OMZ, reflecting varia-
tions in local sedimentary redox conditions. Porewater Mo and U concentration patterns are more complex, exhibiting peaks
in Mo and U abundance well in excess of seawater (up to 8 times seawater for Mo) associated with correlated shifts in isotope
composition. As a result, porewaters exhibit a wide range in isotope compositions, between 0.90%0 and 2.79%o for 8°*Mo and
between —1.74%0 and 0.26%o for 3**%U.

Porewater gradients at the time of sampling are inconsistent with diffusion downwards across the sediment-seawater inter-
face as a means of enrichment of the sediment-porewater system. Though these sampled conditions may represent only a
snapshot, so that periodically more reducing conditions could lead to concentration gradients that do permit downward dif-
fusion, the data are also readily explained by addition of Mo and U to the sediment-porewater system in particulate form, also
under more reducing conditions than at the time of sampling. For example, sequestration of Mo and U to particulate matter
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as a result of the presence of intermittent sulfide, either in bottom water or in porewater right at the sediment-water interface,

explains much of the geochemical and isotope data.

The data thus suggest that the early diagenetic enrichment of Mo and U in sediments of upwelling margins is strongly gov-
erned by temporal redox fluctuations. Early diagenesis under these dynamic redox conditions on the Namibian upwelling
margin are strongly reflected in Mo-U co-variation patterns, as well as anti-correlations between authigenic 8**Mo and
32*8U in sediments. Overall, our new data demonstrate that early diagenetic processes on open-marine continental margins
reproduce patterns previously observed for coupled Mo-U isotope systematics in restricted and semi-restricted basins, but
via a different set of processes and with important implications for the use of such a coupled approach in the study of ancient

marine anoxia.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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1. INTRODUCTION

The sedimentary record of molybdenum (Mo) and ura-
nium (U) abundances and their isotope compositions are
widely used to investigate past global marine redox condi-
tions (e.g., Kendall et al., 2011; Azrieli-Tal et al., 2014;
Chen et al., 2015; Cheng et al., 2016; Clarkson et al.,
2018; Tostevin et al., 2019; Zhang et al., 2020). Many pub-
lished studies have shown that Mo and U isotope systemat-
ics can provide clues to the intensity and timing of both
oxygenation and deoxygenation of the past atmosphere—
ocean system through Earth history (see recent reviews by
Andersen et al., 2017; Kendall et al., 2017). The strength
of Mo and U as paleoredox proxies results from their
redox-dependent scavenging and isotope fractionation
mechanisms (e.g., Neubert et al, 2008; Algeo and
Tribovillard, 2009; Andersen et al., 2014; Noordmann
et al., 2015; Dickson, 2017; Rolison et al., 2017).

In the modern well-oxygenated oceans, the dominant
oxidized hexavalent species of Mo and U (as soluble molyb-
date MoO}~ and uranyl carbonate complexes UOZ(CO3);")
are rather inert, resulting in conservative behavior and
nearly uniform concentrations (~110 nM and ~13.4 nM at
a salinity of 35, respectively) (Collier, 1985; Tribovillard
et al, 2006), homogenous **Mo/**Mo and **U/**U
(Barling et al., 2001; Siebert et al., 2003; Stirling et al.,
2007; Weyer et al., 2008; Andersen et al., 2010;
Nakagawa et al., 2012; Tissot and Dauphas, 2015), and
long oceanic residence times (~400-500 kyr) relative to
the deep ocean renewal time of ~1 kyr (Dunk et al., 2002;
Miller et al., 2011). In contrast, under reducing conditions,
both elements become non-conservative and enriched in the
sediments (Morford and Emerson, 1999).

Despite these broad similarities, Mo and U show differ-
ences in their specific removal pathways and associated iso-
tope fractionations. In oxidizing marine environments, the
output fluxes of Mo from seawater are governed by the
adsorption of Mo onto Mn- and Fe-oxyhydroxide miner-
als, which are fractionated from seawater by —0.8%o to
—3%o (Siebert et al., 2003; Barling and Anbar, 2004;
Wasylenki et al., 2008; Goldberg et al., 2009). This light
output is the main driver of the heavy isotopic composition
of Mo in the modern dissolved pool, with 8*Mo of 2.34%o
relative to the riverine input of 0.7%o (Siebert et al., 2003;
Archer and Vance, 2008; Nakagawa et al., 2012). On the

other hand, Mo is rapidly removed in sulfidic environ-
ments, due to the transformation of soluble molybdate to
particle-reactive thiomolybdates (M004,S27, 1 < x < 4)
in the water column and below the sediment-water inter-
face (Helz et al.,, 1996; Erickson and Helz, 2000). In
strongly euxinic settings, where the aqueous H,S concentra-
tion exceeds 11 puM, the conversion of molybdate to
tetrathiomolybdate (MoSf{) is nearly complete and Mo
can be quantitatively scavenged into sulfidic sediments
(Erickson and Helz, 2000). Sediments in these settings
(for example, in the Black Sea) can ultimately evolve to iso-
tope compositions that approach the seawater source
(Négler et al., 2005; Neubert et al., 2008).

In contrast to Mo, U occurs as the chemically labile U
(VI) in the water column, even under highly euxinic condi-
tions, and its reduction and removal is thought to primarily
occur within the sediment-porewater system (Anderson
et al., 1989). In terms of **U/*°U, uranium isotopes are
also uniformly distributed in the dissolved pool of the mod-
ern open ocean, with a mean 538U of —0.39 + 0.01%0
(2SD) that is slightly lower than that (—0.26%o) of the river-
ine input (Stirling et al., 2007; Weyer et al., 2008; Tissot and
Dauphas, 2015; Andersen et al., 2016). This difference
between riverine inputs and the open ocean isotopic compo-
sitions is largely driven by the removal of U into anoxic
sinks (Andersen et al., 2016), where 238U is preferentially
enriched in reduced U(IV) solid phases, relative to *°U,
due to the nuclear field shift effect (Schauble, 2007; Abe
et al., 2008). Other U removal processes besides U reduc-
tion, including oxic adsorption of U onto organic matter
(OM), pelagic carbonates, and oxyhydroxides (Brennecka
et al., 2011; Holmden et al., 2015; Hinojosa et al., 2016;
Clarkson et al., 2020), account for only a minor proportion
of the total oceanic removal flux for U (Andersen et al.,
2017).

Much of our detailed understanding of the mechanisms
for, and isotope fractionations associated with, removal of
Mo and U derives from studies of marginal marine basins
that are often euxinic, i.e., that feature substantial dissolved
sulfide in the water column (e.g., Neubert et al., 2008;
Andersen et al., 2014; Noordmann et al., 2015; Rolison
et al., 2017; Bura-Nakic et al., 2018). In particular, recent
studies have identified a general inverse correlation between
the Mo and U isotope compositions of sediments in euxinic
basins, implying a similar response of isotope fractionation
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to the efficiency of Mo and U removal into sediments (e.g.,
Andersen et al., 2018, 2020; Bura-Nakic et al., 2018; Briiske
et al., 2020; Kendall et al., 2020; Lu et al., 2020). These find-
ings have highlighted the potential in the use of the paired
Mo-U isotopes as a paleoredox proxy (Andersen et al.,
2020; Briiske et al., 2020).

However, it has become increasingly clear that such
marginal euxinic basins are of rather minor importance
for the overall oceanic budgets of Mo and U (see reviews
in Andersen et al., 2017; Kendall et al., 2017), and that open
marine, upwelling margins are much more important — in
the case of Mo they are the sites of burial of more than half
of oceanic Mo. The sediments of such settings feature a
wide range of 8°®Mo that are isotopically intermediate
between the light oxic sink and modern seawater (e.g.,
Siebert et al., 2006; Poulson Brucker et al., 2009; Dickson
et al., 2014; Scholz et al., 2017; Eroglu et al., 2020). The
explanations for these variable Mo isotope fractionations
are complicated by multiple Mo fixation mechanisms,
involving non-quantitative Mo scavenging by Fe- and
Mn-oxides, or by conversion of Mo to thiomolybdates
under low H,S concentrations. Moreover, reported 53%U
for the sediments also span a wide range, between
—0.62%0 and 0.20%o, reflecting U isotope fractionation dur-
ing early diagenesis and post-depositional remobilization
(Weyer et al., 2008; Andersen et al., 2016; Abshire et al.,
2020a). Consequently, the Mo and U isotope systematics
in open-marine continental margin sediments are subject
to complex and temporally variable redox conditions.

The full potential of coupled Mo and U isotopes as a
paleoredox proxy can only be realized through more
detailed calibration work undertaken in such open-marine
settings. In this study, we present a comprehensive Mo
and U isotope investigation of the sediment-porewater sys-
tem at one of the world’s most intense upwelling areas: the
Namibian margin. We present, for the first time in such a
setting, coupled Mo and U concentrations and isotope
compositions of both sediments and porewaters. We inves-
tigate the influence of the temporally and spatially dynamic
redox conditions characteristic of such upwelling settings
on Mo and U cycling and their isotope fractionations, an
essential prerequisite for the robust interpretation of sedi-
mentary records of 5”*Mo and 5**%U. Finally, we take the
opportunity to assess, in the context of the new data, the
global application of coupled Mo-U isotopes as a paleore-
dox proxy for open-marine anoxia.

2. STUDY AREA

The Namibian margin (see setting of sites studied here in
Figs. 1 and 2) occupies one of the world’s most productive
marine ecosystems, with significant coastal upwelling asso-
ciated with the Benguela Upwelling System (BUS: Nelson
and Hutchings, 1983; Shannon and Nelson, 1996). The
BUS forms the southern part of the eastern boundary cur-
rent system of the south Atlantic (Stramma and England,
1999), which comprises the poleward flowing Benguela
Undercurrent (BUC) and the equatorward flowing Ben-
guela Current (BC; Fig. 1). Overall, the Benguela Current
consists of an oceanic (Benguela Oceanic Current, BOC)

and a coastal (Benguela Coastal Current, BCC) branch
(Fig. 1), while the BUC is regarded as a poleward continu-
ation of the Angola Current (AC) below the thermocline
(Mohrholz et al., 2008). The BCC and BUC systems con-
verge in the Angola-Benguela Frontal Zone (ABFZ) at
14-16°S, marking the northern boundary of the BUS.
The upwelling of nutrient-rich subsurface South Atlantic
Central Water (SACW), forced by the persistent alongshore
southeasterly wind, has resulted in a number of local upwel-
ling cells along the entire coast of the Benguela area
between 16°S and 34°S (Shannon, 1985).

The perennial Liideritz cell at ~26.5°S is the strongest
upwelling cell of the BUS area and splits the system into
northern and southern regions, with distinct characteristics
(Shannon and Nelson, 1996). The northern Benguela is
characterized by perennial alongshore winds and upwelling
along the coast, where oxygen-depleted SACW is trans-
ported southward by the poleward BUC. Under the domi-
nance of SACW complete loss of oxygen can occur in a
stagnant bottom water layer, which is conducive to the
development of an oxygen minimum zone (OMZ) above
the Namibian shelf and upper slope (Weeks et al., 2002;
Monteiro et al., 2006; Mohrholz et al., 2008; Nagel et al.,
2013). In the south, by contrast, the trade winds are sea-
sonal and upwelling peaks during austral spring and sum-
mer, where upwelling entrains well-oxygenated Eastern
South Atlantic Central Water (ESACW) into the offshore
Ekman drift (Mohrholz et al., 2008).

Previous studies of the Namibian margin have empha-
sized the temporal heterogeneity of the OMZ due to varia-
tions in upwelling strength on seasonal and longer
timescales (e.g., Borchers et al., 2005; Boning et al., 2020).
Large parts of the BUS are classified as being almost per-
manently suboxic, and the near-shore and shelf bottom
waters are periodically anoxic (Borchers et al., 2005). Parts
of the BUS are also characterized by transient buildups of
H,S in sediment porewaters during periods of intense
upwelling and productivity (Weeks et al., 2002, 2004;
Briichert et al., 2003, 2006, 2009; Emesis et al., 2004; Ohde
and Dadou, 2018), and episodic H,S concentrations exceed-
ing 100 uM in bottom water (Briichert et al., 2006; Currie
et al., 2018). Catastrophic manifestations of bottom water
sulfide events have been attributed to the eruptive flux of
methane carrying H,S from gas-charged shelf sediments
(Weeks et al., 2002, 2004; Emeis et al., 2004). Though
Briichert et al. (2006) suggest that these may be restricted
to the region between 23°S and 24°S, well to the north of
the sites studied here (26°S), at water depths of <100 m,
these authors also acknowledge that data coverage is too
thin to rule out undetected gas-filled areas within sediment
at other localities between 22°S and 27°S.

Briichert et al. (2006), in fact, also note that findings of
significant bottom-water H,S occur over a much larger
area, including as far south as 26.5°S (Weeks et al., 2002,
2004). At these latitudes, encompassing the sites studied
here, Briichert et al., (2006) suggest that processes other
than ebullition and gas eruption lead to the periodically
observed water column sulfide, and that sulfate reduction
rates as well as low sedimentary reactive Fe contents lead
to significant diffusive fluxes of H,S from the sediment to
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Fig. 1. Bathymetric map of the study area off Namibia showing sampling locations during cruises on Namibia’s R/V MIRABILIS in April
2017 (red circles) and on cruise 64PE449 in February 2019 (orange diamonds). Schematic currents are modified from Inthorn et al. (2006a).
The black arrows mark the main surface branches of the Benguela current system: BOC = Benguela Oceanic Current, BCC = Benguela
Coastal Current. The dashed grey arrows mark the poleward undercurrent over the outer shelf: BUC = Benguela Under-Current. (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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Fig. 2. Water column redox conditions across the Namibian continental margin at 26°S during cruises on Namibia’s R/V MIRABILIS in
April 2017. The vertical lines mark the locations of CTD stations. The locations of the studied sediment cores (stations 26010, 26030, and
26070) are marked at the top, which lie at the upper edge, within and below the OMZ, respectively. Seabed topographic imagery was
reproduced from the GEBCO_2014 Grid (https://www.gebco.net/).
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bottom water. Whatever the origin, remote-sensing obser-
vations (Weeks et al., 2002, 2004) demonstrate that water
column sulfide is an intermittent feature of the Namibian
shelf at the locations sampled here.

The BUS off Namibia also hosts a variety of sedimen-
tary environments from near-shore mud belt, through
sandy shelf sediments, to fine-grained sediments in the
low energy environment of the upper continental slope.
The overall sedimentation rates are high, with estimates
from >100 cm kyrf1 on the shelf and between 5 and
17 cm kyr~! on the upper slope (Mollenhauer et al.,
2002). The near-shore sediments, beneath the high produc-
tivity upwelling cell, contain a large fraction of organic-rich
diatomaceous debris (Borchers et al., 2005), and form a
very extensive mud belt that stretches over 700 km along-
shore and is up to 100 km wide (Bremner, 1981). Sediments
on the shelf are usually sandy and are interspersed with
shell fragments and glauconite grains. In particular, the
inner shelf surface sediments between 19°S and 27°S
(Briichert et al., 2006) feature high concentrations of H,S,
with low concentrations of reactive iron in diatomaceous
muds limiting precipitation of H,S as Fe mono-sulfide or
pyrite (Borchers et al., 2005; Boning et al., 2020). Surface
sediment concentrations of organic carbon (OC) are vari-
able across the Namibian margin (Calvert and Price,
1983), and are barely diluted by terrigenous input due to
the absence of perennial rivers (except for the Orange;
Fig. 1). The sediments on the slope are often rich in clays
and carbonate and do not show OC enrichment. The excep-
tion is a distinct depocenter at water depth of ~400-500 m
between 24°S and 26.5°S, where OC as high as 9 wt% has
been attributed to lateral redistribution from the shelf
towards the slope by nepheloid layers (Inthorn et al.,
2006a, 2006b).

3. METHODS
3.1. Sampling and onboard analytics

The main comprehensive dataset, incorporating concen-
tration and isotope analyses on both sediment and pore
waters, derives from a transect along 26°S. Three sediment
cores were retrieved during cruises on Namibia’s R/V MIR-
ABILIS in April 2017 as part of the Regional Graduate
Network in Oceanography (RGNO) program. In addition,
six more sediment cores were sampled in February 2019 (R/
V Pelagia, cruise 64PE449), for porewater metal concentra-
tions only, from the upwelling region north of 26°S. Bottom
water metal concentrations were also provided for these lat-
ter sites. The geographical position and oxygen concentra-
tions in the water column of all sampling stations are
summarized in Table | and illustrated in Fig. 1. At the time
of sampling of the set of cores along 26°S, CTD data indi-
cated that the Namibian margin was overlain by an OMZ,
with the core (O, < 20 umol/L) ranging roughly from 100
to 300 m water depth (Fig. 2). Stations 26010, 26030, and
26070 lie at the upper edge, within and below the OMZ,
respectively.

For the 26°S sites, sediment samples were retrieved using
a multi-corer equipped with PVC tubes, one of which had

pre-drilled holes at cm resolution in order to facilitate pore-
water sampling. In the absence of an on-board anoxic sam-
pling environment, cores were sampled immediately, i.e.
completed within ~30 min, upon collection to minimize
any oxidation of the porewaters. Prior to porewater extrac-
tion, bottom water was immediately drained through the
hole above the sediment-water interface, and the pre-
cleaned Rhizons were inserted at all intervals to allow
simultaneous extraction and to minimize cross-
contamination between intervals. Porewaters were then
extracted in-situ using Rhizon samplers attached to syringes
(Seeberg-Elverfeldt et al., 2005), directly inserted into the
sediment samples. The extracted porewaters were then
transferred to pre-cleaned 30 mL LDPE bottles (with each
individual sample representing a volume between 4 and
17 mL; Table S1), and acidified to pH < 2 with concen-
trated trace metal grade nitric acid. Prior to sampling, pore-
water dissolved H,S concentrations were measured, in-situ,
onboard the ship using a Unisense H»S microsensor. Before
use the H,S sensor was calibrated against known concen-
trations of dissolved sodium sulfide. The detection limit is
0.3 uM H,S. Solid sediment from an adjacent core was
sliced immediately upon recovery into 1-5 cm intervals.
Sediments were then dried and stored for later processing.
The multi-cores retrieved in February 2019 on cruise
64PE449 were processed on-board, in temperature-
controlled laboratory containers at bottom-water tempera-
tures. Sediments were sampled in an N»-filled glove bag,
followed by centrifugation to separate the porewaters.
The bottom- and -pore waters were filtered with a
0.45 pm PES filter and acidified to pH < 2 with Ultrapur
HCI.

3.2. Sample preparation and chemical characterization

Sediment and porewater samples were analyzed for ele-
mental concentrations and isotope compositions in the
clean labs at ETH Ziirich. The porewater samples were
weighed and then transferred to pre-cleaned Teflon beakers.
An aliquot of each porewater sample was diluted x100 for
the determination of elemental concentrations. For the sed-
iments, approximately 50-100 mg of the powdered samples
was weighed. The samples were digested on a hotplate with
a 4:1 mixture of concentrated HF and HNOj;, dried down
to remove HF, refluxed in 6 N HCI to remove fluorides,
and then re-dissolved in concentrated nitric acid with 10
vol.% concentrated H,O, to oxidise organic matter.
Finally, the samples were brought up in 0.3 N nitric acid
for elemental analysis.

Elemental concentrations were obtained using a
Thermo-Fisher Element XR sector-field ICP-MS after the
addition of indium internal standard. Accuracy and preci-
sion were assessed using two secondary multi-element stan-
dards: the National Research Council of Canada river
standard SLRSS5, and USGS shale standard SGR1. The
concentrations obtained matched certified values to within
5-10% for the elements reported here. Total organic carbon
(TOC) content of the sediments was measured using an Ele-
mental Analyzer at ETH Ziirich, after addition of dilute
HCl to remove inorganic carbon. Repeat analyses and com-
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Table 1

Position, water depth, bottom water oxygen concentration, depositional location for stations on Namibian margin.

Station # Latitude Longitude Water depth (m) Bottom water oxygen (umol/L)* Depositional location
Cruise in April, 2017

26010 26° 00.007" S 14° 46.467 E 116 10.70 (109 m) inner shelf
26030 26° 00.05" S 14° 2444 E 198 2.34 (197 m) middle shelf
26070 25°59.986' S 13°40.251" E 509 58.21 (476 m) upper slope
Cruise in February, 2019

6 25°433'S 14° 35.77 E 100 3 inner shelf
10 21° 58.08" S 13°47.5¢' E 103 3 inner shelf
3 23°5.75' S 14° 7.68' E 136 20 inner shelf
8 23° 56.31" S 13°17.96' E 324 44 middle shelf
9 23°57.71' S 13° 13.57 E 407 65 shelf break
2 24° 1.58" S 13°7.55 E 750 105 upper slope

# Bottom water oxygen concentrations were detected by CTD. The bracket numbers refer to the water depth for CTD measurements.

parison with certified standards indicate that the precision
is £0.2 wt.% (2SD). The pyrite Fe (Fe,) content of the sed-
iments was determined gravimetrically following precipita-
tion of the liberated sulfide as Ag,S by reacting with hot
acidified CrCl, solution (Canfield et al., 1986).

3.3. Molybdenum and uranium isotope analysis

Following concentration analysis, sediment sample ali-
quots containing a total of ~50-500 ng Mo and ~25-
100 ng U were taken for isotopic analysis. The sediment sam-
ples were spiked with a °’Mo-'"Mo double-spike (Archer
and Vance, 2008), aiming for a 1:1 spike to sample ratio,
and IRMM-3636 2**U->*U double-spike (Richter et al.,
2008), aiming for a 1:30 2*°U to 2*¥U ratio. Porewater sam-
ples containing ~100-600 ng Mo and ~10-100 ng U were also
spiked with the Mo and U double-spikes. After spiking, the
porewater samples were dried down and re-dissolved in 7 N
HCI. During this step, a large NaCl precipitate formed in
porewater samples due to their high Na content. The super-
natant was transferred into another pre-cleaned Teflon bea-
ker. Yields obtained through comparison of the signal size
from the isotope analysis with the Mo and U abundances
defined by isotope dilution at the time of spiking indicate
that the salt contained insignificant Mo and U. All spiked
samples were then dried down and re-dissolved in 1 mL
1 N HCl in preparation for column chromatography.

Molybdenum and U were isolated from matrix elements
using a home-made shrink-fit Teflon column containing
~0.2 mL 50-100 pm RE resin (Triskem Technologies), fol-
lowing a procedure modified from Bura-Nakic et al. (2018).
Prior to sample loading, the RE resin was added to the col-
umns, the resin was pre-cleaned using 2 mL of 0.2 N HCI,
and pre-conditioned with 1 mL of 1 N HCI. Samples were
then loaded in 1 mL 1 N HCI and the matrix was eluted
with 4 mL 1 N HCL. The Mo and U fraction were collected
separately, first with 2 mL 0.2 N HCI and then 2 mL of a
0.1 N HCI-0.3 N HF mixture, respectively. The Mo and
U fractions were fluxed on a hotplate for 48 hin a 1 mL
mixture of concentrated HNOj; and H,O,, to oxidize any
residual organics, and then dried down. Finally, the purified
Mo and U were re-dissolved in 0.3 N HNO3 and 0.2 N HCI,
respectively, for mass spectrometry. Total procedural

blanks were <100 pg for both Mo and U so that corrections
to isotope data for blank are negligible.

Mo and U isotope analyses were carried out at ETH
Ziirich, using a Neptune (Thermo-Finnigan) MC-ICP-MS
equipped with an Aridusll sample introduction system
(CETAC) and a PFA nebulizer. Mass discrimination was
corrected using the double-spike method as described previ-
ously for Mo (Siebert et al., 2003; Archer and Vance, 2008)
and U (Andersen et al., 2016). All mass spectrometric errors
were propagated through the double-spike calculation to
obtain the final analytical uncertainty. Molybdenum iso-
tope ratios are reported relative to SRM NIST 3134 =
+0.25%0 (Nigler et al., 2014) as follows:

8 Mo = ["**Mogmple/”"” MOgandara — 1] X 1000 (1)

The Mo double spike method was verified via the long-
term analysis of an in-house Elemental Scientific ICPMS
(CPI) standard with standard/spike ratios in the range
0.5-2, which has yielded a mean 5”*Mo value of 0.02 & 0.
04%o (2SD) relative to SRM NIST 3134 = +0.25%0 over
the past 5 years (n = 117).

The #*8U/**°U and 2*U/***U data are presented in stan-
dard d-notation with the %o offset from (2) the bracketing
CRM-145 standard and (3) secular equilibrium as follows:

§38 — [238/235Usample/23x/z35Umndard ~ 1] % 1000 2)

524 — [234/238anple /234/238Uequi]ibrium — 1] x 1000 (3)

Verification of the U double spike method was achieved
via repeated measurements of the in-house CZ~1 uraninite
standard. The 8**3U results for the CZ-1 standard during
the period of analysis for this paper were —0.04 + 0.06%o
(2SD, n = 24) in agreement with previously reported values
(Stirling et al., 2007; Andersen et al., 2015, 2016).

4. RESULTS
4.1. Namibian margin sediment geochemistry

The chemical and isotope compositions of sediments are
summarized in Tables S2 and S3 and illustrated in Figs. 3,
S1 and S2. The inner shelf and upper slope sediments have
comparable TOC, with a range of 2.0-3.2 wt.% and 1.9-4.0
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wt.%, respectively (Fig. 3). The sediments at the middle
shelf site show the lowest TOC, with values ranging from
0.7 to 1.3 wt.%. All sediments show limited downcore vari-
ability in Mn/Al and Fe/Al ratios (Fig. S1). The Mn/Al
ratios from all three stations are lower than the upper con-
tinental crust (UCC) (McLennan, 2001), implying reductive
mobilization of Mn oxides from particulate material, either
in the water column during transport downwards or within
the sediment. From the inner shelf through the OMZ, Fe/
Al ratios increase from values close to the UCC back-
ground for core 26010 (0.52-0.65) to values >2.0 in cores
26030 and 26070. The relatively high Fe,, values for the

Station 26010 (116 m, inner shelf)

inner shelf and upper slope sediments may reflect Fe sulfide
formation within the sediment as a result of H,S,, accumu-
lation in the porewater (Fig. 3). In contrast, the highest Fe/
Al ratios coincide with the lowest Fepy in sediments at the
middle shelf site, within the OMZ, indicating sedimentary
Fe enrichment controlled by a phase other than sulfide.

4.2. Authigenic molybdenum and uranium in the solid phase
The sediment depth profile of Mo/Al and U/ALl ratios

reveals moderate authigenic enrichment of Mo and U over
the UCC background (Fig. S1). The " Mopuik range from
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Fig. 3. Chemistry and isotope composition of the solid phase in Namibian margin sediments. The vertical dashed lines represent the average
seawater isotope compositions (8*Mog, = 2.34%0; 5>%Ug, = —0.39%0). The sediment core from station 26070 is shown as divided into two
chemical intervals by the horizontal dashed lines (10 cm depth) based on changes in TOC and Fe,,, concentrations. All error bars on this and

subsequent diagrams represent the 2SD reproducibility.
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1.24%0 to 1.76%o for station 26010, from 1.14%o to 1.98%o
for station 26030, and from 0.28%o to 1.34%o for station
26070. In addition, all solid phase profiles show an overall
decreasing trend in 3”¥Mo with depth. The ¥ Upui range
from —0.19%o to 0.01%o for station 26010, from —0.20%o0 to
—0.04%o for station 26030, and from —0.34%c0 to —0.21%o0
for station 26070, consistently higher than the seawater
value of —0.39%o. The 8**%U,x for each core show limited
variation with depth, but display a general trend from low
to higher values down core. The 8***Upy are much more
variable for all cores (Table S3 and Fig. S2), ranging from
53%o0 to 99%o for station 26010, from 43%o to 83%o for sta-
tion 26030, and from 24%o to 85%o for station 26070. These
values are substantially below the seawater §>*U value of
~146%0 (Andersen et al., 2010), suggesting an influence
from detrital U in the bulk U concentration. Due to the
uncertainty on the detrital bulk 8***U, which commonly
has a 8***U below 0%. (Andersen et al., 2016), it is not pos-
sible to use the bulk 8***U to calculate the fraction of detri-
tal versus authigenic with confidence (Fig. S3).

To estimate the authigenic Mo and U concentration and
the isotope composition of the authigenic Mo and U frac-
tions (8”*Moun, 878 U,um), a correction for the detrital ter-
rigenous siliciclastic and (for U only) biogenic carbonate
fractions of the sediment is applied. For the authigenic
Mo correction, a constant Mo/Al ratio of 1.9 x 107> (g/g)
and 8®Moye, of 0.3%0 of the detrital component are
assumed (McLennan, 2001; Voegelin et al., 2014). The iso-
tope ratio of the authigenic Mo can then be calculated as
follows:

(598M0bulk [MOJui — 598M0del[MO}det)
[Mo]

Mo = 4)

auth

The authigenic U fraction is estimated by subtracting
the detrital contribution using U/Al of 3.5 x 107> (g/g)
(McLennan, 2001) and the biogenic carbonate contribution
using a U/Ca ratio of 3.25 x 107° (g/g) (Andersen et al.,
2014). The 8**%U of the authigenic U fraction is then given
by correcting the bulk 5**%U for the detrital and carbonate
fractions using a detrital 8?**Uge, of —0.3%0 and a carbon-
ate 523¥U.,p, of —0.4%o0 via the equation:

(5238 Ubulk [U] bulk — 5238 Udet [U] det — 5238 Ucarb [U} carb)

U=
auth 0]

auth
)
The uncertainties on the authigenic Mo and U isotope
compositions were propagated by weighting the relative size
of the detrital component following Andersen et al. (2014)
(see Table S3 for details). The authigenic fraction domi-
nates the sedimentary Mo budget for station 26010 (84—
94%), but is variable for station 26030 (65-95%) and station
26070 (29-92%). The detrital U contribution to the sedi-
mentary budget is found to be small for all cores, with more
than 84% of the U being of authigenic origin for most sed-
iments. The general dominance of the authigenic fraction
for Mo and U generally results in small changes between
the measured bulk and estimated authigenic 8°*Mo and
328U for sediments (Fig. S4). But the detrital correction
has a particularly strong impact on 8**Mo,y for samples

with low authigenic Mo fractions. Significant changes for
8”®Mo,um values are seen for the near-surface sediments
at stations 26030 and 26070 with high detrital contribution
(from 0.57% to 2.31%c higher for &°Mouug), and
a large uncertainty on authigenic 8°*Mo (0.08-0.47%o for
2SD). Two samples from station 26070 with
AMOauthbui > 1.0%0 and large uncertainties are omitted
from further discussion. For all samples, the sedimentary
328U correction is relatively minor (<0.07%0) and does
not influence the following discussion.

4.3. Molybdenum and uranium in porewaters

The distributions of Mo and U concentration and iso-
tope compositions in porewaters along 26°S are reported
in Table S1 and shown in Figs. 4 and S2. The dissolved
Mn, Fe, and H,S for each core are also plotted, in order
to constrain the diagenetic reactions in sediments (Fig. 4).
All three cores are characterized by very low Mn concentra-
tions, ranging between 17 nM and 123 nM. The porewater
profiles of Fe show similar distribution patterns for stations
26010 and 26030, with the highest concentrations (up to
5 uM) near the sediment—water interface and a sharp drop
to almost zero within the top few cm of the sediments. In
these cores, dissolved H,S reaches significant levels deeper
in the core (Fig. 4). At station 26070, the dissolved Fe is
more randomly distributed in porewaters and no dissolved
H,S was detected.

The dissolved Mo concentration and 8°*Mo in porewa-
ter exhibit distinct down-core distribution patterns among
stations. At station 26010, the porewaters display elevated
dissolved Mo concentrations (141-326 nM) compared to
seawater (110 nM) throughout a large portion of the core.
The dissolved Mo is lower from a depth of about 15 cm,
where the H,S reaches high levels (>100 pM). Porewater
3”Mo show a wide range (0.90%o to 2.79%c) and the varia-
tion pattern mirrors that of Mo concentrations. At station
26030, the dissolved Mo concentrations are highly variable
(123-875 nM) and show a pronounced peak at about 8 cm
depth, while the porewater 5°*Mo values fall into a rela-
tively narrow range between 1.49%0 and 2.06%o. At station
26070, the Mo concentrations and 8°*Mo values for the
near-surface (0-9 cm) porewaters are relatively uniform at
130 &+ 24 nM and 2.21 £ 0.47%0 (2SD; n = 9). Below this
depth, the Mo concentration increases linearly from
98 nM to 221 nM, while 8°*Mo decreases from 2.57%o to
1.11%o. Notably, the 3°®Mo variation pattern closely mir-
rors Mo concentrations for all stations (Fig. 4).

The dissolved U concentration and 233U in porewaters
also exhibit distinct down-core distribution patterns among
stations. At station 26010, both U concentration and §**%U
have seawater-like values in the top 4 cm. The U concentra-
tion and 8**®U are then elevated between 5 and 16 cm
depth, with values ranging from 15.8 to 32.5 nM, and from
—0.27%0 to —0.04%o, respectively. Below 16 cm depth, The
U concentration decreases downward from 27.4 to 6.3 nM,
with 8*3%U shifting dramatically downwards from —0.27%o
to —1.74%o. The porewaters from station 26030 display a
wide range in U concentration, between 5.5 and 66.8 nM,
with their 8***U varying from —0.51%o to 0.26%o. The pore-
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Station 26010 (116 m, inner shelf)
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Fig. 4. Chemistry and isotope composition of porewaters in Namibian margin sediments. The vertical dashed lines represent the average
seawater concentrations ([Moly, = 110 nM; [U]y, = 13.4 nM). The vertical solid lines indicate that AgSMopW_Solid or AZBSUPW_SO“d equals zero.

water U concentration profile does not show any regular U
depletion with depth, and the general shape of the U con-
centration distribution is very similar to that observed for
32*8U. Notably a maximum in U concentration (and max-
imum in 5***U values) is observed at a depth interval
between 6 cm and 10 cm, co-incident with the peak in
Mo concentrations. At station 26070, the U concentration
of the porewaters range from 2.1 to 22.1 nM, and the
52%%U range from —1.13%o to —0.34%o, displaying a gener-
ally decreasing trend with depth. It is noted that 3***U
for all porewater samples fall within the range of modern
seawater (Fig. S2), suggesting that most U is authigenic
and that detrital contributions are minor.

The stations sampled for porewater concentrations only,
in February 2019 (Table S4, Fig. 5), show similar features
to the above. Manganese concentrations are also low except
for the deepest station with the highest bottom water O,,
station 2 on the upper slope. Dissolved Mo and U concen-
trations, also here, are often well in excess of seawater
throughout large portions of the cores, there are peaks
beneath the sediment—water interface, and variations that
are not correlated with either Mn or Fe. It is noteworthy
that these similar and complex patterns are obtained from
two different cruises and with completely different tech-
niques — rhizon sampling versus slicing and centrifuging —
to extract the porewaters.
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Fig. 5. Porewater profiles of Mn, Fe, Mo and U for stations 2, 3, 6, 8, 9, and 10. The vertical blue bands represent the range of bottom water
concentrations for stations 2, 6, 8, 9, and 10 ((MoJgw = 113-124 nM; [Ulgw = 12.6-13.3 nM).

5. DISCUSSION

5.1. Sources of Mo and U to the Namibian margin sediment-
porewater system

We have presented the first coupled Mo-U abundance
and isotope dataset for both solid phases and porewaters
in open-marine continental margin environments. Clearly,
the solid phase of the sediment-porewater system is moder-
ately enriched in Mo and U, as previously observed in this
and other similar settings (e.g., McManus et al., 2006;

Poulson Brucker et al., 2009; Scholz et al., 2011; Abshire
et al., 2020a, 2020b): there has been addition of authigenic
Mo and U to the solid phase. The ultimate source of these
enrichments must be the aqueous phase, either the water
column itself or porewaters. A striking feature of the pore-
water data is that Mo and U concentrations are also often
enriched relative to seawater (Figs. 4 and 5). In the most
general terms, the two broad processes that could lead to
the transfer of Mo and U across the sediment-water inter-
face and lead to the enrichment of the entire sediment-
porewater system in Mo and U are: (1) transfer within
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the aqueous phase from the water column to porewater,
e.g., by diffusion (e.g., Anderson et al., 1989; Zheng et al.,
2000; Scholz et al., 2011), followed by sequestration from
the porewater into an authigenic particulate phase and;
(2) transfer via a particulate phase that sequesters Mo
and U from the water column itself (e.g., Shaw et al.,
1990; Morford et al., 2007; Goldberg et al., 2012; Scholz
et al., 2017, 2018; Eroglu et al., 2020; Hutchings et al.,
2020), delivers it to the sediment-porewater system, and
whose Mo and U inventory is partially remobilized into
porewater. A third possibility that could explain the data
for the particular sites studied here is represented by: (3) lat-
eral transport of Mo- and U-enriched particulate material
from elsewhere, given the spatial variability of the Namib-
ian Margin system and the ubiquitous evidence for lateral
sediment transfer (e.g., Inthorn et al., 2006a, 2006b).

As noted above, porewaters as sampled here are nearly
always enriched in Mo and U relative to seawater. Thus,
in the inner shelf core (26010) both Mo and U concentra-
tions are significantly elevated in the upper 20 cm
(Fig. 4). Site 26030 from the middle shelf exhibits Mo and
U concentrations well in excess of seawater throughout
the studied depth interval, and features a very pronounced
peak at around 8 cm, with [Mo] up to 8x seawater. In core
26010, and around the 8 cm peak in core 26030, excess Mo
and U concentrations are well correlated. Porewater Mo
and U concentrations in core 26070 are lower, with [U]
below seawater over most of the studied interval. But even
here, [Mo] increases to double seawater concentrations over
the depth interval 10-20 cm.

The fact that concentrations of Mo and U in porewaters
are higher than seawater appears to rule out downward dif-
fusional transport across the sediment-water interface, at
least for the conditions at the time of sampling. It is theo-
retically possible that these conditions represent a snapshot
in time only and, given the known temporal variability in
the redox conditions on the Namibian margin (e.g.,
Borchers et al., 2005; Boning et al., 2020), that this snap-
shot is not representative of the longer term: that concen-
tration gradients are periodically reversed to allow inward
diffusion of Mo and U. We don’t have any specific evidence
for such a suggestion, and we note that other recent studies
have reported porewater Mo concentrations in excess of
3000 nM at sites close to ours (Abshire et al., 2020b). Such
an explanation encounters another difficulty: under the
redox conditions at the sediment-water interface, as sam-
pled here, there appears to be no obvious authigenic phase
that would be stable and could act as a host for any Mo and
U that might enter the sediment-porewater system follow-
ing diffusion downwards from seawater, and yet the upper-
most sediment is enriched in Mo and U.

We therefore suggest that mechanism (1) above unlikely
explain the dataset presented here, even given the potential
for significant temporal variability in the local redox condi-
tions. Rather, we suggest, that a particulate source external
to the sediment-porewater system must operate, via either
mechanism (2) or (3) above. In the next section we explore
the possible candidates for such a particulate source.
Though none of these potential explanations work per-

fectly, temporal variability in redox leading to sequestration
by bottom water sulfide is the most viable.

5.2. Potential particulate Mo and U sources to the Namibian
margin sediment-porewater system

5.2.1. The lack of an Fe-Mn (oxyhydr)oxide shuttle

One obvious candidate for a particulate source of Mo is
Mn oxides, which scavenge Mo from the upper oxic portion
of the water column and potentially deliver it to the sedi-
ment, where such oxides reductively dissolve and release
Mo to porewater (e.g., Algeo and Tribovillard, 2009). How-
ever, there are several reasons why we argue such a process
cannot explain our data. First, Mn concentrations are
extremely low in these Namibian porewaters (Figs. 4 and
5), with the exception of one site on the slope (Station 2,
Fig. 5). Where Mn oxide is clearly implicated as a source
of Mo, porewater Mn is high and ratios of excess Mo (over
seawater) to Mn are around 0.001-0.01 mol/mol (e.g.,
Goldberg et al., 2012; Eroglu et al., 2020), consistent with
measured ratios for solid phase Mn oxides (Manheim and
Lane-Bostwick, 1991). In the porewaters studied here
(Fig. 4), ratios of excess Mo to Mn are orders of magnitude
higher, at 1-8 mol/mol than expected from a Mn oxide
source. The lack of significant delivery of Mn oxide associ-
ated Mo to the sediment-water interface is supported by
low sedimentary Mn/Al for all three sites (Fig. S1). Thus,
in congruence with conclusions from other upwelling mar-
gins that feature an intense water column OMZ (e.g.,
Boning et al., 2004; Scholz et al., 2011), it appears that par-
ticulate Mn oxides are reductively dissolved during sinking
through the OMZ, and that they never reach the sediment—
water interface.

Scholz et al. (2017) note very high authigenic Mo con-
centrations (up to 50 ppm) in sediment cores collected at
100-700 m on the Peruvian margin, associated with a rather
narrow range of Mo, between 1.25%0 and 1.52%o. These
authors suggest that Mo is delivered to the sediment surface
by Fe (oxyhydr)oxides, most of which precipitate in the
nitrogenous water column due to oxidation of sediment-
derived dissolved Fe with nitrate as a terminal electron
acceptor. In this mechanism, a fraction of the Fe and Mo
is cyclically re-dissolved, and eventually re-precipitated
through interaction with porewater sulfide. Some aspects
of the sediment data obtained here for Namibian margin
cores are consistent with this explanation of sedimentary
Mo enrichment. For example, there is strong sedimentary
Fe enrichment at sites 26030 and 26070, though not at site
26010 (Fig. S1). Authigenic Mo in the solid phase of the
Namibian sediment and in porewater is mostly isotopically
lighter than seawater, as expected from Fe-oxide-associated
Mo (Goldberg et al., 2009).

But there are aspects of the co-variation of Fe and Mo in
the porewater that argue against an impact of an Fe-oxide-
associated mechanism, a lack of co-variation that cannot be
explained by decoupling of Mo and Fe concentrations due
to the reactivity of Fe with dissolved sulfide. For example,
iron concentrations are as high as 10 uM in the porewater
over the upper 5 cm of core 26010, whereas the Mo enrich-
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ment in excess of seawater extends well beneath this to
20 cm. Low aqueous Fe over part of this interval (beneath
10 cm) can be attributed to precipitation as sulfide, but over
other parts Fe and H»S concentrations are both below the
detection limit. The upper peak in porewater Mo concen-
tration in core 26030 is associated with detectable porewa-
ter Fe concentrations, but the peak centered on 8 cm is not.
Again, this decoupling of Mo and Fe cannot be attributed
to removal of Fe to a sulfide while Mo remains in solution,
because neither Fe nor H,S are detected at the Mo peak
(Fig. 4). In core 26070, porewater Mo concentrations are
not elevated over the upper 12 cm of the core where the
Fe peak occurs. Instead, they begin to increase at or below
15 cm where porewater Fe concentrations are low, again in
the absence of detectable H,S. Thus, porewater Fe and Mo
concentrations are decoupled in the Namibian porewater
profiles, in ways that cannot be explained by co-
precipitation of Fe with dissolved sulfide, and argue against
an Fe (oxyhydr)oxide source for Mo.

It is also noted that both excess U in porewater and solid
phase U are isotopically heavier than seawater, in the oppo-
site direction to that expected from Fe-Mn (oxyhydr)oxide
sources (e.g., Stirling et al., 2007; Weyer et al., 2008; Wang
et al., 2016). Overall, these arguments rule out an Fe-Mn
(oxyhydr)oxide shuttle as a dominating particulate source
of Mo and U to the Namibian sediment-porewater system.

5.2.2. The potential impact of intermittently sulfidic
conditions

As noted in Section 2, an intriguing aspect of the
Namibian upwelling margin is the temporal variability in
productivity, with periods of high productivity leading to
significant H,S in bottom water. Borchers et al. (2005) pre-
viously hypothesized that this could trigger the precipita-
tion of a variety of trace elements within the water
column. Through this mechanism, dissolved molybdate
could be converted to thiomolybdate, permitting its scav-
enging by organic matter (e.g., Algeo and Lyons, 2006;
Dahl et al., 2017) or triggering co-precipitation with Fe
and S in a mixed Mo-Fe-S phase (Helz et al., 2011).
Although elevated water column H,S, by itself, does not
lead to U reduction (e.g., in the Black Sea; Anderson
et al. 1989), the resuspension of sediment and/or organic
matter that occurs during some of these bottom water sul-
fidic events would provide particulate surface area to cat-
alyze the U reduction process (Anderson et al., 1989). Re-
mobilization of this authigenic pool of Mo and U could
then create the observed enrichments in the porewaters.
We note that free porewater sulfide right at the sediment—
water interface might also lead to sequestration of Mo
and U to particulates, without necessarily invoking perva-
sive sulfide in bottom water itself. This is, however, a quan-
titative rather than a qualitative difference: both scenarios
require significant changes in redox conditions.

Whether such a mechanism could operate for the cores
we have studied is currently unclear, in part because of
the lack of a full characterization of the spatial and tempo-
ral variability of the BUS (Nelson and Hutchings, 1983).
Catastrophic sulfide eruptions are best known from the
diatomaceous mud belt further north, at 19-25°S. Here,

porewater H,S concentrations are at >10 mM levels at
depths >1 m beneath the sediment-water interface (e.g.,
Emeis et al., 2004), much higher than the maximum
0.15 mM Ilevels we observe in the upper 20 cm here.
Briichert et al. (2006) favor diffusive transport of H,S from
the sediment at latitudes south of 24°S. On the other hand,
where porewater H,S has been sampled deep in cores close
to those studied here, at 26°S, it is also at 10 mM levels
(e.g., Fossing et al., 2000). Whatever the exact process,
remote sensing approaches (e.g., Weeks et al., 2002, 2004;
Ohde et al., 2007) have repeatedly detected water column
H>S in the coastal region at 26°S.

The substantial solid phase sulfide and high TOC
observed in core 26010 (Fig. 3) are consistent with past sul-
fidic eruptions. Moreover, low Fe/Al ratios in this core
(Fig. S1) would potentially prevent sequestration of H,S,
produced during short periods involving high rates of bac-
terial sulfate reduction, from being oxidized and trapped by
reactive iron (Briichert et al., 2003, 2006; Borchers et al.,
2005). Though dissolved sulfide is generally not detected
at all in the porewaters at site 26030 on the middle shelf
(Fig. 4), this core also exhibits non-zero amounts of solid
sulfide (Fig. 3). This site also has the most complex porewa-
ter patterns of the three studied here, with the porewater
peak in Mo and U concentrations at 8-9 cm, at levels that
are a factor of 5-8 higher than seawater, demanding a
source within the sediment. It may also be significant that
the one depth where sulfide is detected is at 10 cm, just
below the Mo-U peak, and perhaps indicating a common
source of Mo, U and reduced sulfide from a solid phase that
is breaking down.

For both sites 26030 and 26070, sedimentary Fe/Al
ratios are high and correlated with enrichments in potas-
sium (Fig. S5), consistent with previous studies highlighting
the formation of authigenic glauconite (Boning et al., 2020).
Glauconite formation requires high dissolved Fe, both Fe**
and Fe*', in porewater at reduced sedimentation rates
(Scholz et al., 2014), also suggesting the redox potential
of the middle shelf and upper slope sites at 26°S may not,
even periodically, be appropriate for H,S buildup. We also
cannot rule out, however, the possibility that Mo and U are
supplied to the sediment-porewater system at these sites via
lateral transport of particulate matter from elsewhere, in
sulfide or another phase, a possibility we assess in the next
section.

5.2.3. The potential influence of cross-shelf lateral transport
and redeposition

A final possibility for explaining the enrichment of the
sediment-porewater system in Mo and U at the sites studied
here lies in the spatial variability in the Namibian Margin
system. A number of studies have demonstrated that exten-
sive lateral transport of particles in nepheloid layers, from
the shelf to deeper waters, occurs along the Namibian mar-
gin (e.g., Inthorn et al., 2006a, 2006b). A recent study by
Abshire et al. (2020a) examined the erosion, lateral trans-
port, and redeposition of sediments across a shelf-to-slope
transect at ~25.5°S. These authors found that sedimentary
U and TOC were coupled on the shelf, that erosion out-
competed authigenic U uptake at the shelf break, and a
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pronounced decoupling of U and TOC for the slope sedi-
ments. Accordingly, it may be inappropriate to attempt to
explain many features of the current dataset on the shelf
break and slope through processes occurring in-situ, given
that the area of final burial may be displaced from that with
the vertical particle supply.

In comparison to the areas with a prominent depocenter
further north (e.g., Inthorn et al., 2006a, 2006b), the poten-
tial for shelf-to-slope lateral particle transport is less clear
at 26°S. An important characteristic of laterally-
transported sediment is anomalously high TOC (Inthorn
et al., 2006b) coupled to anomalously low U/TOC ratios
due to oxidative loss of U during transport (Abshire et al.
2020a). Fig. 6 examines the relationships between Mo-U
systematics and TOC for all the cores studied. Molybde-
num is clearly least enriched in near-surface sediments on
the slope regardless of high TOC (Fig. 6a). But this obser-
vation cannot be definitively ascribed to Mo loss during lat-
eral transport. Indeed, if Mo was being released back into
the water column through oxidation, the oxidation of the
reduced U phases should also occur, which is not supported
by our U data (Fig. 6b). Instead, higher enrichment of U
relative to Mo in core 26070 is more likely attributed to
the in-situ suboxic conditions at this site, consistent with
the general notion that onset of authigenic U enrichment
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occurs under less intensely reducing conditions than that
of Mo (Algeo and Tribovillard, 2009).

Additional evidence for the local redox rather than lat-
eral transport controls on sedimentary Mo and U enrich-
ments comes from the respective isotope systems. For the
entire 5°*Mo,,, dataset measured in this study, except
for one outlier, significant correlations are observed
between Mo,y and TOC/Mogun for each core
(Fig. 6¢), following the expected trend for early diagenetic
enrichments of Mo (e.g., Scholz et al., 2017) in that the
ongoing incorporation of Mo into sediment results in iso-
topically lighter Mo. The systematics on the same diagram
for U are not clear (Fig. 6d), partly due to the smaller
dynamic range in U isotope compositions relative to analyt-
ical uncertainty. Importantly, the diagrams also show that
both Mo and U isotope data for slope sediments apparently
plot outside of the fields typical for the shelf sediments
(Fig. 6¢ and d). This result contrasts with the recent sugges-
tion that the isotope signature in redeposited slope sedi-
ments should reflect its primary shelf depositional redox
conditions, at least for U (Abshire et al., 2020a).

The shelf sediments in Abshire et al. (2020a) show sys-
tematics in & *®U and U concentration vs. depth that are
consistent with U uptake and isotope fractionation via U
diffusion across the seawater-sediment interface and
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increasing U uptake at depth. Such a systematic process
requires a steady-state U uptake which, for this site, may
be linked to the strong OMZ development above the core
site. In contrast both the slope sediment core in the
Abshire et al. (2020a) and the three sediment cores in this
study are situated in more dynamic redox settings, which
would not necessarily lead to clear correlations with
323U and U vs. TOC, possibly the contrary. These findings
suggest that, from an isotope perspective, Mo and U sys-
tematics primarily respond to the local redox conditions
at each site, despite the potential influence of lateral trans-
port and redeposition.

5.3. Response of Mo and U isotope systematics to early
diagenesis under dynamic redox conditions

Diffusive delivery has been widely invoked as a driver
for enrichment in authigenic Mo and U in reducing settings
(e.g., Anderson et al., 1989; Zheng et al., 2000; Scholz et al.,
2011). Such a process can only explain the complex patterns
of porewater variability in Mo and U concentrations
observed here via temporal variability, leading to periodic
reversal of porewater gradients versus those observed here
and in other studies (e.g., Abshire et al., 2020b). An alterna-
tive process, also invoking temporal variability, is repre-
sented by Mo and U delivery to sediment in a particulate
phase that is then partially remobilized. As discussed in
the previous section, both local bottom water sulfidic events
or lateral transport could provide those particles but both
these explanations require further investigation. Given the
dynamic and complicated spatial and temporal redox con-
ditions across the Namibian shelf and other OMZs, it is dif-
ficult to rule out the significance of a range of processes
(diffusion, lateral redistribution, sulfidic events) for authi-
genic Mo and U enrichments at different locations.

The observations presented for these Namibian shelf
cores strongly emphasize the impact of early diagenesis
under dynamic redox conditions on sedimentary Mo and
U cycling and associated Mo-U isotope systematics. Over-
all, the specific scenario favored here involves: (a) a pre-
dominantly steady-state diffusive redox situation unlike
the current setting we observed here but interrupted by;
(b) transient more reducing conditions that result in hori-
zons within the sediment that are enriched in authigenic
Mo and U by particulate supply; (c) the oxidative remobi-
lization of these authigenic reservoirs to provide local dis-
solved sources to porewater and; (d) diffusive transfer
through porewaters away from these local sources. It is
important that, in this scenario, a solid reservoir controls
and buffers the porewater most of the time. We note that
mass balance is also in favor of this suggestion: for exam-
ple, for the 8 cm Mo and U peak in porewater concentra-
tions in core 26030, the concentration of Mo in the solid
phase is more than 30 times that in the aqueous phase
(Tables S1 and S2). This also has the consequence that
the interpretation of the large and short length scale
changes in the abundance of Mo and U in porewaters do
not require significant correlative variation in the size of
the solid authigenic phase from which they derive — e.g.
organic material.

The additional key process, that finally sets the system-
atics in the sediment, is uptake into a new authigenic phase
at depth within the core and at the end of the diffusion
pathways mentioned above. The simplest manifestations
of this set of processes are for U at sites 26010 and
26070. At site 26070, with the exception of one spike at
6-7 cm, porewater U concentrations generally decrease,
and 3**%U decreases, downwards (Fig. 4). This profile is
closest to control by a single process: diffusion downwards
and uptake into an authigenic phase at depth, perhaps
beneath the sampled depth interval, with an isotope
fractionation.

At site 26010, porewater U concentrations are elevated
in the upper 20 cm of the profile. Where concentrations
peak significantly above seawater, the difference between
the porewater and the solid is very close to zero (A238Upw_
solid, F'1g. 4), consistent with control of porewaters by parti-
cle dissolution. Beneath about 20 cm, U concentrations
decrease below the seawater value and o 238UpW decreases,
again consistent with diffusive transfer of U from the source
close to the top of the sediment along a concentration gra-
dient to a sink into a second authigenic phase at depth.
Given high porewater H,S concentrations and significant
pyrite contents deeper in this core, this second authigenic
phase is likely to be a sulfide or, for U, to be associated with
microbially-produced Fe(III) and sulfate reductants
(Lovley et al., 1991; Zheng et al., 2002). The U data for site
26030 are more complex, including a very sharp and pro-
nounced porewater peak at about 8 cm with U concentra-
tions 4-5 times in excess of seawater (Fig. 4). Away from
this peak, concentrations and isotope compositions change
rapidly both upwards (we suggest back to seawater values)
and downwards, possibly again reflecting uptake associated
with Fe(III) and sulfate reduction given the first detectable
porewater H,S just below the porewater concentration
peak.

The impact of the two main competing processes on U
and its isotopes are further examined in In (U) versus
238U space in Fig. 7a. Though there is scatter, and though
there is one anomalous analysis, a lot of the U data lie close
to a Rayleigh fractionation trend that we suggest represents
uptake into a secondary authigenic phase at depth — related
to microbial Fe(IIT) and sulfate reduction — that prefers the
heavy isotope by about 0.6%c, in good agreement with
diffusion-limited porewater U reduction in other anoxic
sediments (e.g., Andersen et al., 2014, 2017). The remainder
of the U data involve higher concentrations than seawater
and heavier isotopes, which we suggest represents mixing
between seawater and U derived from the oxidative break-
down of a reduced U phase. Of course, the superimposition
of these two processes means that none of the data fit either
of these two processes perfectly, leading to the moderate
scatter seen in Fig. 7a.

In contrast to uranium, the Mo dataset is dominated by
porewater concentrations higher than seawater (Fig. 7b), so
that the source of Mo to porewater from the phase formed
during more reducing conditions must be much more
important than for U, perhaps due to a Mo/U ratio that
is substantially higher than seawater. The greater impor-
tance of this source control, the variability in the exact loca-
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tion of sources within each core, and the fact that this vari-
able source interferes to a much greater degree with diffu-
sion away from peaks to zones of uptake, leads to greater
scatter for the Mo data than for U. In particular, for exam-
ple, the core with the pronounced porewater Mo peaks
(26030) exhibits the impact of mixing away from a simple
single-process scenario involving preferential uptake of
the light isotope into a sulfide phase at depth. The fact that
the authigenic Mo at depth is isotopically light is consistent
with the non-quantitative conversion to thiomolybdate in
the sulfidic portion of the cores (e.g., Tossell, 2005; Kerl
et al., 2017; Matthews et al., 2017).

In summary, the data presented here for the Namibian
margin in conjunction with previous studies (e.g., Zheng
et al., 2000, 2002; Scholz et al. 2011, 2017, 2018) highlight
the importance of temporally and spatially dynamic redox
conditions in governing early diagenesis of Mo and U in
sediments. Mo and U appear to initially be delivered and
enriched in sediments during periods of high-productivity
and reducing conditions. The Mo and U are then re-
distributed within the sediment via oxidative dissolution
of reduced phases, followed by diffusion along concentra-
tion gradients. Diffusion is generally downwards towards
a sulfidic sink, but multiple porewater peaks within the sed-
iment can lead to concentration gradients and diffusion
both upwards and downwards.

5.4. Implications for coupling Mo-U isotopes as a paleoredox
proxy

It has been demonstrated that coupled Mo and U iso-
topes hold advantages over a single isotope system for
understanding depositional and redox conditions in the
modern and ancient oceans (Asacl et al., 2013; Kendall
et al., 2015, 2020; Bura-Naki¢ et al. 2018; Lu et al., 2020;
Stockey et al., 2020). In Fig. 8, the dataset for the Namibian
margin is compared to data for modern euxinic basins in
this coupled Mo-U context. The inner shelf sediments in

our dataset are characterized by moderate Mo and U
enrichments at a Mo/U ratio close to that of seawater
(Fig. 8a). In contrast, the data for both the middle shelf
and slope sediments start at a very low Mo/U ratio, indica-
tive of preferential uptake of U over Mo under largely sub-
oxic conditions, but define a steep trend as representing
decreasing benthic redox potential (Algeo and
Tribovillard, 2009). Notably, none of the data plot along
a trend for the ‘Fe-Mn particulate shuttle’ that has been
observed in Peru margin sediments (e.g., Scholz et al.,
2011), providing additional evidence that the light Mo iso-
tope values in these Namibian margin sediments are not the
result of the operation of an Fe-Mn particulate shuttle. The
most significant feature of our isotopic dataset is the pro-
nounced inverse correlations between the Mo and U iso-
tope data, with two separate trends towards lower 3°*Mo
and higher 838U (Fig. 8b). Such inverse correlations have
been observed in modern semi-restricted euxinic basins,
and ancient data are often interpreted in the context of this
kind of setting. It is thus very significant that, qualitatively,
the same feature is observed for the first time in open-
marine continental margin sediments.

According to one framework for restricted basins,
inverse 5°*Mo and 8°*¥U trends are dominantly the result
of variation in water column H,S and bottom water
renewal time (e.g., Andersen et al. 2018; Bura-Nakic¢
et al., 2018; Briiske et al. 2020). In settings with relatively
high H,S,q and slow bottom water renewal rates, authi-
genic Mo and U typically show Mo/U ratios and isotope
compositions close to the open ocean, due to near quantita-
tive U and Mo uptake (e.g., Kyllaren Fjord; Lake Rogoz-
nica). In contrast, in settings with relatively low H,S,q
and fast bottom water renewal rates, the expressed isotope
fractionations are greater due to non-quantitative removal,
(with isotopically light Mo and U that is up to ~0.6%o0 heav-
ier) and authigenic Mo/U ratios are higher (e.g., Cariaco
Basin and Saanich Inlet). More recently, Briiske et al.
(2020) have demonstrated that variations in the local depo-
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sitional environment of Black Sea and Cariaco Basin can
drive inverse correlations between 5°*Mo and 3**®U in sed-
iments, but following different trends (Fig. 8b). The varia-
tion may be due to a range of smaller effects on the U
isotope compositions, including minor U reduction and iso-
tope fractionation in the water column (Briiske et al., 2020),
variable U isotope fractionation in anoxic sediments due to
differences in organic-carbon deposition and sedimentation
rates (Lau et al., 2020), and addition of isotopically-light U
associated with organic matter deposition (Abshire et al.
2020a).

The Namibian margin is very different from the above
systems in terms of its geometry and redox structure, yet
Mo-U isotopes show the same inverse correlations. Our
interpretation of Mo and U isotope fractionation in these
Namibian margin sediments, guided by the porewater data,
is that redox-driven diffusion across the seawater-sediment
transition may not be the dominant process. Instead, the
key process dictating the initial Mo-U enrichment and iso-
topic composition is the occurrence of transiently more
reducing conditions (i.e., enhanced productivity and spo-
radic bottom water H,S), followed by remobilization to
porewater, diffusion and re-precipitation with an associated
isotope fractionation. The general decrease of §°*Mo and
increase in 8**8U, coupled with greater Mo and U enrich-
ment with sediment depth, is caused by intermittently high
porewater H,S, U and Mo mobility by diffusion, and for-
mation of reducing (U) and sulfidic (Mo) authigenic phases
deeper in the sediments. Hence, the conditions at the
Namibian margin produce similar data patterns as for
restricted or semi-restricted euxinic basins, but via a differ-
ent set of processes.

This inferred mechanism could lead to a range of specific
trends in individual marine settings, where both Mo-U con-

centration and inversely correlated §°*Mo-52*%U depend
specifically on: 1) the amount and isotope composition of
the initial particulate authigenic U and Mo and; 2) the
redox potential and H,S,q levels of the local porewater
environment. In this context, the steeper trend toward
lower Mo seen for the Namibian slope sediments, as
highlighted in Fig. 8b, arises because of the occasional
occurrence of mildly sulfidic conditions upon OMZ fluctu-
ations, which leads to isotope fractionation associated with
the incomplete conversion of molybdate to thiomolybdate
species. It seems that the negative trends from slope envi-
ronments would be more similar to shelf settings if an
OMZ is larger and more stable (Fig. 8b). Thus, negative
37 Mo-82*%U trends like those in Fig. 8b could be of great
use for the reconstruction of OMZ variability and redox
oscillations in ancient open marine settings.

The sporadic bottom water H,S would occur in a more
open-system particle-rich environment compared to sedi-
ment porewaters, which could lead to reduced authigenic
U with high 8**%U (i.e., A?*®U of ~+1.2%o rather than the
diffusion limited value of ~+0.6%0). Similarly, the authi-
genic Mo could have a §°*Mo that covers a range of com-
positions extending well below seawater, dependent on the
exact H,S,q levels. Thus, a range of authigenic 5?%U and
8°*Mo could be expected, but with a larger range of isotope
compositions than observed in modern restricted euxinic
basins. A range of paleo-studies have recently documented
an inverse correlation between Mo and U isotope composi-
tions in organic-rich sediments, similar to those observed in
the modern euxinic basins, but extending to higher & >**U
and lower & Mo (Andersen et al. 2020; Cheng et al.
2020; Kendall et al. 2020). These authors suggest possibili-
ties for the higher & **®U, in terms of water column U
reduction (Kendall et al. 2020) or U reduction via high pro-
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ductivity and formation of an organic floccule layer
(Andersen et al. 2020; Cheng et al. 2020). However, in light
of our new data, extreme (high) & ***U and (low) & **Mo
could reflect dynamic open-marine environment settings
where sporadic bottom water H,S may provide the right
conditions for particulate uptake of both Mo and U, with
the Mo and U isotope composition ultimately dictated by
how quantitative the uptake process is for the two elements.
Therefore, detailed paleo-geographical and geochemical
information need to be combined to understand and inter-
pret Mo-U isotope systematics from ancient sediments.

6. CONCLUSIONS
In this paper we have presented new Mo and U concen-

tration and isotope data for both solid phases and porewa-
ters in sediments from three sites along a transect across the

Namibian margin. Our findings are summarized in a con-
ceptual model that invokes temporal variability in local
redox conditions (Fig. 9a; i.e., enhanced productivity and
sporadic bottom water H,S) and relatively less reducing
periods (Fig. 9b; i.e., suboxic conditions). Particulate Mo
and U scavenging by Fe-Mn oxides in the water column
is ruled out as a major mechanism for Mo and U delivery
to these sediments. Lateral particle transport and redeposi-
tion, previously recognized on the Namibian margin, also
appear not to significantly affect the Mo-U systematics of
these sediments. Instead, Mo and U abundances and iso-
tope compositions require temporally dynamic redox con-
ditions, with these elements most likely delivered to and
enriched in sediments in particulate form during temporally
sporadic sulfidic events (Fig. 9a), though we cannot rule out
reversal of porewater gradients during such events to per-
mit downwards diffusion of Mo and U.
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Both the porewater profiles and the patterns in authigenic
Mo and U distribution with depth, suggest re-distribution of
the Mo and U, sequestered to the sediment during temporally
more reducing conditions, via oxidative dissolution under
less reducing conditions and diffusion away from these local
Mo and U porewater concentration peaks (Fig. 9b). Finally,
the Mo and U are taken up again into reduced authigenic
phases (sulfide-related) at depth, setting the final Mo and U
isotope characteristics of the sediment (Fig. 9b).

Our findings also reveal that inverse correlations between
authigenic Mo and U isotope signatures in sediments are not
limited to semi-restricted euxinic settings, but may also occur
in association with open-marine OMZs. A schematic com-
parison of the correlated Mo-U isotope systematics in the
euxinic basin (Black Sea) and the open-marine OMZ
(Namibian margin) is summarized in Fig. 9c and d. Because
of the Black Sea’s restricted character, the correlated Mo and
U isotope signatures have been attributed to the changes in
bottom-water sulfide concentrations and deep-water renewal
rates (Fig. 9¢). However, similar Mo-U isotope trends
observed on the Namibian margin is the result of variability
in diagenetic redox conditions (Fig. 9d), reflecting the impact
of style of delivery and early diagenesis on Mo-U isotope
compositions. In this light, the general coupling between
Mo and U isotopes of the Namibian margin sediments pro-
vides a framework for the interpretation of such data in
ancient open-marine settings.
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