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ARTICLE INFO ABSTRACT
Editorial handling by Prof. M. Kersten Molybdenum (Mo) and uranium (U) contents in sedimentary archives are often used to reconstruct past changes
in seafloor oxygenation. However, their sequestration processes are as yet poorly constrained in low-salinity
Keywords: coastal waters, which often suffer from anthropogenic eutrophication but only mild oxygen depletion. Due to
rd}"bde““m the consequent lack of robust long-term paleo-redox reconstructions in such settings often characterized by a
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shallow front of dissolved sulfide accumulation within the sediment pore waters, inadequate understanding of
the long-term drivers behind oxygen loss impedes cost-effective mitigation of this environmental problem. Here,
we investigate the mechanisms of Mo and U sequestration in an oxic, low-salinity coastal setting in the northern
Baltic Sea where anthropogenic eutrophication over the 20th century has resulted in formation of a shallow

sulfate-methane transition zone (SMTZ) in the sediment column of this brackish-water basin. Our results
demonstrate remarkably similar patterns for authigenic Mo and U sequestration, whereby the depth and intensity
of the SMTZ exerts a first-order control on their solid-phase uptake. Sequential extraction analysis suggests that a
large part of the authigenic Mo pool is hosted by refractory Fe-S phases such as pyrite and nanoscale FeMoS,,
implying that the Fe-sulfide pathway is the dominating process of authigenic Mo scavenging. However, we also
observe a pool of extremely labile Mo deep within the SMTZ, which might record an intermediate phase in
authigenic Mo sequestration and/or partial switch to the organic matter (OM) pathway at low dissolved Fe levels.
Authigenic U resides in acid-extractable and refractory phases, likely reflecting uptake into poorly crystalline
monomeric U(IV) and crystalline uraninite, respectively. Similarly to Mo, authigenic U uptake is active at two
fronts within the SMTZ, paralleled by increases in dissolved sulfide levels, suggesting coupling between sulfide
production and U reduction. Our results imply that both Mo and U could provide viable proxies for mild bottom
water deoxygenation in these settings, through the indirect link between seafloor oxygen conditions and the
depth of SMTZ. Of these, Mo appears to more robustly capture variations in seafloor oxygen levels due to the
significantly higher share of the authigenic pool. However, temporal resolution of these proxies is limited by the
vertical offset between seafloor and the zone of authigenic uptake, and the superimposed character of the signal
at a given depth due to vertical migrations of the SMTZ. These results have important implications for the use of
Mo and U as paleo-redox proxies in other low-salinity coastal settings exposed to eutrophication.

1. Introduction fluctuations in seafloor oxygenation (McManus et al., 2006; Tribovillard
et al., 2006; Algeo and Tribovillard, 2009; Bura-Nakic et al., 2018; van

Due to their redox-sensitive behavior, sedimentary contents of mo- Helmond et al., 2018). Such paleo-redox reconstructions may help to
lybdenum (Mo) and uranium (U) are often used to decipher past delineate effective measures to mitigate coastal hypoxia, which is a
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globally expanding environmental problem forced by excessive nutrient
loading and climatic warming (Diaz and Rosenberg, 2008; Vaquer-Sunyer
and Duarte, 2008; Gooday et al., 2009; Breitburg et al., 2018). Specif-
ically, thorough understanding of the processes and associated feedback
mechanisms driving deoxygenation can be gained from long-term re-
constructions that encompass millennial or multi-centennial scale
changes in the intensity of natural and anthropogenic forcing factors
(Cooper and Brush, 1991; Jilbert and Slomp, 2013a; Erhardt et al., 2014;
Moffitt et al., 2015; Jokinen et al., 2018). However, applicability of Mo-
and U-based redox records is currently limited by inadequate under-
standing of their sequestration processes and diagenetic mobility (Bennett
and Canfield, 2020). This is especially true in non-euxinic coastal settings,
which are typified by diverse site-specific depositional dynamics (Algeo
and Li, 2020; Algeo and Liu, 2020; Liu and Algeo, 2020). As a result,
ignorance of potential caveats inherent in paleo-redox reconstructions in
such environments might bias the interpretation of sediment records (e.g.
Zheng et al., 2002a; McManus et al., 2005; Morford et al., 2009a; Helz
et al.,, 2011). Crucially, along the eutrophic-hypoxic-anoxic redox con-
tinuum of human-impacted coastal systems (Diaz and Rosenberg, 2008;
Breitburg et al., 2018), settings close to the eutrophic end-member are
underrepresented in trace metal-based paleo-redox proxy studies.

The applicability of Mo and U as paleo-redox proxies is underpinned
by their long oceanic residence times and low contents in the upper
continental crust (Emerson and Huested, 1991; McLennan, 2001),
enhanced particle reactivity with decreasing redox potential (Klink-
hammer and Palmer, 1991; Helz et al., 1996), and negligible uptake by
phytoplankton (Algeo and Tribovillard, 2009). In general, organic
matter (OM) -rich sediments comprise a major oceanic sink for Mo and
U, since their authigenic sequestration is driven by microbial OM
remineralization reactions, which consume oxygen and other electron
acceptors in the water column and at the seafloor. This indirect rela-
tionship largely explains the commonly observed coupling between
authigenic sequestration of Mo and U and sedimentary organic carbon
(Corg) content.

Mo is present in seawater as molybdate (MoOZ), which is largely
inert except for its slow adsorption onto Fe and Mn (oxyhydr)oxides
(Algeo and Tribovillard, 2009). Although these solid-phases may cause
transient Mo enrichments in surface sediments, the ultimate burial is
triggered when dissolved hydrogen sulfide (H2Sq) levels exceed 11 uM,
activating a ‘geochemical switch’ (Helz et al., 1996; Erickson and Helz,
2000) whereby stepwise sulfidation of MoOZ results in the formation of
a series of thiomolybdates (M0oO4.4Sy, where x = 1-4). Crucially, the
MoO4.4Sx species exhibit increasing particle affinity with increasing
degree of sulfidation (Bostick et al., 2003; Helz et al., 2004; Dahl et al.,
2010), causing their effective scavenging by OM and/or Fe-sulfide
phases, and hence permanent burial of authigenic Mo (Helz et al.,
1996, 2011; Vorlicek et al., 2004, 2018; Freund et al., 2016; Dahl et al.,
2017; Wagner et al., 2017; Helz and Vorlicek, 2019).

In euxinic settings, scavenging of Mo may operate throughout the
sulfidic bottom waters, while in non-euxinic environments authigenic
uptake of Mo is restricted to sulfide-rich fronts in the sediment pore
waters (Scott and Lyons, 2012). Such fronts develop whenever microbial
reduction of sulfate (SO%’) produces HjS,q in excess of dissolved Fe
(Rickard and Luther III, 2007), and may be located close to the
sediment-water interface (SWI) or up to decimeters into the sediment
column. Furthermore, SO reduction may be coupled to either OM
reminaralization (e.g. Jorgensen et al., 2019) or to anaerobic oxidation
of methane (AOM) (e.g. Boetius et al., 2000). Authigenic Mo enrich-
ments in non-euxinic settings are limited by the rate of MoO3 supply to
the sulfide front, often leading to orders of magnitude smaller enrich-
ments in comparison to euxinic settings (Scott and Lyons, 2012; Helz
and Adelson, 2013). Consequently, the applicability of authigenic Mo as
a paleo-redox proxy in non-euxinic (e.g. seasonally hypoxic) settings is
often questioned (Erickson and Helz, 2000; Helz and Adelson, 2013).

U is present in seawater predominantly as soluble U(VI) in chemically
poorly reactive uranyl carbonate complexes (UOZ(C03)§') (Langmuir,
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1978; Klinkhammer and Palmer, 1991). Analogously to Mo, solid-phase
uptake of seawater U via adsorption to Fe and Mn (oxyhydr)oxides may
cause transient U enrichments in oxic surface sediment environments
(Brenneckaetal., 2011; Dangetal., 2016). However, reducing conditions
are required to initiate permanent sediment sequestration of U via
reduction of U(VI) to insoluble and particle-reactive U(IV), effectively
triggering its solid-phase uptake primarily through the formation of
uraninite (UO3) (Klinkhammer and Palmer, 1991; Sharp et al., 2009) and
monomeric non-uraninite U(IV) (Bernier-Latmani et al., 2010; Sharp
etal.,2011; Bargaretal., 2013; Bhattacharyyaetal., 2017). By contrast to
Mo, the sequestration of U takes place exclusively within sediments even
in euxinic settings, signaling that the reduction process is enabled on solid
substrates by the enzymes excreted by Fe>* and SO% reducing bacteria
(Anderson, 1987; Zheng et al., 2002b; Morford et al., 2009b; Bura-Naki¢
et al., 2018). The reduction of U(VI) is generally thought to occur under
conditions similar to those of organo-clastic reduction of Fe>* and hence
above the zone of Mo sequestration (Klinkhammer and Palmer, 1991;
Zheng et al., 2000; McManus et al., 2005, 2006; Chaillou et al., 2002;
Morford et al., 2005, 2009a). On the other hand, several studies have
demonstrated inhibition of the reduction process in the absence of bac-
terial SO%’ reduction (Zheng et al., 2002a,b; Sundby et al., 2004; McMa-
nus et al., 2005) or even direct coupling between these processes,
whereby sulfate-reducing bacteria use U(VI) as an electron acceptor
(Lovley et al., 1991, Lovley and Phillips, 1992; Bargar et al., 2013).
Similarly to Mo, the relative importance of factors limiting authigenic U
sequestration in non-euxinic coastal sediments, such as OM delivery,
oxygen penetration depth (OPD), and the rates of Fe and SO?{ reduction,
remain poorly constrained (Zheng et al., 2000; McManus et al., 2005;
Morford et al., 2009a; Holmden et al., 2015), impeding its utilization as a
paleo-redox proxy.

Many near-shore settings worldwide, including estuaries, lagoons,
and the coastal zone of enclosed seas, are characterized by anthropogenic
eutrophication of low-salinity waters (Levin et al., 2009; Fennel and
Testa, 2018). These conditions generate a specific zonation of sedimen-
tary diagenetic processes which may impact upon the sequestration of Mo
and U, and hence their potential use as archives of past environmental
change. Here, we aim to disentangle Mo and U sequestration mechanisms
in such as system, in order to better determine the value of trace metal
redox proxies in these settings. We focus on a low-salinity coastal setting
in the northern Baltic Sea, where human-induced eutrophication has led
to the formation of a distinct sulfate-methane transition zone (SMTZ) in
the upper decimeters of the sediment column during the late 20th cen-
tury. To delineate the pathways of sedimentary Mo and U uptake, we
performed solid-phase sequential extraction analyses for Fe, Mn, Mo, and
U (among other elements) complemented with pore water chemical an-
alyses, from four sediment cores. Specifically, we investigate how the
solid-phase speciation and pore water concentrations of Mo and U vary
with respect to the general diagenetic zonation in the sediments, allowing
deconvolution of the potential host phases and mechanisms for authi-
genic Mo and U uptake. Finally, we introduce a conceptual model for
authigenic Mo and U sequestration in low-salinity, non-euxinic coastal
settings characterized by high OM input and a shallow SMTZ, and discuss
the applicability of these proxies for bottom water oxygenation in such
environments.

2. Materials and methods
2.1. Study sites and sample collection

Storfjarden is a shallow coastal basin in the southwestern coast of
Finland in the northern Baltic Sea (Fig. 1). The basin is part of the ar-
chipelago region of the Pojo Bay estuarine system. The archipelago is
separated from the inner estuary by the shallow sill of the First Sal-
pausselka ice-marginal formation. The coastline in this area of the Gulf
of Finland is typified by a mosaic of islands, capes and bays, intersected
by broadly north-south trending deeper channels. This complex
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topography is a manifestation of numerous glaciations that eroded the
Precambrian peneplain (Winterhalter et al., 1981), whereby effective-
ness of this erosion showed substantial spatial variability due to the
contrasting rock types and occurrence of old fracture zones in the
bedrock (Edelman, 1949).

Following its last deglaciation by 12 250 cal a BP, the study area has
been subaquatic and successively covered by late- and post-glacial
lacustrine clays, and brackish-water muds (Virtasalo et al., 2014).
Currently, Storfjarden represents a typical middle archipelago accu-
mulation basin where large parts of the seafloor are covered by recently
deposited brackish-water mud (Virtasalo et al., 2019). Sedimentation of
siliciclastic material in the area is dominated by local reworking of the
previously deposited clays and muds (Virtasalo et al., 2014). Most of the
sediment OM is sourced from the local primary productivity (Jilbert
et al., 2018).

Salinity in the archipelago area, where Storfjarden is located, is
typically 6-7 throughout the year. The water column becomes partially
stratified due to summer irradiation. Respiration of authochthonous OM
leads to depletion of bottom water oxygen towards the end of the
stratification period (Kauppi et al., 2018), although values never cross
the threshold of hypoxia (<63 pmol L™' O,). Eutrophication of the
northern Baltic Sea during the late 20th century has increased the OM
loading to the sediments in this system significantly (Fleming-Lehtinen
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et al., 2015), leading to a distinct change in the sediment diagenetic
zonation. As described by Slomp et al. (2013) and Rooze et al. (2016) for
the nearby Bothnian Sea, OM loading under low-salinity conditions has
increased the rate of organo-clastic SOF reduction in the upper sediment
column. This has led to a contraction of the zones of primary redox re-
actions and caused the SMTZ, where SOF reduction gives way to
methanogenesis, to shoal to the uppermost decimeters of the sediment
column. Very similar pore water profiles to those observed in the
Bothnian Sea have been recently published for the Storfjarden area (e.g.
Jilbert et al., 2018; Myllykangas et al., 2020a, here redrawn in Fig. 1C),
implying a common set of processes throughout the low-salinity areas of
the northern Baltic Sea. Crucially, the SMTZ dictates the position of the
pore water sulfide front, through the intense production of HS,q during
SO‘Z{-mediated AOM (Egger et al., 2015). Hence, the SMTZ is expected to
exert a strong control over Mo and U sequestration processes in this
setting.

Sediment cores (core length ~20-60 cm) from Storfjarden were
collected at four adjacent stations during two sampling campaigns
(October 2016 and August 2017) onboard R/V Saduria using a
GEMAX™ twin-barrel short gravity corer (Table 1; Fig. 1). At each sta-
tion in October 2016, one of the duplicate cores was sliced for solid-
phase analyses and the other one was sampled for pore water ana-
lyses. Stations 1, 2, and 4 were re-sampled in August 2017 for pore water
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Fig. 1. (A) Bathymetric map of the coastal area adjacent to the Pojo Bay esturine system. SS 1 refers to the First Salpausselka ice-marginal formation. Orange
rectangle indicates the study area (Storfjarden). (B) Detailed bathymetric map of Storfjarden with the coring sites indicated. (C) Typical diagenetic zonation in the
study area (data from site J in Jilbert et al. (2018), with the location indicated in panel B). Note the shallow positioning of the sulfate-methane transition zone
(SMTZ), which coincides with the front of dissolved sulfide accumulation. (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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analysis to gauge temporal fluctuations in the diagenetic processes
especially in the topmost 2 dm of the sediment column. In both sampling
campaigns, an additional core for oxygen profiling was retrieved from
each station. In addition, prior to sediment retrieval, temperature and
salinity profiles of the water column were recorded with a CTD device
(Valeport MiniCTD).

2.2. Pore water analyses

2.2.1. Sampling

From each core, two parallel pore water sample series (henceforth
referred to as ‘bulk’ and ‘sulfide’ series) with a vertical resolution of 2 cm
were collected in polyethylene syringes through pre-drilled holes
(diameter 4 mm) in the GEMAX™ core tubes using Rhizons™. In the
sampling set up, the Rhizons™ were supported with a purpose-built
plastic rack mounted on the core tube, and a vacuum was generated
by fixing the syringe pistons open with wooden spacers. The syringes of
the sulfide series were pre-filled with 1 mL of 10% zinc acetate solution
to precipitate the pore water sulfide as ZnS (Jilbert et al., 2018). Sub-
sequently, all samples were transferred from the syringes to 15 mL
centrifuge tubes within 2 h of retrieval. From the bulk series samples, an
aliquot was immediately taken and acidified to 1 M HNOjs for elemental
analysis by ICP-OES, and the rest was used for quantification of
ammonium (NHZ}) concentration. Finally, the core designated for dis-
solved oxygen analyses was subsampled from the surface with three
parallel minicores (internal diameter 2.5 cm).

2.2.2. Concentration measurements

Surface sediment profiles of dissolved oxygen (O3) were measured
from each set of replicate mini-cores within 2 h of sampling at the
ambient temperature with an oxygen microsensor (OX-100, Unisense)
using a vertical resolution of 100 pm. Before profiling, the microsensor
was two-point calibrated against filtered seawater from the study site
(100% O saturation) and deoxygenated solution of Na-ascorbate and
NaOH (both 0.1 M, 0% O, saturation). Finally, measurements from the
three replicate mini-cores were averaged to one stacked O, profile.

Pore water NHJ concentration was determined spectrophotometri-
cally from the non-acidified bulk series following methods described in
Koistinen et al. (2018). The acidified subsamples from the bulk series
were analyzed for elemental concentrations by ICP-MS (Thermo Fisher
Scientific) at Utrecht University Department of Earth Sciences. Phos-
phorus (P) is assumed to be present in the pore water samples as HPO?{,
while sulfur (S) is assumed to exclusively represent SOF, owing to the
loss of sulfide upon sample acidification (Jilbert and Slomp, 2013b).
Total sulfide (£S%) concentration in the pore water was determined
from the sulfide series samples by spectrophotometry (670 nm) after
direct addition of an acidic solution of FeCl; and N, N-dimethyl-p--
phenylenediamine (Cline, 1969; Reese et al., 2011) to sample vials. The
method is based on the dissolution of the ZnS precipitate and subsequent
quantitative complexation of S as methylene blue (Jilbert et al., 2018). A
series of standard solutions of NayS + 3H5O fixed in Zn acetate similarly
to the samples were used to calibrate the measurements. For the cali-
bration, the exact concentration of S in the stock solution of Na,S - 3H,0
was determined by iodometric titration (Burton et al., 2008). In all of the

Table 1
Sampling locations and conducted analyses.

Station Latitude Longitude Water Pore water Solid-phase
(WGS 84) (WGS 84) depth (m) analyses analyses

Stl 59.880000 23.235917 16.5 October 2016, October 2016
August 2017

St2 59.880667 23.245500 22.0 October 2016, October 2016
August 2017

St3 59.880133 23.255750 22.0 October 2016 October 2016

St4 59.878200 23.266517 23.0 October 2016, October 2016
August 2017
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pore water analyses, replicate measurements of samples and standards
indicated analytical precision of <5%.

2.2.3. Diffusive flux calculations

Diffusive fluxes (F) of Mo and U were quantified from the pore water
profiles using Fick’s first law (Boudreau, 1997):

ac

F= - ¢DM{,E. (1)
where ¢ is the sediment porosity, Dgeq is the diffusion coefficient in the
sediment, and dC/dx denotes the concentration gradient in the pore
water. A description of the gradient determination is given in the sup-
plementary material (Fig. S1). The seawater diffusion coefficient (Dgw)
for Mo was taken from Li and Gregory (1974), and following Morford
et al. (2009b), we assumed that the same diffusion coefficient applies
also for U. Based on the Stokes-Einstein relationship, the Dgy was
adjusted to the ambient temperature, salinity, and pressure using an
extended version of the ‘diffcoeff’ function (Sulu-Gambari et al., 2017)
in the R package marelac (Soetaert et al., 2010). The pore water salinity
and temperatures were assumed equal to the bottom water values ob-
tained from the CTD cast. Finally, Dgw was converted to Dgeq as follows:

Dgw
Dyeq = 3 (2

For this, tortuosity (6%) was obtained from porosity according to
Boudreau (1996):

& =1—In(¢) 3
2.3. Solid-phase analyses

The sediment cores for solid-phase analyses were sectioned at 1 cm
resolution for the topmost decimeter and at 2 cm resolution for the
remaining length. The obtained sediment slices were immediately
transferred into plastic bags and carefully sealed under water. Within 1 h
of the sectioning, the bags were placed into a gas-tight, No-filled glass jar
and stored at 4 °C in the dark prior to further processing. No visible signs
of oxidation were observed during sectioning and storage. Subsamples of
the wet sediments were later frozen, freeze-dried, and homogenized
under N atmosphere. Estimates for water content (weight %) and
porosity (volume %) were obtained gravimetrically after freeze-drying of

parallel wet samples and assuming a solid-phase density of 2.65 g cm ™.

2.3.1. Carbon and nitrogen content and organic matter source
determination

Subsamples of dried and ground sediments were weighed into tin
capsules and measured for total C and N content by TCEA-MS at
Tvarminne Zoological Station (precision and accuracy < 2.5%). Since
the content of inorganic C and N is negligible in this setting (Virtasalo
et al., 2005; Jilbert et al., 2018), total contents were assumed to equal to
organic C (Corg) and N (Norg). The proportions of terrestrial
plant-derived (%OCter) and phytoplankton-derived OM (%OCppyt) were
obtained from a simple two-end-member mixing model for the molar
N/C ratio with end-member values of (N/C)ierr = 0.04 and (N/C)phyt =
0.13 (Goni et al., 2003):

(N/C)sampre = (N/C)
(N/C) oy — (N/C)

P 100 4)

phyt

%Octerr =
terr

The applicability of this end-member model in similar settings has
been substantiated in recent studies (Jilbert et al., 2018; Jokinen et al.,
2018, 2020).

2.3.2. Total contents of Fe, Mn, S, and U

For the quantification of total solid-phase content of Fe, Mn, S, and U
(among other elements), an aliquot of 0.1-0.2 g of dried and homoge-
nized sediment was dissolved in 2.5 mL of HF (38%) and 2.5 mL mixture
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of HCI1O4 (70%) and HNOj3 (65%) (volumetric ratio 3:2) in closed Teflon
bombs at 90 °C for 12 h. Following evaporation of the acids at 160 °C,
the remaining gel was dissolved in Suprapur® 1 M HNO; and analyzed
for elemental content by ICP-MS. Based on calibration to standard so-
lutions and checking against in-house standard sediments and replicate
samples, the precision and accuracy of the analyses were <5% for all
elements.

2.3.3. Sequential extraction of metals

An aliquot of 0.2-0.3 g of dried and homogenized sediment was
subjected to a four-step sequential extraction procedure (Table 2) that
combines aspects of the protocols of Tessier et al. (1979), Poulton and
Canfield (2005), and Ruttenberg (1992). The first two stages of the
extraction protocol (fractions F1 and F2) were conducted in a glove bag
under anaerobic atmosphere to protect the samples from oxidation ar-
tefacts. To catalyze the reactions, the extractions were performed in
centrifuge tubes that were placed into an orbital shaker (300 rpm). After
each extraction step, the samples were centrifuged (2500 rpm, 5 min)
and the supernatant collected for analysis either by ICP-MS (F1, F2, F4)
or ICP-OES (F3). Following the stage F3, the samples were transferred to
crucibles with UHQ water, taken to dryness on a hot plate and incin-
erated at 550 °C for 2 h. The incinerated samples were transferred back
to centrifuge tubes using 1M HCI, after which the extraction procedure
continued as in stages F1-F3. The residual fraction F5 was determined as
a difference between total content and the sum of the fractions F1-F4. By
definition, this implies that since the contents of Mo and U in F3 were
generally below the detection limits of ICP-OES, some cross over from F3
to F5 might have occurred for these elements. Since any Mo or U orig-
inally present in F3 is likely associated with Fe and Mn (oxhydr)oxides
(Table 2) the effects of the cross over are expected to be most pro-
nounced in the surface sediments where these phases are most abundant
(Sect. 3.2). Based on the detection limit of the ICP-OES measurements
for Mo, the potential cross over comprises only a small component of F5
(generally < 20%). Analytical precision of the measurements was <5%,
and reproducibility of the sequential extraction procedure was generally
better than 10%. A full description of the phase distribution between the
extraction steps is given in Jokinen et al. (2020).

2.3.4. 1%Cs analysis and linear sedimentation rate estimation

To constrain linear sedimentation rates (LSRs) for the studied cores,
137Cs activity profiles for Stations 1 and 4 were obtained through
measuring gamma spectra of the wet sediment samples remaining after
other solid-phase analyses. The gamma spectrometric analyses were
performed at the Geological Survey of Finland using a BrightSpec bMCA-
USB pulse height analyzer equipped with a well-type NAI(T]) detector.
Considering that bioturbation and diffusion may cause substantial
downward transport of 13’Cs (Holby and Evans, 1996; Klaminder et al.,

Table 2
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2012), the sediment horizon of peak 137¢g activity (instead of the initial
increase) was assumed to denote radionuclide fallout emanating from the
Chernobyl nuclear accident in 1986 (e.g. Ojala et al., 2017). As the target
was solely to detect the relative maximum in **”Cs activity, no corrections
were applied to the obtained profiles (Jokinenetal., 2015, 2018). Finally,
the resulting age constraints were transferred to Stations 2 and 3 through
correlation of the C/N profiles (Fig. S2; Jokinen et al., 2020).

2.3.5. Calculation of excess Mo and U

To distinguish the authigenic enrichment from the lithogenic back-
ground, Mo and U contents were first normalized against Al. Subse-
quently, the contents of authigenic Mo (Moyxs) and U (Uxs), were
quantified following Scholz et al. (2018):

Mepg

Mexs :Mesample -
Alpg

X Al:ample (5)

where Megmple is the measured Mo or U content, Algample is the
measured Al content, and Mepg/Alpg represents the lithogenic back-
ground Me/Al for Mo and U. Since the authigenic sequestration of Mo
and U in this setting initiates at the upper boundary of the SMTZ (Sect.
4.1.1.), we used surface-sediment Mo/Al and U/Al values at Stations 2
and 3 (not shown) as a first-order estimate for the local lithogenic
background ratio. Specifically, the average of these ratios was used to
approximate the Mepg/Algg for both elements. Global upper continental
crust Me/Al ratios (McLennan, 2001) yielded negative Moxg and Uxg
values for the surface sediments, supporting the need for such an
approach.

Mass accumulation rates (MARs) of authigenic Mo and U were
calculated as follows:

MAR, =C, x LSR x DBD (6)

where Cy is the content of authigenic Mo or U, LSR is the linear sedi-

mentation rate and DBD is the dry bulk density. For this, DBD was

calculated from the water content assuming solid-phase density of 2.65
3

g/cm”.

3. Results
3.1. General diagenetic zonation

Oxygen penetration depth (OPD) at all stations is generally shallow
(<8 mm; Fig. 2), consistent with previous studies of analogous OM-rich
coastal sediments in the Baltic Sea (Hietanen and Kuparinen, 2008;
Bonaglia et al., 2013). Due to the collapse of thermal stratification in late
summer and reduction in phytoplankton-derived OM input towards
winter, the exhaustion of dissolved oxygen in August 2017 occurs at a

Description of the sequential extraction procedure and the main phases present in each fraction. Note that due to the wide spectrum of metal-binding ligands associated
with terrestrial and phytoplankton-derived organic matter (OM), the metal-OM complexes span over fractions F2-F4. A full description of the phase distribution

between different fractions is given in a parallel study (Jokinen et al., 2020).

Fraction Operational description Reagents Major phases References
F1 Exchangeable MgCl, (1M) Weakly-sorbed metal species Tessier et al. (1979)
F2 Acid-soluble Na-acetate (1M), Carbonates Tessier et al. (1979)
Acetic acid, pH 4.5 AVS Labile Me-OM complexes Cornwell and Morse
(1987) Jilbert et al.
(2018)
F3 Reducible Na-dithionite (5 wt%), Fe and Mn (oxyhydr)oxides, Poulton and Canfield
Acetic acid (0.35 M), Labile Me-OM complexes (2005), Lalonde
Na-citrate (0.2 M), pH 4.8 et al. (2012)
F4 Organic Heating to 550 °C, Refractory Me-OM complexes Ruttenberg (1992)
HCl (1M)
F5 Residual - Silicates Pyrite Poulton and Canfield
(2005) Inferred
- Total HF (40%),

HClO4:HNO3 (3:2 vol%)
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Fig. 2. Surface sediment dissolved oxygen (O,) profiles.

shallower core depth than in October 2016, but this seasonal difference
is consistently less than 3 mm.

The major pore water constituents (SO?{, s, NH3Z, HPO%’, Fe and
Mn) exhibit broadly similar profiles at all stations (Fig. 3), reflecting the
classical diagenetic zonation of coastal sediments linked to sequential
consumption of electron acceptors upon microbial OM oxidation (e.g.
Froelich et al., 1979). Since a detailed description of this zonation in the
sediments of the study area was recently presented by Jilbert et al.
(2018), below we only briefly summarize the main features.

Due to the shallow OPD (Fig. 2), anaerobic diagenetic processes
dominate the pore water chemistry. The progressive downward in-
creases in NH{ and HPOZ, with negligible inter-annual/seasonal vari-
ation (Fig. 3), signal ongoing microbial remineralization of OM. Based
on the near-surface pore water accumulation of Fe, organo-clastic
reduction of Fe (oxyhydr)oxides is invariably observed at the depth of
0-10 cm irrespective of the sampling year/season. In the same zone,
accumulation of Mn is occasionally observed, but this is not a consistent
feature between the two sampling occasions. This interval of dissolved
Fe and Mn accumulation is henceforth collectively referred to as the
zone of organo-clastic reduction of Fe and Mn (OCR-Fe-Mn).

Below the zone of OCR-Fe-Mn, dissolved Fe is rapidly exhausted,
simultaneously with a concave decrease in SO concentration with
depth, and onset of sulfide accumulation in the pore water (Fig. 3). This
pattern is diagnostic for the initiation of efficient SO reduction and the
upper boundary of the sulfate-methane transition zone (SMTZ) at the
core depth of 5-10 cm. In view of this study, it is important to note that
although methane (CH4) concentrations were not determined, a number
of earlier investigations consistently show that the SMTZ in the study
area coincides with the front of dissolved sulfide accumulation within
the topmost decimeters of the sediment column (Fig. 1C, Jilbert et al.,
2018; Myllykangas et al., 2020a, b). Building on these previous studies,
we henceforth identify the upper boundary of the SMTZ based on the
synchronous appearance of sulfide and depletion of Fe in the pore water
profiles (Fig. 3). Within the SMTZ, the reduction of SOF is driven by
organo-clastic sulfate reduction and oxidation of upward-diffusing
methane produced deeper in the sediment in the zone of methano-
genesis. Meanwhile, nutrients (NHf and HPOZ) progressively accumu-
late in the pore water. The upper boundary of the SMTZ remains broadly
fixed between the two sampling occasions, with the exception of Station
1. The maximum £S5 levels reached within the SMTZ range from 300 to
500 pM. The length of the pore water profiles is generally not sufficient
to constrain the lower boundary of the SMTZ, except for the year 2017 at
Station 2, where it lies at a sediment depth of 12 cm, as indicated by the
drawdown of £5%.

3.2. Profiles of the major solid-phase constituents

Solid-phase Cy¢ content in the sediment is generally 4-5%. (Fig. 4).
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According to the N/C-based mixing model, the pool of Cqg is dominated
by phytoplankton-derived OM originating from autochthonous primary
production (on average 70-85% of the total Coyg). This component
shows a downward decreasing trend at all stations, consistent with
ongoing remineralization (Arndt et al., 2013). In contrast, the C/N and
terrestrial Corg profiles are typified by a maximum in the mid-section of
the cores (Figs. 4 and S2). These profiles are related to transient changes
in terrestrial Corg input at these sites and are the focus of a parallel study
(Jokinen et al., 2020), hence will not be discussed further.

Solid-phase S content ranges from 0.5 to 2.1% (Fig. 4). A general feature
of the S profiles is a rapid downward increase at the transition from the
zone of OCR-Fe-Mn to the SMTZ. Within the SMTZ, sedimentary S content
either remains constant (Station 2) or increases towards the bottom of the
cores (Stations 1, 3, and 4). Molar Fe/S ratios generally range between 2
and 6, and display an inverse relationship to S content (Fig. 4).

Based on the sequential extraction data, most of the solid-phase Fe
and Mn resides in the most refractory fractions F4 and F5 (Fig. 4).
However, a key feature of this data is a marked near-surface enrichment
in the most labile fractions F1-F3. This enrichment is generally most
pronounced at the topmost sediment sample, with the content of Fe and
Mn in F1-F3 declining exponentially within the zone of OCR-Fe-Mn
(Fig. 4), coinciding with the accumulation of Fe and Mn in the pore
waters (Fig. 3). Overall, Fe/Al and Mn/Al ratios follow the sum of Fe and
Mn in fractions F1-F3 (Fig. 4). Based on these ratios, solid-phase Mn
content remains around the crustal background (McLennan, 2001)
throughout the profiles, whereas Fe is consistently slightly elevated.

3.3. Mo and U profiles

A key feature of this data set is the remarkably similar behavior
between Mo and U both in the dissolved and solid-phase (Fig. 5). In the
near-bottom water, the concentrations of dissolved Mo and U are
consistent with their expected salinity-normalized levels. Within the
zone of OCR-Fe-Mn, their pore water concentrations display a generally
downward decreasing trend, onto which is often superimposed a sub-
surface peak (Fig. 5) that coincides with dissolved Fe and Mn accumu-
lation (Fig. 3). Within these peaks, a consistent maximum in the dis-
solved Mo/U ratio is observed (Fig. 5). At Stations 2 and 3, the near-
surface U enrichment in F5 (Fig. 5), paralleled by Fe and Mn peaks in
F3 (Fig. 4) could denote original U association with Fe and/or Mn
(oxyhydr)oxides (F3) and subsequent cross over from F3 to F5 in the
sequential extraction procedure (Sect. 2.3.3). Similar solid-phase surface
enrichment in F5 is also observed for Mo at Station 1 (Fig. 5), but this
feature is not aligned with the surface peaks of Fe and Mn in F3 (Fig. 4).
Based on this offset and an upper limit for the potential cross over of Mo
from F3 to F5 (based on ICP-OES detection limit, estimated to be 5 nmol
g 1), it is reasonable to assume that most of the enrichment genuinely
resides in F5.

At the upper boundary of the SMTZ, dissolved Mo is drawn down
from the pore waters, contemporaneously with a marked increase in
Moys and Mo content in F5 (Fig. 5). A similar pattern is observed for
dissolved and solid-phase U, but the increase in Uxg is paralleled by
enrichment in fractions F2 and F5. Roughly at the same depth, a general
increase in solid-phase Mo/U ratio occurs. Within the SMTZ, another
step-like augmentation of the Moxs and Uxs pools is observed. For Mo,
this augmentation differs from the one observed at the upper boundary
of the SMTZ in that the corresponding enrichment in the solid-phase
speciation occurs not only in F5 but also in F1. For U, the speciation
of this authigenic enrichment remains otherwise constant (F2 and F5),
but the relative proportion of F5 is larger. At the bottom of the cores, the
concentrations of dissolved Mo and U exhibit a downward increasing
trend especially at Stations 1 and 4.
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Fig. 3. Pore water profiles for the major dissolved phase constituents. Diagenetic zones of organo-clastic Fe and Mn reduction (OCR-Fe-Mn) and sulfate-methane
transition (SMTZ) are also indicated. Dashed lines illustrate the shallowest position of the SMTZ upper boundary (defined based on the pore water 5% and Fe

profiles, see the main text for details) between the two sampling occasions.
4. Discussion
4.1. Mo and U transport across the sediment-water interface

The agreement between bottom water and salinity-normalized
seawater concentrations of Mo and U (Fig. 5) is compatible with their
generally inert behavior under oxic conditions (Klinkhammer and
Palmer, 1991; Helz et al., 1996). This implies that their potential authi-
genic fixation must take place either at or below the sediment-water

interface (SWI), which is in line with previous studies from other
non-euxinic coastal settings (Zheng et al., 2000; Adelson et al., 2001;
Chaillou et al., 2002; Morford et al., 2009a,b; Helz and Adelson, 2013).
Below we outline the main vectors for Mo and U transport across the SWIL.

Based on the pore water profiles for Mo and U, it is apparent that
both particulate shuttling (sensu Algeo and Tribovillard, 2009) and
diffusive flux across the SWI contribute to their sequestration. Especially
at Stations 2 and 3, a marked subsurface peak in dissolved Mo and U
profiles is observed close to the SWI in October 2016 (Fig. 5), implying
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that dissolution from a particulate phase is accentuating the flux of these
elements towards the SMTZ. The dissolution front generally occurs
directly below the solid-phase surface enrichment of Fe and Mn in the
most labile fractions F1, F2, and F3 (Fig. 4), and broadly coincides with
the peaks in pore water concentration of these elements in the zone of
OCR-Fe-Mn (Fig. 3). This pattern indicates an active vertical particulate
shuttle, whereby recycling of reactive Fe and Mn across the SWI deliver
dissolved Mo and U to sediment pore waters (e.g. Scholz et al., 2017).

02 04 06 0 2 4 6
Fe/Al [mol/mol]

Mn/Al [mmol/mol]

The reactive forms of Fe and Mn in F1, F2, and F3 include metal-OM
complexes and (oxyhydr)oxides (Jokinen et al., 2020) each of which
may participate in microbial OM degradation processes.

The particulate shuttling appears to preferentially elevate dissolved
Mo concentrations in comparison to U, as illustrated by the corre-
sponding peak in dissolved Mo/U ratio (Fig. 5). This is underpinned by
previous findings that emphasize the role of particulate shuttling,
especially by Mn and Fe cycling, as a supplier of dissolved Mo in
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Fig. 5. Pore water £S% profiles alongside dissolved and solid-phase profiles for Mo and U. Solid-phase pools of Mo and U are divided into five different fractions
(F1-F5) based on a sequential extraction scheme (Table 2). Contents of authigenic Mo (Moxs) and U (Uxs) are shown superimposed on the solid-phase Mo and U
profiles, respectively. Dissolved and solid-phase Mo/U ratios are also presented. Dashed blue lines denote salinity-normalized concentrations of dissolved Mo (Nagler
etal., 2011) and U (Lofvendahl, 1987) in the Baltic Sea water. Diagenetic zonation as in Fig. 3. (For interpretation of the references to colour in this figure legend, the
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sediment pore waters (Chaillou et al., 2002; Morford et al., 2005, 2007;
Scheiderich et al., 2010; Scott and Lyons, 2012; Scholz et al., 2013,
2018; Noordmann et al., 2015; Sulu-Gambari et al., 2017), whereas the
delivery of dissolved U is more often ascribed to diffusive influx from the
bottom water (Anderson, 1987; Klinkhammer and Palmer, 1991;
Chaillou et al., 2002; McManus et al., 2005; Algeo and Tribovillard,
2009; Morford et al., 2009a; Scholz et al., 2013; Bura-Nakic et al., 2018).

4.2. Mechanisms of authigenic Mo sequestration

A general feature of the Mo profiles in the studied cores is pore water
depletion concurrently with an increase in Moyg at the upper boundary
of the SMTZ (Fig. 5). Within the SMTZ, dissolved Mo displays the
asymptotic profiles typical of authigenic sequestration (Zheng et al.,
2000; Morford et al., 2005, 2007). The results conform to the commonly
held theory that the uptake of Mo is triggered by the conversion of
conservative molybdate (MoO%’) ions to particle-reactive thio-
molybdates (M004_XS,2{) when [H3S,q] exceeds 11 pM (Helz et al., 1996;
Erickson and Helz, 2000). Assuming a bottom water salinity of 5.8,
temperature of 7.6 °C (averages from the CTD casts), and pH of 6.6
(Virtasalo et al., 2005), activation of this ‘geochemical switch’ should
occur at =S¥ concentration of ~15 uM (calculated with R package
AquaEny, Hoffmann et al., 2010). Hence, at the prevailing low pore
water pH, where dissolved sulfide mainly occurs in the form of H,S,g,
effective Mo scavenging is enabled already at relatively low £5% levels.
In addition to the authigenic uptake of Mo at the upper boundary of the
SMTZ, the solid-phase profiles at each station consistently indicate
another specific front of their authigenic sequestration deeper within the
SMTZ. This front generally coincides with a steep increase in [£S%] to >
100-200 pM (Fig. 5), corresponding to [HaSaq] of 70-150 pM. Similar
two-threshold patterns of authigenic Mo sequestration have been
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observed within sulfidic pore waters of other non-euxinic settings
(Zheng et al., 2000; McManus et al., 2006). In the following, we discuss
the most likely mechanisms of Mo enrichment at each of the two fronts
in the context of the two main pathways suggested for authigenic Mo
sequestration in sediments: (1) the Fe sulfide pathway (Helz et al., 1996,
2011; Freund et al., 2016) and (2) the OM pathway (Wagner et al., 2017;
Dahl et al., 2017).

A cross-plot between Moxs and the sum of Mo in fractions F1 and F5
(Fig. 6A) suggest that authigenic Mo almost exclusively resides in these
fractions. Hence, based on the lack of Mo in F1 at the upper front of Mo
uptake where low £S% levels prevail, we infer that the Mo sequestered
within this zone is predominantly hosted in F5. Because this residual
fraction is not expected to include OM (Table 2, Jokinen et al., 2020), we
further conclude that authigenic Mo sequestration at this front is likely
proceeds through the Fe sulfide pathway. Along this pathway, candidate
host phases for authigenic Mo in F5 include pyrite (Huerta-Diaz and
Morse, 1992; Bostick et al., 2003; Vorlicek et al., 2004; Sundby et al.,
2004; Tribovillard et al., 2008; Morgan et al., 2012) and discrete
nanoscale Fe-Mo-S phases such as FeMoSy4 (Helz et al., 2011; Vorlicek
et al., 2018; Helz and Vorlicek, 2019). Considering the broadly similar
reactivity of Mo hosted in pyrite and in colloidal FeMoS,, and that the
disulfide ligands in FeMoS, precipitates might attach on pyrite surfaces
(Vorlicek et al., 2018), our sequential extraction data does not allow us
to constrain the relative importance between these two potential host
phases.

Irrespective of the exact coordination environment of Mo seques-
tered at the upper boundary of the SMTZ, we infer that the solid-phase
uptake of Mo through the Fe sulfide pathway at relatively low and
seasonally variable £S? levels is stimulated by two specific factors.
Firstly, locally elevated sulfide concentrations likely prevail within OM-
rich microenvironments, wherein the rate of organo-clastic SO%
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Fig. 6. (A) Cross-plots for authigenic Mo versus Cy, total S, and the sum of Mo in fractions F1 and F5. (B) Cross-plots for authigenic U versus Cqg, total S, and the

sum of U in fractions F2 and F5.
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reduction is high (e.g. Widerlund et al., 2012). Such microniches have
been proposed to act as hot spots for authigenic Mo uptake in sedi-
mentary environments characterized by low bulk pore water S levels
(Zheng et al., 2000; Helz et al., 2004). In addition, solid-phase seques-
tration of Mo at this front is likely stimulated by seasonal fluctuations in
the vertical position of the diagenetic zonation (Fig. 3), which augments
S? production at the upper boundary of the SMTZ (e.g. Rozan et al.,
2000; Dahl et al., 2013). This zero-valent S, in turn, enhances authigenic
Mo uptake via ligand-induced reduction of thiomolybdate Mo from the
oxidation state of VI to IV, which is thought to trigger effective Mo
scavenging from solution into Fe sulfides (Vorlicek et al., 2004; Dahl
et al., 2013; Freund et al., 2016). Further in this vein, conditions
favorable for Mo sequestration through this mechanism should also be
conducive for efficient pyrite formation (Vorlicek et al., 2004; Rickard
and Morse, 2005; Rickard and Luther, 2007), which concurs with the
coincident downward increase in solid-phase S content and a decline in
Fe/S ratio at the upper boundary of the SMTZ (Fig. 4), suggesting pyrite
formation.

The occurrence of another, deeper front of authigenic Mo seques-
tration at higher ¥S% levels could denote the depth where [H2Syq]
permanently exceeds 11 pM (Fig. 5). While Mo fixation at the upper
boundary of the SMTZ is plausibly kinetically limited by incomplete
conversion of MoO%’ to MOS?{ resulting from seasonal fluctuations in
[H2Szq] (Erickson and Helz, 2000; Dahl et al., 2010), the permanently
high sulfide levels deeper within the SMTZ promote establishment of a
thermodynamic equilibrium in the dissolved Mo pool. The implication
of this difference is that in the deeper front of authigenic Mo seques-
tration, dissolved Mo is almost exclusively in the form of MoS%", which
exhibits substantially stronger particle-affinity than oxythiomolybdates,
leading to efficient Mo burial within this zone (Bostick et al., 2003; Helz
et al., 2004; Dahl et al., 2010).

In contrast to the upper front of authigenic Mo sequestration, a
substantial component of solid-phase Mo uptake at the deeper front
resides in the extremely labile fraction F1 in addition to F5 (Fig. 5). This
observation is novel and potentially critical in understanding the
mechanisms of authigenic Mo uptake and burial. Based on the extremely
labile character of F1, we infer that the host phases for Mo in this
fraction comprise metastable/labile phases along the Fe sulfide and/or
OM pathways, potentially recording an intermediate step in authigenic
Mo sequestration. The enhanced particle affinity of MoO4.4S2~ species
with increasing degree of sulfidization (Bostick et al., 2003; Helz et al.,
2004; Xu et al., 2006; Dahl et al., 2010) would imply that less sulfidized,
weakly-sorbed intermediate thiomolybdates are plausible candidate
phases. However, we note that this interpretation contrasts with the
predominance of MoS7 in the dissolved Mo pool at the prevailing high
¥S% in this zone. Alternatively, if low dissolved Fe levels in the SMTZ
(Fig. 3) suppress Mo scavenging via the Fe sulfide pathway as suggested
in previous studies (Zheng et al., 2000; Helz et al., 2011; Vorlicek et al.,
2018), formation of organic thiomolybdates upon thiolation of OM is a
possible interpretation (Adelson et al., 2001; Tribovillard et al., 2004;
Freund et al., 2016; Wagner et al., 2017).

A further alternative explanation for the occurrence of Mo in F1 is the
potential redistribution of trace metals upon sample pretreatment by
freeze-drying (e.g. Kersten and Forstner, 1986; Bordas and Bourg, 1998;
Hjorth, 2004) from the refractory fractions towards more labile phases.
For example, Huang et al. (2015) demonstrated that oxidation of sedi-
ment samples during the drying process may redistribute As, which
forms oxyanions similarly to Mo, from refractory sulfides and OM to
non-specifically sorbed labile phases. Yet, despite the order of magni-
tude higher total As contents in comparison to Mo, we observed no As in
F1 in our samples (Jokinen et al., 2020), indicating negligible redistri-
bution to this fraction. Furthermore, the lack of Mo in F1 within some of
the intervals of substantial Mo uptake into F5 (Fig. 5; e.g. Station 4,
22-32 cm sediment depth) suggests decoupling between Mo in F1 and
authigenic sequestration in F5, and that the former is not sourced from
oxidation of the latter. Taken together, we infer that oxidative
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redistribution from refractory phases is not a likely source for Mo in F1.

The increased importance of Mo scavenging by OM in comparison to
Fe sulfides deeper within the SMTZ is corroborated by the findings of
Tribovillard et al. (2004) who demonstrated enhanced Mo uptake by
sulfidized OM in settings typified by a surplus of dissolved sulfide with
respect to reactive Fe. This partial switch in the mode of authigenic Mo
sequestration in favor of the OM pathway could be assisted by the
downward increase in the number of reactive functional groups in DOM
with progressive OM degradation, which catalyzes OM complexation to
Mo (Wagner et al.,, 2017). However, we note that authigenic Mo
sequestration may simultaneously proceed through both the Fe sulfide
and the OM pathways, as suggested by the uptake of Mo into two con-
trasting fractions (F1 and F5) at this deeper front.

Considering both of the sequestration fronts together, we infer that
authigenic Mo uptake in the studied sediments predominantly proceeds
through the Fe sulfide pathway, as suggested by the coupling between
Moys and solid-phase S (Fig. 6A), which serves a first-order proxy for
pyrite content in Pojo Bay sediments (Jilbert et al., 2018). This assertion
in line with the growing body of evidence that the Fe sulfide pathway
largely controls sedimentary Mo sequestration in organic-rich sediments
(Vorlicek et al., 2018; Helz and Vorlicek, 2019). Accordingly, in contrast
to the suggested intimate association between Mo sequestration and
sedimentary OM (Algeo and Lyons, 2006; Lyons et al., 2009; Dahl et al.,
2017; Wagner et al., 2017), these parameters are decoupled in our data
(Fig. 6A).

4.3. Mechanisms of authigenic U sequestration

Similarly to Mo, the consistent drawdown of pore water U contem-
poraneously with an increase in Uxg clearly signals initiation of authi-
genic sequestration at the upper boundary of the SMTZ (Fig. 5). This
contrasts with the general view that the onset of authigenic U seques-
tration occurs at shallower depth in the sediment than that of Mo (e.g.
Morford et al., 2009a) due to the microbially-mediated coupling be-
tween U(VI) reduction to U(IV) and reductive Fe dissolution (Klink-
hammer and Palmer, 1991; Chaillou et al., 2002; Morford et al., 2005;
Scholz and Neumann, 2007; Morford et al., 2009a). Our results therefore
favor the alternative interpretation that the reduction of U is linked to
SO?{ reduction instead (Lovley et al., 1991, Lovley and Phillips, 1992;
Hyun et al., 2012; Bargar et al., 2013; Gallegos et al., 2013; Lee et al.,
2013; Bone et al., 2017).

Analogously to Mo, the Uxg profiles point to intensified authigenic
sequestration of U deep within the SMTZ, where permanently high £5%
levels are sustained (Fig. 5), further suggesting coupling between SO3
reduction and U immobilization. Sulfate-reducing bacteria may use U
(VI) as an electron acceptor (Lovley et al., 1991, Lovley and Phillips,
1992; Bargar et al., 2013; Zhou et al., 2014; Stylo et al., 2015), and
several studies have highlighted that Fe sulfides may participate in the
reduction of U(VI) (Wersin et al., 1994; Scott et al., 2007; Descostes
et al., 2010; Hyun et al., 2012; Bargar et al., 2013; Gallegos et al., 2013;
Lee et al., 2013; Bone et al., 2017). In addition, it has been demonstrated
that U(VI) reduction may be coupled to sulfide oxidation in anoxic
aqueous systems with a low carbonate content (Hua et al., 2006; Zhou
et al., 2014; Stylo et al., 2015), compatible with the conditions within
the SMTZ of this study. Finally, both experimental work (Zhou et al.,
2014) and field-based investigations (Wang et al., 2014) suggest that the
removal efficiency of U is effectively controlled by the relative abun-
dances of dissolved Fe?>" and S, whereby an excess of sulfide promotes
U immobilization. These studies collectively demonstrate coupling be-
tween sulfide-generating processes and authigenic U uptake, potentially
explaining the observed U sequestration deep within the SMTZ (Fig. 5)
where sulfide abounds.

The sequential extraction data suggests that authigenic U predomi-
nantly resides in fractions F2 and F5. This is evidenced by the concurrent
increases in Uxs and U content in F2 and F5 (Fig. 5) alongside with the
overall strong coupling between Uxs and Ugz.ps (Fig. 6B). Furthermore,
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as opposed to Mo, we observe no marked changes in authigenic U
speciation with depth (Fig. 5). With respect to the F5, we postulate that
the most plausible host phase for authigenic U uptake in this fraction is
crystalline urananite. This contention is based on the relatively re-
fractory character of crystalline uraninite especially under reducing
conditions with low carbonate concentration (Senko et al., 2007; Ulrich
et al., 2008; Sharp et al., 2011; Cerrato et al., 2013) and its generally
accepted role in the sequestration of authigenic U (Klinkhammer and
Palmer, 1991). Noteworthy is also that Fu et al. (2018) observed
dissolution of uraninite in the Fe-Mn oxide fraction (extracted with
hydroxylamine) of their sequential extraction procedure. This implies
that, since we were not able to measure U in F3, at least a part of the
authigenic U in our F5 might in fact dissolve already in F3 (cross over
effect). Furthermore, in addition to uraninite, part of the U sequestered
in F5 could be associated with pyrite (Wersin et al., 1994; Scott et al.,
2007; Descostes et al., 2010), as suggested by the coupling between
solid-phase S content and Uyxg (Fig. 6B).

In contrast to F5, more labile host phases must be invoked to explain
the presence of authigenic U in F2. Indeed, recent studies on U
biogeochemistry emphasize the role of ‘monomeric’ non-uraninite U(IV)
in authigenic U sequestration (Bernier-Latmani et al., 2010; Sharp et al.,
2011; Boyanov et al., 2011; Bargar et al., 2013; Newsome et al., 2015;
Stylo et al., 2015; Bhattacharyya et al., 2017; Bone et al., 2017). This
non-crystalline U(IV) is fixed in the sediment primarily through
complexation with OM (Bernier-Latmani et al., 2010; Bargar et al.,
2013; Bhattacharyya et al., 2017 Bone et al., 2017) and exhibits greater
lability than uraninite due to the lack of direct bonding between U atoms
(hence the term ‘monomeric’) (Sharp et al., 2011; Alessi et al., 2012,
2014; Cerrato et al., 2013; Stylo et al.,, 2015). These findings are
compatible with the occurrence of authigenic U in F2, and, indeed, Fu
et al. (2018) found that monomeric U(IV) dissolved in the carbonate
fraction (extracted with NH4OAc in 2 M HOAc) of their sequential
extraction scheme. Further support for the contribution of monomeric U
(IV) in F2 is provided by the suggested inhibition of uraninite precipi-
tation in the presence of phosphate (Bernier-Latmani et al., 2010; Boy-
anov et al., 2011; Veeramani et al., 2011), which is observed in high
concentrations within the SMTZ at our study sites (Fig. 3). Taken
together, we conclude that the observed occurrence of two different
pools of authigenic U (F2 and F5) supports the previous assertions that U
(IV) in OM-rich sediments is principally a mixture of monomeric U(IV)
and uraninite (Sharp et al., 2011; Alessi et al., 2012; Bargar et al., 2013).

4.4. Relative efficiencies of authigenic Mo and U sequestration and the
balance between diffusive fluxes and mass accumulation rates

Depth variations in dissolved and solid phase Mo/U ratios allow us to
compare the relative efficiencies of authigenic sequestration of Mo and
U (Fig. 5). A general feature of Mo/U profiles is a shift to lower dissolved
Mo/U paralleled by an increase in solid-phase Mo/U at the upper
boundary of the SMTZ. This inverse pattern between Mo/U ratios for
solid and dissolved phase with sediment depth clearly illustrates the
non-linear response of Mo sequestration upon the activation of the
‘geochemical switch’ (Helz et al.,, 1996). Overall, the authigenic
sequestration in the solid-phase is substantially more pronounced for Mo
than for U at our study sites, contrasting with the general paradigm that
U is more effectively incorporated in sediments in non-euxinic settings
where sulfide is restricted to pore waters (Algeo and Tribovillard, 2009).
However, this observation is in line with studies from continental
margin settings, where it has been observed that the efficiency of
authigenic Mo sequestration increases with respect to U as pore water
oxygen concentrations decrease and sulfide levels increase (McManus
et al., 2006; Morford et al., 2009a).

In order to determine whether the studied sediments are at a steady-
state with respect to Mo and U sequestration rates, we compared the
downward diffusive fluxes of these elements in the pore waters with
average authigenic mass accumulation rates (MARs of Moyxs and Uxs)
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within the SMTZ (Table 3, see also Fig. S1). These estimates suggest that
the downward diffusive fluxes of Mo and U from the zone of OCR-Fe-Mn
towards the SMTZ are generally slightly lower than the average MARs of
Mogs and Uxg within this zone, although of a similar order of magnitude.
Specifically at Stations 2 and 3, there is a remarkable balance in the Mo
and U budgets, suggesting at least quasi-steady-state conditions,
whereas at Station 4 the authigenic sequestration rates of Mo and U
more substantially exceed the downwards diffusive fluxes.

The imbalances in some of the Mo and U budgets imply that an
additional source of dissolved Mo and U needs to be invoked to explain
the observed rates of sequestration in the SMTZ. We suggest that the
mismatches are at least partly attributed to upward diffusion from a
deep-sourced supply, which is supported by the increasing pore water
Mo and U at the bottom of the cores (Fig. 5). Indeed, the corresponding
diffusive flux calculations suggest that a deep source may account for a
substantial portion of the authigenic Mo and U sequestration within the
SMTZ (Table 3). This deep generation of dissolved Mo and U is plausibly
linked to anaerobic oxidation of methane (AOM) by Fe-Mn (oxyhydr)
oxides (Beal et al., 2009; Egger et al., 2015), which is an active process
below the SMTZ in Pojo Bay sediments (Myllykangas et al., 2020b). In
addition to the deep-sourced supply, the mismatches in Mo and U mass
balances could reflect uncaptured seasonal changes in their supply from
above the SMTZ, possibly ascribed to Mn refluxing (Adelson et al., 2001;
Sulu-Gambari et al., 2017). Finally, we note that the negative mass
balances could also be partly attributed to the effects of bioturbation and
bioirrigation (Morford et al., 2009a), which are ignored in our diffusive
flux calculations.

4.5. Implications for utilizing Mo and U as paleo-redox proxies

4.5.1. The limiting factor for authigenic Mo and U sequestration

The authigenic sequestration of Mo and U observed at our study
locations supports the potential of these elements to track changes in
bottom water oxygenation in non-euxinic settings. Although the
amplitude of authigenic enrichment is relatively modest for both ele-
ments, we suggest that the rate of their solid-phase uptake is strongly
dependent upon the vertical positioning of the SMTZ in such settings
(Fig. 7), since this largely dictates the diffusive flux of dissolved Mo and
U to the zone of their authigenic sequestration.

With respect to Mo, our findings are in line with previous studies that
highlight the importance of pore water sulfide fronts in dictating the rate
of authigenic sequestration in eutrophic but generally non-euxinic
coastal settings (Zheng et al., 2000; Adelson et al., 2001; Sundby
et al., 2004; Helz and Adelson, 2013; Jokinen et al., 2018). The largely
analogous behavior of U strongly suggests that these same factors are
limiting its solid-phase uptake within the sediment. This first-order
control of SMTZ characteristics over U uptake adds to the list of previ-
ously suggested limiting factors for authigenic U sequestration including
OPD, delivery of OM, and the rates of organo-clastic reduction of Fe and
SO?{ (Klinkhammer and Palmer, 1991; McManus et al., 2005; Morford
et al., 2009a,b).

The overriding control of the depth and intensity of SMTZ on Mo and
U sequestration implies that their authigenic uptake is not merely a
function of OM delivery, but it more accurately mirrors the balance
between the inputs of labile OM and electron acceptors at the seafloor
(Middelburg and Levin, 2009). This suggests that authigenic seques-
tration of Mo and U is augmented when the balance shifts in favor of
labile OM, which leads to shoaling of the SMTZ in the sediment column.
In such conditions, bottom water oxygen concentration and OPD are
very likely to decline, suggesting that the rates of authigenic Mo and U
uptake indirectly track redox-conditions at the seafloor. Despite this link
between OM delivery and the depth of SMTZ, however, it is important to
note that Corg may be decoupled from authigenic Mo and U in sediment
compositional data (Fig. 6) since the solid-phase uptake of the two
metals commences relatively deep within the sediment column.

To effectively assess the applicability of sedimentary Mo and U to
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Table 3
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Calculated diffusive fluxes (F) of Mo and U. Down arrows represent downward fluxes from the zone of OCR-Fe-Mn towards the SMTZ, where authigenic sequestration
of Mo and U occurs. Plain numbers indicate diffusive fluxes between bottom waters and the SMTZ, while numbers in brackets represent diffusive fluxes at the upper
boundary of the SMTZ caused by particulate shuttling. Up arrows denote deep-sourced upward fluxes. Estimates for average mass accumulation rates of authigenic
(XS) Mo and U within the SMTZ are also shown. All values are given in umol/m?/yr.

Station Moxs Fvo | Fyo 1 Fvo | Uxs Fyl Fy1 Fyl
MAR 2016 2016 2017 MAR 2016 2016 2017
St1 27.3 6.3 (28.5) 1.3 1.9(21.4) 3.0 0.5 0.1 0.3
St2 9.0 (11.7) 6.2 1.5 (1.4 0.4
St3 10.6 (9.2) 2.6 (0.6) 0.1
St4 18.8 3.1 9.2) 4.5 0.5 0.3(1.1)
Background Mo and U Authigenic Mo and U between Stages 2 and 3 Fig. 7. Conceptual model for authigenic Mo and U
Authigenic Mo and U at Stage 2 Authigenic Mo and U at Stage 3 sequestration over time in the study area. At Stage 1,
the lack of a shallow SMTZ impedes authigenic Mo
Stage 1 Stage 2 Stage 3 and U uptake. At Stage 2, a pronounced shallow
SMTZ was established as a response to excess human-
2 induced nutrient input in the first half of the 20th
S0, century, which initiated authigenic sequestration of
Mo and U within the sulfidic front. At Stage 3, further
aggravation of eutrophication and hypoxia driven by
multiple feedback mechanisms and climatic warming
. stimulated shoaling and intensification of the SMTZs
' and initiation of Fe-Mn AOM since the 1950s,
% resulting in shallower and more efficient sequestra-
= tion of Mo and U.
]
1= -
5 H
1]
n
CH, CH,

Establishment of
a shallow SMTZ

record past changes in bottom water oxygenation, it is necessary to
outline the potential biases inherent in these records. For example, post-
depositional remobilization, changes in the intensity of particulate
shuttling, and variations in the lock-in-depth of the authigenic signal
might compromise the viability of these redox records. Below we
address the effects of these factors in detail.

4.5.2. Effects of particulate shuttling and deep-sourced supply of dissolved
Mo and U

Particulate shuttling with Fe-Mn (oxyhydr)oxides might compro-
mise the applicability of Mo and U as direct proxies for bottom water
oxygenation in non-euxinic settings. Similarly to the seasonally anoxic
Chesapeake Bay, we expect that the particulate shuttling-induced de-
livery of Mo associated with recycling of Fe-Mn (oxyhydr)oxides at our
sites may become amplified with progressive deoxygenation (Eaton,
1979; Shaw et al., 1994; Adelson et al., 2001; Morford et al., 2007). This
would lead to enhanced diffusive fluxes of Mo and U to the SMTZ with
aggravation of hypoxia. The important implication of this is that par-
ticulate shuttling is likely to augment authigenic Mo and U sequestration
upon declining oxygen levels in the bottom waters.

Similarly to particulate shuttling, the inferred upward diffusive
fluxes of Mo and U to the SMTZ from a deep source could modulate the
rate of authigenic Mo and U uptake irrespective of changes in bottom
water oxygenation. However, temporal variations in the rate of Fe- (and
likely also Mn) assisted AOM are primarily driven by vertical migrations
in the diagenetic zonation, whereby shoaling of the SMTZ submerges
reactive Fe oxides into the methanogenic zone and thus accelerates the

Shoaling of SMTZ
Onset of Fe-Mn AOM
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process (Rooze et al., 2016). Analogously to the effects of particulate
shuttling, this suggests that the deep-sourced flux of Mo and U is likely
augmented with decreasing bottom water oxygen levels, thereby
enhancing authigenic sequestration of Mo and U (Fig. 7).

4.5.3. Effects of lock-in-depth and post-depositional remobilization

Another important aspect that requires consideration when assessing
the applicability of Mo and U as recorders of hypoxia is the lock-in-depth
of the signal, i.e. the sediment depth where most of the authigenic
sequestration commences. The observed decimeter-scale vertical offset
between the SWI and the zone of authigenic Mo and U sequestration
(corresponding to sedimentation over multiple decades) requires
caution in the direct interpretation of high-resolution sediment profiles
as records of bottom-water oxygenation at the time of accumulation of a
given sediment horizon. In addition, upon vertical migrations of the
SMTZ, the amount of authigenic Mo and U sequestration at any given
depth likely integrates their uptake over multiple different stages
(Fig. 7), which must be considered when assessing how changes in
oxygenation have evolved. For seasonally hypoxic coastal areas, this
implies that the annual variability of seafloor oxygenation is likely
beyond the resolution of sedimentary Mo and U records.

Although post-depositional remobilization of authigenic Mo and U
might theoretically bias their ability to track past changes in bottom
water conditions, the positive mass balances (MARs of Moxg and Uxg >
diffusive fluxes) for both metals suggest that their authigenic phases are
effectively retained in the solid-phase. Based on the sequential extrac-
tions, a major proportion of the authigenic Mo is largely unreactive (F5)
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and likely preserved in sedimentary records over geological time scales.
Indeed, oxidative dissolution of authigenic Mo in F5 is highly unlikely
due to the irreversibility of the key processes preceding Mo fixation,
including the sulfidation of MOO%’ (Erickson and Helz, 2000), MOS%’
adsorption on pyrite surfaces (Bostick et al., 2003) and the precipitation
of FeMoSy (Vorlicek et al., 2018). However, the proportion of Moxg that
resides in F1 is extremely labile, and hence permanent burial of this Mo
pool is predicated upon the potential conversion into more refractory
phases in the course of diagenesis. Nonetheless, if indeed Mo in F1 is
hosted by sulfidized OM, we expect that at least part of this Mo pool
converts into more refractory forms in the course of diagenesis, as evi-
denced by the widespread preservation of such compounds in ancient
marine sediments (Helz et al., 1996; Tribovillard et al., 2004).
Similarly to Mo, the authigenic U in F5 (uraninite and pyrite-hosted)
likely remains stable during diagenesis, while that in F2 (monomeric U
(IV)) is expected to be more prone to oxidative dissolution (Wan et al.,
2005; Cerrato et al., 2013; Alessi et al., 2014; Newsome et al., 2015).
Accordingly, seasonal downward migrations of the SMTZ might result in
oxidative dissolution of the authigenic U phases (Shaw et al., 1994;
Zheng et al., 2002a; Morford et al., 2009b). Nonetheless, the broadly
stagnant vertical position of the zone of reductive Fe dissolution be-
tween different seasons (Fig. 3; Myllykangas et al., 2020a) suggests that
such oxygenation events are of minor importance. We also note that
localized oxidation caused by bioirrigation might mobilize U in F2
(Zheng et al., 2002a; Morford et al., 2009a), but this is unlikely at our
study sites since the authigenic U uptake commences within the SMTZ,
where burrowing by macrobenthic fauna is effectively prevented by the
relatively high £5% levels (Fig. 5; Diaz and Rosenberg, 1995).

4.5.4. A conceptual model for authigenic Mo and U sequestration in non-
euxinic coastal settings with a shallow SMTZ

In Fig. 7 we have compiled the evolution of authigenic Mo and U
sequestration in a scenario relevant for the coastal Baltic Sea (cf. Jokinen
et al.,, 2018). Stage 1 in the scenario represents the period prior to
eutrophication (before the 20th century), when authigenic uptake of Mo
and U was negligible due to the absence of a shallow SMTZ. In the first
half of the 20th century (Stage 2), excess anthropogenic nutrient loading
from the catchment augmented the delivery of OM to the sediments,
thereby causing establishment of a shallow SMTZ and onset of authi-
genic Mo and U uptake. Since the 1950s, intensification of agricultural
practices and climatic warming have aggravated eutrophication and
hypoxia (Stage 3), promoting substantial shoaling and amplification of
the STMZ and onset of Fe-Mn-mediated AOM, hence further enhancing
the authigenic sequestration of Mo and U. Despite the reductions in
anthropogenic nutrient loading in the 21st century, feedback mecha-
nisms associated with eutrophication and hypoxia (Vahtera et al., 2007;
McCrackin et al., 2018) together with the large pool of reactive OM
accumulated over the past decades are likely to sustain a shallow SMTZ
and effective Mo and U sequestration for decades. The Mo and U en-
richments that result from this sequence of events are strongly focused
into a single large peak representing the mature position of the SMTZ
(Fig. 7).

We postulate that this conceptual model for authigenic Mo and U
sequestration in response to the shoaling of the SMTZ could be appli-
cable not only in the coastal Baltic Sea but also in other low-salinity
systems affected by anthropogenic eutrophication and associated bot-
tom water deoxygenation. However, we caution that global-scale inter-
site comparisons of bottom water oxygenation solely based on Moxs and
Uxs will be complicated due to the number of site-specific factors that
modulate the absolute rate of the authigenic sequestration (Algeo and Li,
2020; Algeo and Liu, 2020). For example, sedimentation rate modulates
the amplitude of trace metal enrichments (e.g. Sageman et al., 2003;
Lyons and Kashgarian, 2005; Liu and Algeo, 2020), underlining that the
accuracy of inter-site comparisons can be significantly improved by
assessing the MARs of Moxs and Uxs. Yet, our model implies that long
term (multi-decadal or longer) fluctuations in Moys and Uxg in any given
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coastal setting qualitatively track past fluctuations in the bottom water
oxygenation through its influence on the depth of the SMTZ.

5. Conclusions

This study sheds light on the mechanisms of authigenic sequestration
of Mo and U in a eutrophic, low-salinity coastal setting, where high rates
of OM deposition have led to a shallow positioning of the SMTZ within
the sediment column. Authigenic uptake of the two metals is triggered
within the SMTZ, where dissolved sulfide accumulation increases the
particle affinity of dissolved Mo and U species, hence reducing their
solubility. Our results emphasize the key role of the depth and intensity
of the SMTZ in dictating the rate of authigenic sequestration of both Mo
and U, whereby shoaling of the diagenetic zonation catalyzes their
uptake.

Based on our sequential extraction results, the majority of the
authigenic Mo resides in pyrite and/or nanoscale FeMoS, precipitates in
the residual fraction, evidencing that Mo uptake is dominated by the Fe
sulfide pathway. However, part of the Mo pool is extremely labile,
potentially recording an intermediate phase in the authigenic seques-
tration process. The host phases and the ultimate fate of this labile Mo
pool remain elusive, but we infer that the occurrence of these Mo species
might reflect formation of organic thiomolybdates upon thiolation of
OM deep within the SMTZ, where dissolved Fe levels remain low.
Similarly to Mo, the speciation of authigenic U is bimodal; part of this
pool dissolved already in the second stage of our sequential extraction
scheme, while the rest was substantially more refractory and resided in
the residual fraction. We infer that the refractory phases record authi-
genic U uptake mainly in the form of crystalline uraninite, whereas the
more labile phases are comprised of monomeric U(IV) principally
associated with biomass. Based on the close coupling between Uxs and
pore water =S%, sequestration of U into both of these authigenic pools is
plausibly linked to accumulation of dissolved sulfide.

Our results strongly suggest that authigenic forms of Mo and U
remain largely immobile in the sediment, signaling their potential to
track past changes in bottom water oxygenation. In a broad context, our
findings suggest an indirect link between deoxygenation and authigenic
sequestration of Mo and U in eutrophic low-salinity coastal settings,
since shoaling of the SMTZ is often accompanied by decreasing bottom
water oxygen levels. However, while these proxies are potentially viable
paleo-redox recorders within a given coastal area, the multitude of other
site-specific forcing factors renders global-scale comparisons of bottom
water oxygenation between different coastal settings merely based on
authigenic Mo and U uptake unfeasible. In addition, the temporal res-
olution of Mo- and U-based redox reconstructions in these environments
is compromised by their deep and potentially time-variant depth of
sequestration, which should be considered when assessing past changes
in the intensity of hypoxia.
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