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Abstract

Accurately interpreting the redox state of ancient seawater using the Vanadium (V) paleo-redox
proxy requires us to have a comprehensive understanding of the sinks that might impact vanadium’s
cycling in the ancient ocean. Ferromanganese (oxyhydr)oxides accumulating in sediments beneath
oxic seawater probably constitute the largest modern sink of marine V. In many oxic sediment sinks,
V enrichments are low relative to the crustal background, and authigenic 8°'V values (where §°'V =
1000 %o * [C'V/'Vsample — > V2V Alfa-aesar)/ V'V alfa-aesar) ]) are offset from seawater §°'V by -1.1
%0. However, recent evidence supports the existence of an efficient V-Fe-Mn-(oxyhdyr)oxide sink
on some portions of the oxic continental margin (OCM). Prior to the observation of V enrichments
in the aforementioned OCM sediments, efficient V removal from oxic seawater had primarily been
described near hydrothermal plumes and seeps. Moreover, most of the OCM is likely not enriched
in V, implying that OCM V enrichment may be produced by an unconstrained, and potentially
inhomogeneous, V sink. One such V enriched OCM basin can be found in the Skagerrak seaway,
located between Norway and Denmark. In this study, we report §°'V values and V, Mn, and Fe
concentrations from sediments collected from the shelf, slope, and deep basin of the Skagerrak.
Elemental concentrations were measured from porewaters, and from sediment solids using a novel

sequential extraction method that distinguishes between V bound to Fe- and Mn- (oxyhydr)oxides.

Vanadium sequestration rates into the deep basin of the Skagerrak are at least 10x higher than rates
reported from typical OCM sediments. Authigenic V delivery into the Skagerrak basin is primarily
driven by an allochthonous Fe-(oxyhydr)oxide sink that reproduces the typical V-(oxyhydr)oxide
isotopic fractionation factor of -1.1 %o. Additionally, we hypothesize that Mn-oxides precipitating
from Mn?" effluxing from shelf sediments enhance the V sink in the deep basin of the Skagerrak.
Authigenic V concentrations are dominated by Mn-oxides in the top sediment of the Skagerrak
basin, the only sediments in our data set where Mn concentrations are diagenetically enriched
enough to approach Fe concentrations. These deep basin top sediments display a unique authigenic
V isotope fractionation relative to seawater <0.9%o, suggesting that V-Mn-oxide precipitation may
attenuate the V isotopic fractionations typically induced by adsorption onto (oxyhydr)oxide
minerals. The allochthonous Fe-(oxyhydr)oxide V sink increases in importance from shelf — basin
while the diagenetic Mn-oxide V sink is uniquely important in the basin, suggesting that a basin
shaped hydrography may be one critical factor enhancing V delivery into OCM sediments. Much of
the sedimentary archive heretofore analyzed for V was deposited in epicontinental basins. Caution

should therefore be applied when using V to interpret the redox state of the ancient seawater that
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once over lied sediments depositing in basins. Moreover, our results imply that Mn-oxides will be
an important V sink from seawater when they are diagenetically enriched, and that diagenetically
precipitated (oxyhydr)oxides in general may induce distinct, and previously unrecognized, V

isotopic fractionations from seawater.

keywords: Vanadium cycling; Vanadium isotopes; paleo-redox proxy; diagenesis; continental

margin
1 Introduction

Reliable geochemical proxies for marine redox conditions can constrain the chemical and biological
processes that operated in ancient oceans, supporting efforts to resolve the history of Earth’s
oceanic and atmospheric chemistry. The concentration and isotopic composition of the redox-
sensitive metal vanadium (V), as preserved in the paleo-record, are currently being used as proxies
for ancient seawater redox chemistry (e.g. Li et al., 2023; Wei et al., 2023; Heard et al., 2023; Fan et
al., 2021; Han et al., 2018; Ostrander et al., 2017). Presently, models of global marine V cycling
assume that sinks in anoxic seawater will remove V from the ocean efficiently compared to sinks in
oxic seawater (Little et al., 2025; Nielsen, 2021). As a consequence, the isotopic composition and
concentration of V dissolved in seawater is expected to be particularly sensitive to changes in ocean

anoxia over geologic time (Nielsen, 2021).

The analysis summarized above is based on a paucity of V concentrations measured from modern
marine sediments (i.e. Vsed), spread amongst depositional environments with different redox
chemistries (e.g. Little et al., 2025; Nielsen, 2021; Bennett and Canfield, 2020). Namely, sediments
underlying anoxic seawater consistently show Vseq enrichments (Nielsen, 2021; Bennett and
Canfield, 2020) relative to the upper crustal background (e.g. Rudnick and Gao, 2014), while
sediments underlying oxic seawater often show Vseq enrichments consistent with or slightly above
(Nielsen, 2021; Bennett and Canfield, 2020) the crustal background. Important exceptions to the
dependency of Vseq enrichments on anoxia in overlying waters have been recognized. For example,
dissolved V can become depleted in restricted anoxic water columns, limiting Vseq enrichments in
underlying sediments (Bennett and Canfield, 2020; Calvert and Pedersen, 1993). Furthermore, Vseq
can become enriched in sediments near hydrothermal plumes despite oxic seawater conditions
(Trefry and Metz, 1989), as reviewed in more detail below. Applying the V redox proxy, therefore,

requires careful consideration of how vanadium’s geochemical signal is sensitive to water column
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redox conditions, and when other factors may influence V geochemical signals in the sedimentary

archive.

Recent data published from some portions of the oxic continental margin (OCM) highlight another
potential exception to the dependency of Vseq enrichments on anoxia in overlying waters. Some
OCM sediments not impacted by hydrothermal activity, recently analyzed for Vseq, yield V
enrichments comparable to those reported from sediments impacted by both hydrothermal activity
and anoxic seawater (Paul et al., 2024; Li et al., 2021; Bennett and Canfield, 2020). Considering
these most recent data, the OCM should not be treated as a homogenous environment regarding V
geochemistry. The potential mechanisms responsible for enriching V on the OCM, and their
importance relative to one another, have yet to be established, and therefore cannot easily be
incorporated into models of global V cycling. These processes must be identified in order to
understand their relevance to V geochemical signals in sedimentary archives, and to better

understand V cycling in the modern ocean.

Vanadium is primarily removed from seawater by particulate scavenging (Crans et al., 1998; Wanty
and Goldhaber, 1992; Baes and Mesmer, 1976) that is less efficient in the presence of oxygen due to
the redox chemistry of V (Wehrli and Stumm, 1989). Above concentrations of 10 um dissolved O
(Wehrli and Stumm, 1989) vanadate dominates the dissolved V pool, typically speciating as the
highly soluble oxyanion HoVO4™ (Breit and Wanty, 1991; Shaw et al., 1990; Wehrli and Stumm,
1989). As evidence of its high solubility, vanadate shows a homogenous global concentration of
~1.8 ng L' in oxic seawater (Li et al., 2025; Ho et al., 2018; Middelburg et al., 1988; Collier, 1984)
with a residence time of roughly 91 kyr, almost two orders of magnitude higher than the mixing
time of the global ocean (Nielsen, 2021). Despite the solubility of vanadate, most V sequestered
into sediments from the modern ocean is believed to be removed from oxic seawater, by an
inefficient but globally ubiquitous ferromanganese (oxyhydr)oxide sink (Little et al., 2025; Nielsen,
2021).

The importance of Fe-(oxyhydr)oxides, in particular, for V removal from the ocean was first
observed in hydrothermal plumes and sediments. Fresh, Fe-(oxyhydr)oxide rich particulates
precipitating from various hydrothermal outflows host remarkably high V enrichments relative to
crustal references (Feely et al., 1998; Trefry and Metz, 1989). Similarly high V enrichments are also
present in sediments collected near these hydrothermal plumes (Trefry and Metz, 1989), directly

connecting V enrichments in hydrothermally altered sediment sinks to V-Fe(oxyhydr)oxide
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reactions in seawater. Comparably mild, but significant, V enrichments are also present in Fe- and
Mn-rich pelagic clays (Chester and Jickells, 2012; Li and Schoonmaker, 2003; Thomson et al.,
1984). It is these pelagic V enrichments, in combination with the extensive seafloor area covered by
oxic pelagic waters, that have been used to estimate the large contribution of the oxic sink to annual

rates of dissolved V removal from the modern ocean (Little et al., 2025; Nielsen, 2021).

However, the global importance of Fe-(oxyhydr)oxides relative to other potential particulate sinks,
and the reactivity of (oxyhydr)oxides in all modern oxic environments, has not yet been resolved
(Little et al., 2025; Nielsen, 2021). In many OCM and pelagic settings, the (oxyhydr)oxide minerals
present in the water columns must constitute relatively unreactive phases, to explain the muted V
enrichments observed from suspended particulates (Ho et al., 2018; Collier, 1984) and sediments
(Bennett and Calfield, 2020; Thomson et al., 1984). In contrast, both Fe-(oxyhydr)oxides and Mn-
oxides appear to be efficient V sinks from seawater along the Siberian Chukchi margin of the Arctic
(Li et al., 2021). Specifically, V is enriched with Fe-(oxyhydr)oxides on suspended particulates
(Whitmore et al., 2019) and in sediments (Li et al., 2021) on the shelf and is enriched with both Fe-
and Mn- (oxyhydr)oxides in the deep basin (Li et al., 2021). Therefore, Mn-oxides might in fact
compete with Fe-(oxyhydr)oxides as a V sink on some portions of the OCM, adding inhomogeneity

to V cycling in oxic seawater.

In addition to water column processes, V sequestration onto Mn- and Fe- (oxyhydr)oxides has been
described in relationship to diagenetic cycling within the sediment column (Morford et al., 2005;
Morford and Emerson, 1999). Below the depth of oxygen penetration in sediments, dissimilatory Fe
and Mn reduction results in the dissolution of (oxyhydr)oxide minerals and the release of reduced
Fe(Il) and Mn(II) into porewaters (e.g. Burdige, 1993; Lovley, 1991; Froelich et al., 1979). Any V
adsorbed to these oxides will be liberated to porewaters as Fe/Mn dissimilation proceeds (Morford
and Emerson, 1999), resulting in fluxes of dissolved Fe, Mn and V upwards in the sediment column
(Morford et al., 2005). Up-fluxing Fe and Mn can re-precipitate as (oxyhydr)oxide minerals in the
upper sediment column by reacting with oxygen, or in the case of Fe(Il) with Mn-oxide (Burdige et
al., 1993; Lovley, 1991). As dissolved V has been observed to co-precipitate with (oxyhydr)oxides
in experimental settings (e.g. Shieh and Deudall, 1988; Takematsu et al., 1985), V enrichments in
sediments could therefore also be related to oxide driven diagenesis. Thus, given the dual role of
both Fe and Mn in sequestering V, and the chance that some sequestration could be related to early
diagenesis, V-Fe-Mn couples in OCM sediments should be carefully evaluated before concluding

they are related to sequestration of V from the water column.
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Measuring vanadium’s isotopic composition in V-enriched OCM sediments may further enhance
our understanding of V cycling in oxic environments. Vanadium has two stable isotopes, >'V

(~99.75 %) and >°V (~0.25 %). The isotopic composition of V is reported using delta notation (5°'V,
%o0) (eq. 1):
851V = 1000 %o * C'V/*Veample — >'V/*Van)/ *1V/Vap eq. 1.

Here, the isotopic composition of a sample (°'V/°®Vsmple) is related to the isotopic composition of
the Alfa-Aesar (AA) standard solution (°'V/°°V ) (Nielsen et al., 2011; Prytulak et al., 2011). The
5°!V signature preserved in sediments should be sensitive to the specific processes driving the
removal of V from seawater or from porewaters (Little et al., 2025; Wu et al., 2015). For example,
authigenic V accumulating in oxic sediments is consistently depleted in >'V (8°!Voxic = -0.90 +
0.1%o0) (Wu et al., 2020) relative to seawater (8°! Voxic = +0.20 + 0.15%o) (Li et al., 2025; Wu et al.,
2019). The observed difference is consistent with isotopic fractionation during adsorption of
aqueous V to Fe-Mn-(oxyhydr)oxides (Wu et al., 2020). No diagenetic isotopic fractionations have
yet been documented for V (Little et al., 2025). Therefore, OCM sediments enriched in V present a
unique opportunity to test the sensitivity of §°'V to enhanced sequestration in oxic seawater and/or

to diagenetic recycling in sediments.

In this study, we report Vsed concentrations and 3°'V from the sediments of the Skagerrak seaway,
an OCM environment with a basin-shaped hydrography, known to host V, Mn and Fe enrichments
(e.g. Canfield et al., 1993a,b; Rajendran et al., 1992). We present a novel sequential extraction
method (Olesen et al., 2025) distinguishing between Al-bound, Mn-oxide bound, and Fe-
(oxyhydr)oxide bound vanadium, allowing us to elucidate the roles of seawater sequestration and
diagenesis in controlling vanadium’s distribution within the sediments of the Skagerrak. In
combination with porewater profiles and isotopic data, our analysis provides a wholistic view of V
cycling in the Skagerrak, with important implications for V cycling along modern and ancient

continental margins.
2 Site Description

The Skagerrak is a continental margin seaway, connecting the North Sea to the Kattegat and Danish
straits (fig. 1). The southern portion of the Skagerrak is covered by a large expanse of shallow water
(<100 m) subject to active erosion (Diesing et al., 2021). The sediment concentrations of fine

particulates (Diesing et al., 2021; Hanebuth et al., 2015), organic matter (Diesing et al., 2021; Stahl
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et al., 2004), and many metals — including V, Mn, and Fe (Siems et al., 2025; Sether et al., 1996;
Danielsson et al., 1999; Bengtsson and Stevens, 1996; Canfield et al., 1993b; Klaver et al., 1993;
Magnusson et al., 1996) — increase with water depth into the regionally deep (>650 m) Norwegian
Trench. The Norwegian Trench in the Skagerrak is separated from the North Sea by a 270 m deep
sill (Longva and Thorsnes, 1997; Stevens et al., 1996), generating a basin in the northern portion of

the seaway (fig. 1).

The basin of the Norwegian trench acts as the primary depocenter for particulate matter in the
Skagerrak region (Diesing et al., 2021; Pederstad et al., 1993; Van Weering et al., 1987; Erlenkeuser
and Pederstad, 1984). The composition of these sediments is controlled by at least three sources.
First and primarily, currents circulating into the Skagerrak from the North Sea deposit their
particulate loads beneath a central gyre forming over the Norwegian Trench (Eisma and Kalf, 1987;
Fonselius, 1990; Gyllencreutz and Kissel, 2006; Longva and Thorsnes, 1997; Rodhe, 1987).
Second, fine particulates sourced from shelf and upper-slope sediments may fall from suspension
due to a reduction in bottom water current velocity in the trench (Hanebuth, 2015). There is
evidence of sediment resuspension (Lepland and Stevens, 1996; Fengler et al., 1994; Paetzler, 1994;
Canfield et al., 1993b) that may be transported into the basin of the Skagerrak by laminar currents
flowing along the seafloor (Van Weering et al., 1993). Lastly, 15% or more of the sediment mass
deposited in the Skagerrak can be ascribed to local river inflows and the Kattegat (Gyllencreutz and
Kissel, 2006; Bengtsson and Stevens, 1996; Longva and Thorsnes, 1997; Lepland and Stevens,
1996; Pederstad et al., 1993).

The Skagerrak is an excellent test for how V geochemistry can be driven by differences in Fe- and
Mn- (oxyhydr)oxide diagenesis. Moving from shelf to basin, solid sediment concentrations of Fe
and Mn increase (e.g. Siems et al., 2025; Kristensen et al., 2018; Reyes et al., 2017; Dale et al.,
2008; Knab et al., 2008; Thamdrup and Dalsgaard, 2000; Fengler et al., 1994; Canfield et al.,
1993a,b), and Mn concentrations in basin sediments are high enough to exceed Fe concentrations
(Canfield et al., 1993b). These high Mn concentrations are unusual, and the Mn is thought to derive
from Mn?" lost by diffusion from shelf sediments (Canfield et al., 1993b). Indeed, the basin of the
Skagerrak is special in that dissimilatory Mn-reduction accounts for nearly all carbon oxidation in
the deepest Mn-rich sediments (Canfield et al., 1993b), a situation only rarely observed in the
modern ocean (Lovley, 1991). Moving southwards and into shallower water, dissimilatory Mn
reduction is less important for carbon oxidation. Instead, slope and shelf sediments are dominated

by iron and sulfate reduction (Canfield et al., 1993b). Sampling in the Skagerrak therefore allows us
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to observe the behavior of vanadium in sediments experiencing variable Mn and Fe inputs, and
variable rates of Mn-driven diagenesis and Fe-driven diagenesis, within the same depositional

region.
3 Methodology

3.1
Sampling

We sampled a transect along the Skagerrak seaway aboard the R/V Skagerrak, between the 12" and
18" of December 2021. Three sites were sampled (fig. 1, tbl. 1), covering a range of
biogeochemical, compositional, and hydrographic contexts present in the region. Site 4 (S4, 182 m
water depth) was located on the Danish shelf. Sites 6 (S6, 392 m water depth) and 9 (S9, 687 m
water depth) were located on the slope and in the basin of the Norwegian Trench, respectively. All

three sites experience active sedimentation (Diesing et al., 2021).

All materials coming into contact with trace metal samples were acid washed in 1 M ultrapure HCI
acid or were purchased with a trace-metal free certification and will hereafter be referred to as TM-
clean. When sample filtration was necessary, disposable 0.2 pm cellulose acetate (CA) filters fitted
with a 0.7 um glass fiber pre-filter were used. Filters were pre-rinsed with 1 — 3 mL of the sample
volume before collection. Filtered waters were then preserved through the addition of concentrated
HNOs3 (2% HNO3; 98% sample). Nitric acid used for sample preservation was purchased with a

TM-clean certification and additionally distilled in house.

Seawater samples from each site were collected from a range of depths using a Sea-Bird Scientific
carousel water sampler with mounted Niskin bottles. The bottles were not specially treated for
trace-metal sampling, but the inner surface of the collection vessel was free of metal components.
For each sampled depth, 10 mL water was removed from a Niskin bottle and filtered into 50 mL,
TM-clean Falcon© tubes pre-seeded with 40 mL TM clean water (1:4 sample:dilutant). These
samples were then acidified for preservation. The TM clean water was prepared by feeding water

from a Milli-Q IQ 7000 purification system, through a Q-POD Element SMDS (18.2 MQ-cm).

Sediment samples were extracted from the seabed using a stainless-steel box-corer. Box-cored
sediments were sub-sampled using PVC plastic core-liners, and cores were taken well away from

the steel-edge of the box to minimize risk of metal contamination. Short cores (75 mm internal
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diameter, 300 mm length) and long cores (97 mm internal diameter, 500 mm length) were used to
extract sediments. After collection, cores were immediately submerged into a water-bath filled with
seawater from the surface of the Skagerrak. Bath water was aerated using a portable aquarium
pump. Cores were stored up to 24 hours before processing. In all cases, undisturbed sediment cores
with well-preserved sediment-water interfaces were selected for processing. Ambient air
temperatures in the wet lab used to store and process the sediment cores ranged from 7 — 11 °C,

comparable to the 7 °C bottom water temperature consistently measured at each sampling site.

Oxygen profiles were measured in triplicate from short sediment cores collected at each site. The
profiles were measured by slowly inserting a glass micro-electrode into the sediment (Revsbech,
1983). Following oxygen measurement, the short cores were mounted into a home-built hydraulic
press designed to compress sediments and force porewaters out gradually. Water was forced through
air-tight iso-versinic tubing and allowed to drip into TM-clean Eppendorf tubes, pre-seeded with 50
uL concentrated TM-clean HNO;3 (~2 mL sample volume). This method is known as whole-core

squeezing (WCS) (e.g. Schulz and Zabel, 2006) and is detailed in supplement 1.

A single long core from each site was sectioned for trace metal analysis. Before sectioning, bottom
water was collected near the sediment-water interface with a TM-clean syringe and was filtered into
15 mL TM-clean Falcon© tubes and acidified. After bottom water sampling, cores were inserted
into a sealed plastic glove bag, which was then filled with N several times to produce a low-oxygen
atmosphere. Desired sediment horizons were sectioned using TM clean implements, and recovered
sediments were deposited in 50 mL TM clean Falcon© tubes and homogenized. After sectioning,

sampling vessels were sealed and removed from the N> atmosphere.

To separate porewaters from sediment solids, the Falcon© tubes were immediately centrifuged at
ambient air temperature for 10 minutes at 3000 RPM. Centrifuged sediment samples were
transferred to a second, clean N filled plastic glove bag. Three mL of porewater from each sample
were extracted using TM clean implements and filtered into 15 mL TM clean Falcon© tubes.
Porewater samples were acidified to 2% HNOs3 using TM-free concentrated nitric acid after removal
from the N> atmosphere. After being separated from porewaters, wet sediment solids were sealed in

their sampling vessels and then frozen. These sediments were kept frozen until analysis.
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For each site, a second long core was sectioned in open air for the measurement of sediment density
and water content. Sampled horizons were deposited into zip-tight bags, homogenized, and frozen

until analysis.

We additionally report metal concentrations measured from suspended particulate matter (SPM)
transported in five rivers (R1-R5) along the coast of Norway (fig. 1). Particulate samples from R4
and R5 are from steep rivers fed directly by mountain streams. In contrast, R1, R2, and R3 are
meandering rivers representing comparably large water sheds and larger outflows into the
Skagerrak (tbl. 1). These rivers were sampled between the 5" and 7% of April 2023. Between 1-25
mg of solid particulates were recovered. A complete report of the methodology used to sample these

sites is available in Olesen et al. (2025).

3.2

Sample analysis

3.2.1

Solid components and sediment physical properties

Frozen sediments collected for density and water content were thawed immediately before
measurement. Wet sediment aliquots were measured into pre-weighed 4 mL cut-off syringes and
weighed for the calculation of density (p, g mL™). Water content (B, gwater/gTotal X 100 %) was
calculated as the mass-lost from sediments after drying for 24 hours, at 110 °C. Density and water

content are used to calculate porosity (¢) using equation 2:

e=B/B+A-B)/p) eq. 2
3.2.2

Solid metal analyses

Our sequential extraction methodology is detailed in Olesen et al. (2025). Here, we include a
summary of the extraction steps. Before the first extraction, wet sediments were thawed and
subsampled. Subsampled wet-sediments were first immersed in NHs-acetate to remove
exchangeable cations and easily dissolved carbonate phases (Wick et al., 2020). Following this step,
Mn-oxides were targeted using hydroxylamine-hydrochloride (Neaman et al., 2004), and
subsequently, Fe-(oxyhydr)oxides were targeted with dithionite (Poulton and Canfield, 2005). After

10



286 these treatments, sediments were exposed to HNOj3 to dissolve any remaining authigenic phases
287 (e.g. Fanetal., 2021; Wu et al., 2020; Owens et al., 2017). The success of each extraction in
288  dissolving targeted minerals is evaluated in this manuscript. Any residual matter remaining after
289 these extractions was completely dissolved in boiling concentrated HNO3:HF:HCl in a 3:2:1
290  volumetric ratio (tbl. 2). The acronyms used to identify each extraction, acid molarities, and

291 extraction timetables are shown in table 2.

292  Extraction supernatants were acidified to 2 % HNO3 and monitored for precipitation prior to

293  analysis. No precipitation was observed. Elemental abundance was measured on a quadrupole-ICP-
294 MBS, Agilent 7900, at the University of Southern Denmark. Measurements were performed using He
295  collision cell technology, and plasma suppression was corrected for by normalizing to an on-line
296  addition of Scandium, Rhodium, Indium, and Iridium. Calibration standards were prepared from
297  stock solutions and were matrix matched with extraction solutions. An additional dilution by 8x or
298  25x Ar gas was applied to account for high dissolved element concentrations in sample matrices.
299  We report uncertainties as the 2se of a replicate extraction (n = 5), split from the relatively metal-

300 poor sample S4-5.

301 3.23

302 Porewater, bottom water, and seawater analysis

303  Centrifuged porewaters, WCS extracted porewaters, seawater, and bottom-water samples were
304  analyzed at Southern Denmark University, on an Agilent 7900 quadrupole-ICP-MS. Each sample
305 was additionally diluted with 2% HNOs prior to measurement, 1:4 sample:solution. A standard
306  curve was prepared from stock solutions using the same 2% HNO3 matrix. Samples were further
307  diluted immediately before ionization by the addition of 4x argon gas to promote a stable plasma
308  stream and mitigate the risk of signal suppression due to ion precipitation on the sensor cones.
309 Reference material NIST-1643f was analyzed with each run to evaluate reproducibility and to
310  ensure precision. References were replicated within 20 % for V, Mn and Fe. We calculate sample

311  uncertainties using the 2se of a replicated standard (n = 5).

312 3.24
313  Visotope analysis

314 A single-step nitric acid extraction (tbl. 2) was used to extract V from sediments for isotope

315 analysis. This extraction has previously been used to digest the bulk of hydrogenetic and diagenetic

11
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solid phases, including (oxyhydr)oxides and exchangeable cations, without significantly digesting
solid phases transported from the upper continental crust (e.g. Fan et al., 2021; Wu et al., 2020;
Owens et al., 2017). Details of the extraction are available in Olesen et al. (2025). Potential partial
dissolution of the crustal background by nitric acid is evaluated in the present manuscript.
Following extraction vanadium was isolated from sample matrix following previously published
methods (Nielsen et al., 2019; Nielsen et al., 2011) at Woods Hole Oceanographic Institution
(WHOI). The complete isolation procedure is available in supplement 2. Less than 2 % of V from
each sample was lost during the isolation procedure compared to the initial extraction leachate.
After V isolation, samples were analyzed on a Thermo-Finnigan Neptune MC-ICP-MS for their

stable isotopic composition, reported using 8°'V values (eq. 1).

Isotopic compositions were calculated using standard-sample bracketing, relative to the Alfa-Aesar
standard reference. Additionally, all samples were interspersed with a V reference solution from
BDH chemicals, 8°'Vepn = -1.20 %o (Nielsen et al., 2019; Nielsen et al., 2011; Prytulak et al., 2011;
Schuth et al., 2017; Wu et al., 2016). Precision and accuracy were evaluated by assessing
measurement of BDH throughout the course of mass spectrometric sessions (8°!'Vgpy =-1.22 +
0.24 %o, 2sd, n = 128). Reference materials USGS-SCo-1 (8°'V =-0.64 £ 0.05 %o, 2sd, n = 3) and
USGS-BHVO-2 (8°'V=-0.81 £ 0.07 %o, 2sd, n = 3) processed in parallel with the samples were
also analyzed. Values obtained for SCo-1 and BHVO-2 are within error of previously published
values (Heard et al., 2023; Wu et al., 2020; Wu et al., 2016; Prytulak et al., 2011). Samples were
measured in duplicate or, if sample volumes permitted, in triplicate, and error is reported as 2x the
standard deviation (2sd) of each sample population, or as the 2sd of the BHVO population,

whichever value is larger.

33

Treatment of sediment solid metal abundance data

Solid metal abundances liberated into each extraction solution have been converted to dry-mass
concentrations. To perform this conversion, the abundance of each element in the extracted analyte
was first corrected for dilution. Resulting total elemental masses measured from each analyte were
then normalized to the initial dry mass of each sub-sample exposed to the sequential extraction
procedure. Because wet sediments (Sedwet, g) were used in the extraction procedure, initial dry

masses (Sedpry, g) were calculated using sediment water contents (f3), per equation 3:
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SedDry = SedWet * (1 - ﬁ) €q. 3

Total elemental concentrations for a given sediment sample are calculated as the sum of all

extraction steps.

Accounting for the V input from continental detritus is necessary when studying marine V cycling.
Vanadium is primarily delivered into the modern ocean by rivers (e.g. Nielsen, 2021), and 98.6% of
that V is bound in terrigenous particulates, referred to here as detritus (Oelkers et al., 2011; Viers et
al., 2009). As a consequence, detrital V often represents the majority of solid V accumulating in a
marine sediment and almost always represents a significant fraction of total V in marine sediment
samples (Little et al., 2025; Nielsen, 2021; Bennett and Canfield, 2020). Sediments that are almost
completely authigenic or biogenic are exceptions to this rule (e.g. Brumsack et al., 2006; Calvert
and Piper, 1984). As noted in section 2, the sediments of the Skagerrak are primarily composed by
detrital inputs from the North Sea and detrital inputs from the Kattegat and surrounding rivers.
However, there is no guarantee that detritus accumulates in the Skagerrak at a constant rate relative
to authigenic inputs. As such, the relative portion of detrital V in a given sample might change with

depth in a sediment column.

We have chosen to use Al-normalization to account for variations in detrital input to the sediment.
Aluminum normalization is commonly employed to account for continental detritus (e.g. Bennett
and Canfield, 2020). Rates of Al authigenesis in seawater are often small compared to detrital inputs
(e.g. Brumsack, 2006; Van Der Wejden, 2002). Therefore, a change in Al concentration with depth
in many marine sediments will be primarily controlled by the relative proportions of detrital and
authigenic/diagenetic input to the sediment through time. In the case that Al is converted or
incorporated into an authigenic clay phase (e.g. Bennett et al., 2023), Ti may instead be used to
evaluate detrital inputs (Brumsack et al., 2006). However, Ti concentrations are sensitive to
particulate sorting, such that shelf sediments in the Skagerrak are likely enriched in heavy Ti
bearing minerals like rutile (Brumsack et al., 2006) compared to basin sediments, meaning that the

element cannot be used to consistently estimate crustal inputs across the Skagerrak transect.
4 Results

4.1

Physiochemistry of sediments and riverine particulates
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The density (p) and water-content () of our sediment samples (tbl. 3) are consistent with high mud
contents on the slope and in the basin of the Skagerrak and high sand contents on the shelf (Diesing
et al., 2021; Canfield et al., 1993a,b). Site 4 has the lowest Al concentration of all sampled sites (<4
wt. %) and the highest marine sediment Ti/Al ratios, corresponding to relatively high portions of
silica sand (Canfield et al., 1993a). In comparison, S6 and S9 have Al contents exceeding 6 wt. %
corresponding to higher portions of silt and clay (Canfield et al., 1993a) (tbl. 4), and S9 hosts the
lowest marine sediment Ti/Al ratios. Total organic carbon (TOC) concentrations (tbl. 4) approach 3
wt. % at our basin site (S9), exceed 3 wt. % at our slope site (S6) and are less than 1 wt. % on the
shelf (S4). The Al concentrations of SPM collected from the steep rivers R4 and RS are much lower
than those measured in the marine sediments while the meandering rivers R1, R2, and R3 show a

range of Al concentrations comparable to the marine sediments (tbl. 4).

In our marine sediment samples, V, Mn and Fe all show increasing Al-normalized values moving
from shelf to slope to basin (fig. 2). Total V/Al values are near the upper continental crust (UCC;
Rudnick and Gao 2014) at S4 and are enriched at S6 and S9 (fig. 2). Total Fe/Al values are at or just
below the UCC at S4, are likely enriched at S6, and are significantly enriched at S9 (fig. 2a). At S6,
Fe/Al errors (2se) for each sample do encapsulate the UCC at their lower bound. Total Mn/Al
values are depleted relative to the UCC in all samples from S4 and some samples at S6 (fig. 2b).
The Mn/Al deplete samples from S6 were collected below 3.5 cm in the sediment column (see fig.
3). At S9, Mn/Al values in all sampled sediments are very enriched compared to UCC; there is a
large spread in these values with the most intense enrichments clustering in surface sediments
(compare figs. 2b and 3). Overall, and across sites, V enrichments show a linear correlation to Fe/Al
and do not show a consistent linear correlation to Mn/Al (fig. 2). When compared to Fe/Al, V/Al
values measured from S9 plot above a linear regression line calculated using all marine sediment
samples (fig. 2a), and there are some exceptionally high V/Al values localized in the top of the

sediment column at S9 (compare figs. 2b and 3).

Aluminum normalized V, Mn and Fe values measured from our riverine particulate samples plot in
two distinct populations. Meandering river SPM samples R1 and R3 show V/Al enrichments
relative to UCC but are less enriched in V than marine sediments from S6 and S9. Meanwhile, R1,
R2, and R3 show Fe/Al enrichments comparable to marine sediments (fig. 2a). In the case of
meandering rivers, Mn/Al enrichments are within range of the enrichments observed at S6 (fig. 2b)
but are never depleted relative to UCC. In contrast, steep river SPM samples show very high Fe/Al

enrichments relative to marine sediments and show V/Al and Mn/Al enrichments comparable to
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those found at S9. However, these high enrichments are the result of relatively low Al values in

steep river SPM samples (tbl. 4) rather than relatively high V, Mn, or Fe values.

The percentage of total Al, Ti, Mn, Fe, and V liberated by each extraction step from our marine
sediment samples is presented in table 5. Insignificant percentages of Al, Ti, V and Fe and a
minimal percentage of Mn are liberated by the ammonium-acetate extraction, intended to dissolve
easily exchangeable cations (hence termed the EC step). Indeed, the EC step only liberates
appreciable amounts of Mn, relative to other extraction steps, at S4 (fig. 3). All other extraction
steps liberate considerable percentages (tbl. 5) and concentrations (fig. 3) of Mn, Fe, and V at all
sites (fig. 3). Concentrations of Mn, Fe and V liberated from residual matter (RM) and by nitric acid
(NI) primarily vary between sampling sites, while Mn, Fe, and V concentrations liberated by the
hydroxylamine-hydrochloride (HH) and dithionite (DI) extractions vary dramatically between sites
and across sampling depths (fig. 3). Furthermore, all Al and Ti present in our marine sediment
samples was liberated by the RM and NI extraction steps (tbl. 5). For these reasons, we present the
RM and NI extractions separately from the EC, HH, and DI extractions in figure 3. In the text
below and throughout this publication, we generally consider RM and NI first, and then consider

HH and DI, roughly in reverse order of our extraction procedure.

4.2
Correlation of Mn, Fe and V with Al liberated by the RM and NI extraction steps

The NI extraction liberated an average of 31 % of Al, and all remaining Al was dissolved by the RM
extraction. In contrast, NI liberated an average of 8% of Ti, and all remaining Ti was dissolved by
the RM extractions. The majority of V in our marine sediment samples was liberated with Al and Ti
by the RM and NI extractions (tbl. 5, 62 £ 14 % total V). The two extractions liberate increasing
concentrations of V from shelf to slope to basin. The amount of V liberated by RM is similar to NI
at all depths at S4 and S6; at S9, NI liberates somewhat more V than RM in deep sediments (fig. 3).
The RM and NI extractions also liberated considerable percentages of total Fe and Mn (tbl. 5). At
all sampling sites, the NI extraction liberated more Mn and Fe than the RM step (fig. 3).
Additionally, from shelf to basin, NI liberated an increasing concentration of Mn and Fe relative to
RM (fig. 3). Across all sites and depths, concentrations of Al liberated by RM + NI correlate well to
concentrations of V, Fe, and Mn liberated by RM + NI: the relevant correlation factors are 0.97,

0.97, and 0.91, for V, Fe, and Mn, respectively.
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4.3
Distinct liberation of Fe and Mn by the DI and HH extraction steps

Our extraction procedure was designed to preferentially dissolve Mn-oxides using HH, and Fe-
(oxyhydr)oxides using DI (tbl. 2). The potential solid-state transformation of V, Mn and Fe at
reducing depths in the sediment column is discussed in section 5.3.1. Below, we compare the Mn
and Fe concentrations liberated by our HH and DI extractions, respectively, to published
measurements of solid Mn(IV) and Fe(III) concentrations in sediments from parallel sites sampled
from the Skagerrak in 1991 (Canfield et al., 1993b), to verify that our extractions have successfully
digested the intended (oxyhydr)oxide phases.

The HH extraction step liberated substantial percentages of Mn, and almost no Fe (tbl. 5). In
Skagerrak samples previously analyzed for Mn speciation, Mn(IV)-oxides were most enriched in
oxygen-replete portions of the sediment column and Mn concentrations increased from shelf to
slope to basin (Canfield et al., 1993b). While we did not explore Mn oxidation state, our HH data
showed similarly high surface Mn enrichments, and a general increase in surface Mn concentrations
in transiting from the shelf to the deep basin (fig. 3). Moreover, HH extracted Mn accounts for
almost all Mn extracted from deep basin sediments, which are known to host impressive
concentrations of Mn-oxide (Canfield et al., 1993b; Thamdrup and Daalsgaard, 2000). Our HH
extraction results are therefore consistent with the targeted dissolution of Mn-oxides, particularly in

the Mn-oxide enriched deep basin.

Conversely, the DI extraction step liberated 30 ( 10, 1sd) % of total Fe, while only liberating 5 (£
2, 1sd) % of total Mn across the sites on average (tbl. 5). Concentrations of Fe liberated by the DI
step increase from shelf to slope to basin (fig. 3), reproducing the Fe(IlI)-(oxyhydr)oxide
enrichment trends reported by Canfield et al. (1993b). Our DI extraction results are therefore

consistent with the targeted dissolution of Fe-(oxyhydr)oxides.

4.4

Diagenesis of V, Mn, and Fe in Skagerrak sediments

Measurable concentrations of dissolved oxygen are present at the top of each sediment column,
diffusing downwards from the sediment water interface (SWI). Dissolved oxygen falls below
detectable concentrations at 1.8 cm at S9, 1.3 cm at S6, and 0.8 cm at S4 (fig. 4), defined as the
oxygen depletion depth (ODD). Above the ODD, porewater Mn is dilute relative to deeper depths at

S9 and S6 and decreases in concentration approaching the sediment water interface (SWI) at S4
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(fig. 4). Sediment Mn concentrations peak at the ODD at S4 and S9, and peak above the ODD, at
the SWI, at S6 (fig. 3). In contrast, porewater Fe is relatively absent above the ODD (fig. 4), and
sediment Fe concentrations are relatively irresponsive to the ODD when compared to Mn. Indeed,
the only discernable responses are a small depletion in DI liberated Fe (Fepi) in the surface
sediments of S4, and a relatively small enrichment of Fepi in the surface sediments of S9, relative to
sediments immediately below the ODD (fig. 3). In all centrifuged porewater samples, dissolved V
never falls below 4 ug L', a higher concentration than that sampled from bottom water and
seawater (fig. 4). In contrast, V concentrations in WCS extracted porewaters (red dots) consistently
decrease approaching the SWI (fig. 4). Concentration of V in sediment above the ODD are depleted
in V S4, are invariant at S6, and are enriched at S9, relative to sediments below the ODD (fig. 3).
Sediment V depletion/enrichment trends above the ODD are dependent on a mixture of extractions

at S4 and are primarily dependent on HH liberated V (Vun) concentrations at S9 (fig. 3).

Below the ODD, our porewater results generally reproduce expected trends for Fe and Mn
reduction (see Canfield et al., 1993b; Lovley, 1991; Froelich et al., 1979) at all marine sampling
sites. Moving from shelf to slope to basin, peak porewater Mn concentrations increase (fig. 4) —
reflecting the increased importance of Mn-reduction to carbon oxidation in this transect (Canfield et
al., 1993b). Conversely, the decrease in pore water Fe concentrations in transiting from shelf to
deep basin reflects the decreased importance of Fe-reduction (Canfield et al., 1993b). Porewater Fe

peaks are at the same depth (S4) or below (S6 and S9) porewater Mn peaks.

The accumulation of V in porewaters below the ODD shows an inconsistent relationship to patterns
of Mn and Fe dissolution across sites (fig. 4). Centrifuged porewater V concentrations always
increase below the ODD, and the depth of this increase deepens from basin to slope to shelf (fig. 4).
At S4, there is a major porewater V peak below the depth of Fe depletion from porewaters, and
below the depth where porewater Mn reaches stable low concentrations (fig. 4). Additionally, at S4,
there is a minor porewater V peak just below peaks in porewater Fe and Mn. At S6, porewater V
shows an increasing concentration with depth below the porewater Fe peak (fig. 4). At S9,
porewater V peaks above the porewater Mn peak (figs. 4). Above this peak, porewater V reaches its

background concentration somewhat below the ODD (fig. 4).

The depth that porewater Mn peaks in a given sediment generally correlates to the depth exhibiting
a significant reduction in the rate of change of Mnnn (figs. 3 and 4), indicating the lower depth

where Mnpy dissolution evidently supports Mn reduction. At S9, Mnun concentrations show an
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additional secondary minimum deeper in the sediment column (ca 12 cm) (fig. 3). Below these
minima, at S6 and S9, Mnun concentrations reach a negligibly small fraction compared to top
sediments. Sediment Vun trends show variable relationship with Mnun trends across sites. At S4,
Vuu and Mnun concentrations are relatively invariant above the ODD, but Vyn is higher and Mnun
is lower below the ODD relative to top sediments. At S6, Vun is depleted, relative to deeper
sediments, above the Mnuyn minimum. At S9, Vun decreases with Mnun down to the primary Mnun
minimum; Vyu maintains an invariant and appreciable concentration below this depth. The depth of

the Vun minimum (fig. 3) correlates to the V porewater peak (fig. 4).

With regard to Fepi, concentrations are highest at all sites in top sediments and then decrease to a
lower concentration below, and this low concentration is sustained to the deepest measured depth.
This decrease occurs at 3.5 cm, 7 cm, and 13 cm at S4, S6, and S9 respectively. At all sites,
porewater Fe reaches its highest measured concentration below this Fepr depletion depth. There is
an anomalous, secondary porewater Fe peak above the Mn peak at S9 (fig. 4), which correlates to a
local minima in Fepr concentrations (fig. 3). However, neither the Fepr minima nor the relatively
high porewater Fe concentrations are sustained with increasing depth (figs. 3 and 4). Concentrations
of Vpi and Fep; are well correlated (R = 0.99) across all marine sediment samples (figs. 3, 5),

mimicking the V/Al and Fe/Al enrichment trend reported in section 4.1 (fig. 2a).

Concentrations of V and Fe liberated by both HH + DI (Vun+p1 and Fenn+pi, respectively) plot near
the Vpi/Fepr trendline at S4 and S6 (fig. 5). In contrast, Vun+pi/Fenn+pr from S9 plots above the
Vpr/Fepi trend, primarily due to the contribution of Vun (fig. 5). Riverine SPM has lower Vpi/Fepi
and Vun+pr/Fenn+pi ratios than marine sediments (fig. 5). Excluding SPM from the RS, sediment
samples at S6 host a higher Vun+p1 than riverine SPM; S9 is always more concentrated in Vuu-+p1
than riverine SPM. In contrast, SPM from R1 and R2 hosts a higher Vun+p1 concentration than

samples from S4.

4.5

85V composition of single-step nitric acid leachate

A single-step nitric acid leach (NI*, tbl. 2) was used to liberate V from solid sediment samples for
isotopic analysis. The NI* extraction should, in principle, dissolve the same concentrations of V
(Vi) and Al (Alni+) when compared to the sum of our own nitric extraction, together with the
preceding extraction steps, namely NI+HH+DI (3.NI) (tbl. 2). The > NI for V and Al are referred to

as Vynr and Alyni. Generally, Vni+ and Vyni concentrations are similar (fig. 6a), except for 5
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samples at S4 that show unreasonably high Vi contents; indeed, Vni+ is higher than Vot in these
samples. The potential causes of this anomaly are addressed in supplement 3. Concentrations of
Vi and Vyni from the marine sediment samples are cross plotted with corresponding Alni+ and
Alyni concentrations in fig. 5. In general, the NI* extraction results in a larger spread of V and Al
concentrations than the ) NI extractions, more so at S6 than at S9. Per site, Vnr+/Alni+ ratios are
consistently comparable to Vyni/Alyni ratios, save for one sample with a relatively high Vais/Alni+

at S4 and a cluster of relatively high Vyni/Alyni values at S9 (fig. 6b).

Figure 7a shows depth distributed 5°'V values measured from NI* treated samples (5°!'Vni+), and
fig. 7b shows the mean §°'Vi+ calculated for S6 and S9. Mean &°!'Vi+ values calculated for S4
excluding and including the anomalously concentrated samples are available in supplement 3.
Regardless of whether the anomalous samples at S4 are considered or not, the 3> Vi average is
highest at S9 compared to other Skagerrak sites (fig. 7b). Moreover, the top 4 samples at S9 exhibit
a 8°'Vni+ value significantly higher than the typical oxic sediment sink (8°'Voxic, fig. 7a). Only one
other sample, collected from S4, shows a significantly high §°!'Vni+ value relative to §°!'Voxic (fig.
7a); this value was measured from the sample with the anomalously high Vni#/Alni+ ratio mentioned

above (fig. 6b).
5 Discussion

Vanadium at each of our sampling sites shows a variable relationship to Fe/Mn cycling, both at a
regional scale and as diagenesis proceeds with increasing depth into the sediment column. As a
consistent trend, concentrations of V, Mn and Fe in Skagerrak sediments show increasing
enrichments moving from shelf to slope to basin (fig. 2), such that V enrichments are higher on the
slope and much higher in the basin than is typical for oxic sediment sinks and the UCC (section 1).
We also note that a portion of V is remobilized in each of the sediment columns owing, most likely,
to early Fe and Mn diagenesis (fig. 3). However, each site shows distinct patterns of coupling
between V and Fe/Mn diagenesis (figs. 3, 4). In what follows, we will explore the authigenic and
diagenetic processes that control the solid concentration (Vsed) and isotopic composition (5! Vi+)

of V in Skagerrak sediments.

5.1

Accounting for detrital and authigenic V inputs

About 98.6 % of V delivered into the modern ocean is bound by detrital particulates (Oelkers et al.,

2011; Viers et al., 2009; also see section 3.3). As a consequence, small enrichments of V in marine
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sediments can have a considerable impact on models of V cycling, and multi-fold enrichments
imply relatively high proportions of authigenic vanadium input from seawater (e.g. Bennett and
Canfield, 2020). Likewise, our understanding of V cycling in any given sediment is sensitive to
misestimations in detrital inputs and is particularly sensitive to the detrital reference chosen. For
example, North American soils (Cole et al., 2017), post-Archean (Taylor and McLennan, 1985) and
modern shales (Turekian and Wedepohl, 1961), and the average upper continental crust (UCC;
Rudnick and Gao, 2014) each host different average concentrations of V and Al, with significantly
different V/Al ratios. Below, we carefully consider how detritus contributes to Vsed and 8°! Vi in

the sediments of the Skagerrak, taking these uncertainties into account.

Nitric acid extractions are frequently used to isolate authigenic phases for isotope measurements
(e.g. Heard et al., 2023; Fan et al., 2021; Wu et al., 2020). In OCM sediments previously treated
with the nitric acid extraction, less than 10 % of total Al was liberated by nitric acid (Wu et al.,
2020), a result consistent with the minimal dissolution of detrital aluminosilicate mineral phases.

On average, more than 30% of the total Al concentration in our sediment samples was liberated by
both NI (tbl. 5, fig. 6) and NI* (fig. 6). This relatively high percentage cannot be easily explained
unless our NI and NI* extractions have dissolved a significant portion of aluminosilicate minerals in
Skagerrak sediments. In contrast, the NI and NI* extraction only liberated 8 % of total Ti, which
preferentially accumulates in heavy aluminosilicate minerals like rutile (Brumsack et al., 2006). We
therefore suspect that the high Alnt and Alni+ values result from dissolution of clay minerals, e.g.
illite (Olesen et al. 2025), that are more prone to dissolution than heavier aluminosilicate minerals.
We also note that Al can accumulate in authigenic clay phases, while Ti should not (Brumsack et al.,
2006). It s therefore possible that some V-hosting clays are authigenic in origin, although it is
unclear what fraction of the clay minerals in Skagerrak sediments have formed this way (Olesen et

al., 2025).

While V hosted by clay minerals may be terrigenous (e.g. Nielsen, 2021; Oelkers et al., 2011), V
may also adsorb onto detrital clays in seawater and sediments (Lu et al., 2021; Zhu et al., 2018) or
incorporate into diagenetically altered phyllosilicate minerals (Bennett et al., 2023). In such cases,
NI liberated V would be strongly coupled to detrital Al concentrations despite being authigenic in
origin. Therefore, even if V liberated by NI is exclusively bound by detrital clays, an unknown
fraction could be authigenic. Consequently, the size of the authigenic V pool needs to be further

interpreted independent of our sequential extractions.
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5.1.1
Verifying the authigenic origin of V liberated by HH and DI from the sediments of the
Skagerrak

To better evaluate the likely contribution of authigenic processes to Vsed, Vyni, and Vnix, we
compare our sequentially extracted V concentrations to an estimate of V concentrations in excess
(termed Vxs) of the V likely delivered by a given crustal reference (termed Vpetital) (€.g. Brumsack,
2006). Here, Vxs is estimated relative to the average upper continental crust, which hosts a V/Al
ratio (V/Alucc) of 11.9 £ 1.9 x 10 (1 sd) (Rudnick and Gao, 2014). To calculate Vxs, we assume
that all Al accumulating in the sediments of the Skagerrak (Alseq) is detrital (section 3.3) and that
V/Al ratios in the detrital fraction within Skagerrak sediments resembles the UCC, as shown in

equation 4:

Vxs = Vsea = Alsea * (%)UCC eq. 4.
The Vxs for each marine sediment sample have been compiled, per site, as violin plots in figure 8.
The potential error associated with this analysis is calculated to the first standard deviation,
considering the range of values in our own sample set and the upper continental crust (Rudnick and
Gao, 2014). To ensure that UCC is a reasonable proxy for detritus accumulating in the sediments of
the Skagerrak, we also calculate and present Vxs for SPM sampled from meandering rivers R1, R2,
and R3, respectively. Although local riverine SPM represents a likely minority of detritus
accumulating in the sediments of the Skagerrak (section 2), its similarity or dissimilarity to the
UCC (Vxs = 0) allows us to better evaluate the possibility that local detrital inflows to Skagerrak
sediments deviate from UCC. We do not present Vxs for SPM sampled from steep rivers R4 and
R5, because total Al concentrations are too low relative to other samples (tbl. 4) to apply equation 2

confidently (see Brumsack, 2006).

Concentrations of Vxs increase from shelf to slope to basin (fig. 8), such that the slope and deep
basin of the Skagerrak cannot be accounted for by detritus similar to UCC, or by detritus similar to
SPM in local meandering rivers. The Vxs concentrations we estimate at S6 and S9 are within range
of Vun+p1 concentrations measured from the two sites (fig. 8), and depth distributions of Vxs at
these sites mimic Vuu-+pr depth distributions (fig. 9). The mean Vxs value is always a little higher
than the concentration of Vun+pr measured from our samples. Therefore, although Vun+pi appears to
account for the majority of Vxs on the slope and in the basin of the Skagerrak, our Vxs estimates are

consistent with potential authigenic V accumulation on NI extractable clays. Still, distributions of
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Vuu+p1 appear to exert a primary control on distributions of authigenic V in the sediment column. If
clays are also hosting authigenic V in the sediments of the Skagerrak, that authigenic V must either
mimic the distribution of HH+DI extractable phases or must represent a small portion of authigenic

V, relative to HH and DI extractable mineral phases, namely Mn- and Fe- (oxyhydr)oxide.

In contrast, Vxs concentrations estimated for S4 can potentially be explained by detrital inputs. The
mean of Vxs values calculated for S4 plots below R1 and R2, such that Vxs at the site may, in part,
actually be the result of a regionally high detrital background. Notably, Vun+pi concentrations at S4
exceed our Vxs estimates (fig. 8), which implies an authigenic component. However, Vyn-pr at S4
is comparable to Vun+pr from SPM in nearby Norwegian rivers (fig. 8), such that authigenesis in

rivers may explain the Vun+pi concentrations at S4 (supplement 4).

5.1.2

Estimating the contribution of authigenic and detrital V to %' Vni=

When considering our isotope extractions, the mean of Vxs and Vun+pr consistently plots below
Vni+ at all sites (fig. 8). In other words, Vpewital may contribute to our 8! Vi« values. Assuming that
Vxs approximates the concentration of ocean-authigenic V in our sediments, the likely portion of
authigenic V contributing to the Vi pool can be estimated as Vxs/Vni+. The value of Vxs/Vni+ is
compiled for each site in table 6. At S4, the authigenic fraction of samples impacted by the V=
anomaly described in section 4.4 is instead calculated as Vxs/Vyni, on the grounds that Vyni ~ Vi

in all other samples (fig. 6).

Based on the above analysis, it is possible to estimate the isotopic composition of Vxs (8°'Vxs),
assuming that Vxs and Vpeuita are the only components contributing to Vii+. In this case, 8°' Vi is

the mass-balanced product of §°'Vxs and the isotopic composition of Vpeital (8> Vpeutial) (€q. 6):

1-v v
85 Wy = ( > XS) * 85 Wpetritar + ( XS) * 851y eq. 6.

NIx VNI«

This mass-balance can be reorganized to solve for §°'Vxs (eq. 6a):

1-v 1%
551VXS = [651VN1* - (V—XS) * 551VDetrital]/( XS) eq. 6a.

NIx VNI«

We have measured V= (fig. 5) and 8>V (fig. 6) and have estimated Vxs and Vpetital (€q. 4).
Since we have not measured 8! Vpegital in our own system, we adopt the 8°!'Vpegital of riverine

suspended particulates compiled by Schuth et al. (2019). The results of our isotopic corrections for
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S6 and S9 are presented in figure 10. The rationale for excluding S4 from this figure is presented

below.

We find that §°!'Vxs at S9 does not significantly deviate from &' Vi« (fig. 10a,b), a consequence of
the high authigenic contribution to V= estimated for the site (tbl. 6). At S6, §°!Vxs is more
sensitive to variations in both Vxs/Vni+ and 8! V=, For example, the 2" and 4 samples from the
SWI at S6 show a remarkably low §°!Vxs compared to other depths at the site (fig. 10a). This result
is an artefact of our mass-balance approach. For reference, Vxs/Vnixis 0.70, 0.63, 0.72, and 0.49 for
the 1%, 2", 3™ and 4™ sample from the SWI at S6, respectively. Furthermore, the 2" and 4" sample
have the lowest §°'Vni+ values in the S6 data set, not taking sample error into account. In
combination, the values summarized above produce very low apparent 5°! Vxs values at the 2" and
4™ depth from the SWI for S6 when using eq. 6a. Excluding these two anomalously low values,
5°!'Vxs at S6 is always comfortably in the range expected for sediments depositing beneath oxic
waters (8°'Voxic; Wu et al., 2020). The errors highlighted above for S6 are more extreme for S4.
Average authigenic Vxs/Vni+ are 5-fold lower in the top sediments of S4 than in the sediments of S6
(tbl. 6). Consequently, any errors associated with Vxs will be amplified compared to S6 when
estimating 3°!Vxs. Problematically, average Vxs is smaller than its associated error range at S4 (fig.
8). Consequently, any 8°!Vxs results obtained for S4 using eq. 6 cannot be considered accurate.
Generally, when Vxs concentration are low relative to detritus, it is not possible to disentangle

authigenic signals from detrital signals using the NI extraction (Wu et al., 2020).

We conclude that authigenesis is responsible for the relatively high §°!'Vi+ average observed at S9,
compared to previously measured 5°!Vi+ values from other OCM sites (Wu et al., 2020). While we
are more unsure of 8°'Vxs values at S6, they can conceivably be accounted for using typical
fractionation effects expected to occur in oxic seawater (Wu et al., 2020; Wu et al., 2015). For S4,
8"V« and 8°'Vxs values may or may not be authigenic in origin, and we are not able to distinguish
between the two possibilities. Notably, the deepest Vxs/Vni+ at S4 exceed 40 % on average (tbl. 6).
Likewise, the deepest 8°' V= values at S4 are identical to or lower than §°!'Voxic (fig. 7). Based on
these observations, we cautiously propose that authigenic V buried in the sediments on the shelf of

the Skagerrak likely reproduces the 5°'V of typical oxic inputs.

5.2

Comparing the rate of V sequestration and efflux in the Skagerrak to established V sinks
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Whole-core-squeezed porewater profiles suggest that V also effluxes from all of our sediment sites
(fig. 4). Although the WCS profiles do not wholly conform to the centrifuged porewater trends in
the shallow sediments of S4 and S6, V efflux from porewaters is necessitated by the relatively low
concentration of V in overlying bottom waters and seawater compared to the pore water (fig. 4).
Indeed, V is already known to efflux from reducing OCM sediments with substantial Fe/Mn-
dissimilation near the SWI (Morford et al., 2005; Morford and Emerson, 1999). Depending on the
magnitude of that efflux, OCM sediments may even constitute a substantial source of V to
overlying seawater (Morford and Emerson, 1999). Below, we quantify the balance between V efflux
and sequestration at each of our sampling sites to understand: 1) if V effluxes upslope are an
important source of V to the basin of the Skagerrak and 2) directly compare rates of V sequestration

in the basin of the Skagerrak to established V sinks.

The efflux rate of dissolved V (Vemux Rate; pg cm™ yr'!) from our sediment sites (eq. 7) can be
calculated using Fick’s 1% law of diffusion (pr. Scholz et al., 2011). Efflux is assigned as a positive

value, as it supplies V to the ocean.
Vefriux Rate = @ * Dgoq * d[V]/dZ eq. 7

This equation estimates the rate of V diffusion from sediments by multiplying the the slope of
dissolved vanadium’s diffusion out of the sediment (d[V]/dZ; ug L™! cm™) to a porosity (¢) adjusted
sediment-adjusted coefficient (Dsed, cm? s™1). We calculate d[V]/dZ by running a linear regression
using whole core squeezed V porewater concentrations (fig. 2b). The slope of this linear regression
(tbl. 7) is multiplied by the diffusion coefficient of molybdate (Dsw, 10® cm? s™!; Li and Gregory,
1974) (tbl. 7) and o (tbl. 3) to calculate Vesmux Rate (tbl. 8). The reported VEesmux error is proportional
to the 95 % confidence interval of d[V]/dZ. Following convention (Wang et al. 2019, Scholz et al.
2011, Emerson and Huested 1991), we have selected molybdate as an analogue for vanadate in lieu
of experimental measurements of V diffusivity. We adjust the diffusion co-efficient of molybdate to
sediment tortuosity (1 — In(¢?) pr. Boudreau, 1996) (eq. 7a) and bottom water temperatures (7b) to
estimate Dseq (tbl. 6).

__ Dsw(r-c

Dseq = TIn(e?) eq. 7a

T
Dsw(r°cy = Dswo°c)y + 25 " (Dsw(zs ) — Dswo °C)) eq. 7b

The rate of V sequestration from seawater (Vseq. Rate) is calculated for each site by multiplying wet-

sediment Vxs concentrations by site specific sedimentation rates (Sed. Rate, cm yr'') modeled for
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the Skagerrak seafloor by Diesing et al. (2021) (tbl. 7) (eq. 8). Sequestration is assigned a negative

value, as it removes V from the ocean.
Vseq. Rate = — p x (1 — B) * Sedgqte * Vxs min eq. 8

To avoid errors related to compaction, we adjust our dry sediment concentrations to wet sediment
concentrations by multiplying them by the average density (p; g cm™) and solid mass fraction (1 —
B) of Skagerrak top sediments (tbl. 3), rather than using parameters from deep sediments. We use
minimum Vxs concentrations sampled below the depth of Fe/Mn-(oxyhydr)oxide depletion (fig. 9)
to estimate the concentration of V in sediments which has been sequestered from seawater. This
approach means that we do not use Vxs concentrations that may be enriched by diagenesis. Because

we are uncertain of the Vxs contents at S4 (fig. 8), we do not calculate a Vseq. rate at the site.

Rates of VEefux and Vseq are compared to each other in table 8. Rates of Vseq (tbl. 8) have a high
uncertainty due to the high variability of sedimentation measured across the slope and basin of the
Skagerrak (Diesing et al., 2021). The sedimentation rates previously referenced by Canfield et al.
(1993b) to calculate metal influxes into the basin of the Skagerrak are 0.1 — 0.2 cm yr'!, lower than
but within the error range of the sedimentation rates we have chosen to reference in the present

publication.

Using average rates, the sequestration of V exceeds the efflux of V at S6 and S9 by 40x and 120x,
respectively. In other words, VEsmux 1s negligible compared to Vseq. in the basin of the Skagerrak.
Average Vseq Rates calculated at S6 and S9 are remarkably high compared to rates previously
measured on the OCM, and in fact exceed rates measured for sediments underlying oxygen
minimum zones (OMZs) (tbl. 8). However, these average rates may be unrealistic considering the
high uncertainty associated with Sed. Rate in our calculations (tbl. 8). If we instead consider the
Vseq Rates at the lowest end of the error range (tbl. 8), the basin of the Skagerrak still exhibits a
Vseq. Rate at least 10x higher than the V efflux rate, and about 10x and 1.5x higher than the upper
error range of the Vseq. Rate compiled by Nielsen et al. (2021) for OCMs and OMZs, respectively.

Rates of VEmux at S4 are an order of magnitude lower than those calculated from S6 and S9 (tbl. 8),
such that the shelf is unlikely to be an important source of V to the basin of the Skagerrak. This
result highlights that diagenetic V cycling between Skagerrak sites is unlikely to supply the V
enrichments observed in basin sediments. Instead, this V must be either: 1) supplied from sources
outside of the Skagerrak, 2) adsorbed from seawater overlying the Skagerrak seaway, or 3) related

to diagenetic V cycling within individual sediment columns.
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5.3
Distinct roles of Fe-(oxyhdyr)oxide and Mn-oxide for enriching V in the Skagerrak

Concentrations of Vxs (fig. 8), Vseq. Rates (tbl. 8), and §°'Vxs values (fig. 10b) are notably elevated
in the basin of the Skagerrak compared to the slope. This is particularly true for top sediments at S9,
the only sediments that host §°!Vxs values significantly higher than §°!Voyic (fig. 10a). Therefore, V
geochemical signals preserved in the basin of the Skagerrak are likely impacted by processes absent
on the slope. Vanadium authigenesis can occur both in seawater and/or during early diagenesis
within sediments. Understanding which processes are responsible for the unique V composition of
Skagerrak basin sediments requires careful comparison of vanadium’s solid phase speciation to

patterns of enrichment and diagenesis across sampling sites.

As a common feature across sampling sites, our marine sediment samples show consistent
correlations between Vpi and Fepr concentrations (fig. 5) and V/Al and Fe/Al enrichments (fig. 2a).
Furthermore, Vpr concentrations at S6 and S9 account for the majority of the Vxs pool (fig. 9, tbl. 6)
and a substantial portion of the Vol pool (fig. 3). Given that Fepr corresponds to Fe-
(oxyhydr)oxide distributions in the sediment (section 4.3), the covariance between Vpy and Fep,
and the fact that Vpj represents the majority of the authigenic component, supports the hypothesis

that V-Fe-(oxyhydr)oxides are a major removal pathway for V dissolved in Skagerrak seawater.

However, at S9, there is additional V enrichment associated with the Vun step that targets Mn-
oxides (fig. 5). Therefore, at S9, both Fe and Mn-(oxyhdr)oxides appear to sequester V, supplying a
more efficient V sink than at S6. The increased efficiency of V sequestration at S9 is also observed
when V/Ferot trends are considered (fig. 11), where sediments plot above a ratio common to S4
and S6. As discussed above, Mn-oxides hyper-accumulate in the sediments of S9 (fig. 3a, Olesen et
al. 2025, Canfield 1993b) and we therefore argue that V-Mn-oxide adsorption in seawater is a
potential additional source supplying additional Vxs to the site, beyond what is supplied in

association with Fe.

5.3.1

Sensitivity of Vxs concentrations to diagenesis

With sediment depth, the (oxyhydr)oxides that may have initially adsorbed V from seawater are
completely or partially dissolved (figs. 3, 4). This dissolution does not impact Mn-oxides and Fe-
(oxyhydr)oxides to the same degree. For example, Mnun approaches zero in sediments below ca. 4-

6 cm at S6 and 12 cm at S9 (fig. 3), while Fepi persists to the deepest depth measured in the
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sediment column. These results are consistent with the complete reductive dissolution of Mn-oxides
at reducing depths in Skagerrak sediments. To explain the Fep; trends, Fe-(oxyhydr)oxides either
only partially dissolve and/or Fe accumulates in dithionite dissolvable reduced mineral phases with
increasing depth into Skagerrak sediments. Parallel sediments sampled near S6 host substantial
concentrations of Fe?" bearing sulfide at reducing depths (Canfield et al., 1993b), which may be
dissolved by our dithionite extraction (Poulton and Canfield, 2005). Parallel sediments from S9
hosted very little acid volatile Fe sulfide that might also be included in the dithionite extraction
(Canfield et al., 1993b), such that we can be more certain that Fe-(oxyhydr)oxides persist with

increasing depth at the site.

Based on these observations, V adsorption in seawater cannot be the only factor that controls the
distribution of authigenic Vxs in the sediment column. Some Vuy persists even below the depths
that Mn-oxide has dissolved into sediment porewaters (fig 3), such that V in the deep sediments of
the Skagerrak is decoupled from Mn. At these depths, Vun must be hosted by another mineral
phase, for example diagenetic carbonates (Breit and Wanty, 1991), which are known to form in
Skagerrak sediments (Rajendran et al., 1992) and are dissolved by the HH extraction (Neamann et
al., 2004), or non-specific silicate phases. In contrast, Vpi distributions always mimic Fepi
distributions (fig. 3, fig. 5), such that V likely mirrors the fate of Fe-(oxyhydr)oxides in Skagerrak

sediments, whether they persist or are reduced into diagenetic sulfides.

These variable dynamics of V-Mn and V-Fe coupling lead to distinct patterns of V-cycling within
slope and basin sediments. At S6, V cycling in sediments is controlled by Fe-(oxyhydr)oxides. At
this site, authigenic V is predominantly bound to Fe-(oxyhydr)oxides in the surface sediments (fig.
3, 9) and is released to the porewaters as these phases are reduced (fig. 4). Both dissolved V and
Fe?* diffuse to the sediment surface (fig. 4), and reform again as the Fe?" is re-oxidized to Fe-
(oxyhydr)oxides, allowing V re-adsorption. For S9, the situation is similar, but instead of Fe, V

dynamics are controlled by Mn diagenesis (figs. 3 and 4).

In adsorption experiments, Mn-oxides are generally less prone to adsorbing V than Fe-
(oxyhydr)oxides, particularly (Abernathy et al., 2022). The dominance of Fe-(oxyhydr)oxides in
controlling V diagenesis at S6 is owing to their high concentrations and low concentrations of Mn
oxides (Figure 3). At S9, Mn-oxides are likely most important in controlling V diagenesis owing to
their unusually high concentrations. Additionally, Fe diagenesis at S9 is subdued due to the high
Mn-oxide levels (Canfield et al., 1993b), potentially restricting the formation of fresh, V reactive
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Fe-mineral phases (Abernathy et al., 2022). As stated above, there appears to be a stable pool of Fe
(oxyhydr)oxide-associated V at S9 that persists with depth. Because Mn dominates V diagenesis at
S9, this V-Fe-(oxyhydr)oxide pool likely precipitated in seawater. Even when Fe reduction does
occur in the deeper sediments of S9 (ca. 12 cm), it does not result in substantial release of V to the
porewaters (fig. 4). This apparent contradiction might be explained if the Fe reduction apparent
from porewater Fe*" profiles (fig. 4), only reduced a small amount of the available Fe-
(oxyhydr)oxides, allowing V association with the residual (oxyhydr)oxides to persist. Fresh,
diagenetic Fe-(oxyhydr)oxides would be more prone to dissolution, and more prone to hosting V

that may be released to porewaters.

The prominent role of diagenesis in coupling V and Mn in the basin of S9 is driven by high Mn-
oxide concentrations. This does not necessarily mean that Mn-oxides are not an important V sink at
S9, or at other sites on the OCM. Our results do, however, predict that V enrichments above those
typically observed in OCM sediments are driven primarily by Mn-oxide deposition only if there is a
source of abundant and reactive Mn-oxides capable of competing with Fe-(oxyhydr)oxides

(Abernathy et al., 2022) as a host for V in seawater.

5.3.2
Sensitivity of V to supplies of Fe-(oxyhydr)oxides and Mn-oxides into the basin sediments of

the Skagerrak

We have identified two distinct sinks enriching V in the sediments of the Skagerrak. One which
adsorbs Vpi with consistent efficiency at all sites — likely composed of Fe-(oxyhydr)oxide minerals,
and one which adsorbs Vun with unique efficiency at S9 — likely composed of Mn-oxide minerals
(fig. 12). In the previous sub-section, we highlight that the Vun pool at S9 is, at least partially,
composed by diagenetic V-Mn-oxide precipitating in the sediment column. However, diagenetic
redistribution of V internal to the sediment column at S9 fails to explain why the entire sampled
sediment column exhibits high Vuu+p/Feun+pr (fig. 5), Vrotal/Fetotal (fig. 11), and Vrowal/Altotal (fig.
2) values relative to S4 and S6. We propose here that basin dependent processes of particulate
sorting and diagenetic Mn cycling between sites can explain the observed V enrichment trends (fig.

12).

In the case of the consistent V-sink, basinal hydrography may enhance V enrichments through
processes of particulate sorting. Detritus in the basin of the Skagerrak is almost entirely composed

of clay and silt sized particulates (Diesing et al., 2022, Canfield et al., 1993a) and particles of this
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size make up the majority of detritus in the whole Skagerrak region (Van Weering et al., 1993).
Generally, Fe enrichments increase as the concentration of Al-bearing fine particulates increase (fig.
2a). Indeed, Fepi distributions are very similar to Feni distributions in the sediment (fig. 3),
supporting the interpretation that Fe-(oxyhydr)oxides and clays share the same pattern of deposition
in the Skagerrak region. This trend makes sense if both components, and their respective V-pools,
are transported into the Skagerrak region by the same processes. Danielsson et al. (1999) found that
sediment concentration of Fe and the trace metals Zn, Cd, Co, Cu and Pb consistently co-varied
across the entire Kattegat and Skagerrak region. They hypothesized that fine grained Fe-
(oxyhydr)oxides flocculated along the coast, near fresh-water inputs feeding the North Sea and
Skagerrak, incorporating trace metals upon their formation outside of the Skagerrak basin. Our own
analysis of Fe-diagenesis in the region supports this hypothesis. None of our sites show evidence
for Fe efflux from the sediment column (fig. 4b) which might feed fresh Fe-(oxyhydr)oxide
precipitation in overlying seawater, a result concordant with existing studies on Fe cycling in the
Skagerrak (Siems et al., 2025; Danielsson et al., 1999; Canfield et al., 1993a,b; Rajendran et al.,
1992).

Based on the above analysis, we propose that a consistent assemblage of allochthonous Fe-
(oxyhydr)oxide minerals forming outside the Skagerrak sinks into the waters encapsulated by the
basin (fig. 12), either as fine particulates transported similarly to aluminosilicate silts and clays, or
as coatings on silt and clay sized particulate grains. These minerals will either already have
accumulated or accumulate consistent concentrations of V from seawater, before depositing in
Skagerrak sediments. Any mechanism which transports fines into the basin of the Skagerrak will, in
turn, transport these V-loaded Fe-(oxyhydr)oxides. For example, re-suspension of particles
previously observed in the Skagerrak (Lepland and Stevens, 1996) should further enrich the basin in
both V and Fe as fines are preferentially shuttled downslope by laminar bottom flows (fig. 12).

Unlike Fe, Mn certainly recycles within the Skagerrak region. Manganese diffuses out of our shelf
sediments (S4, fig. 4a), presumably precipitating as fine-grained and fresh Mn-oxides in overlying
seawater. Although we do not observe the efflux of Mn from our slope sediment sample, other
authors report substantial Mn efflux from the slope (Danielsson, 1999; Rajendran et al., 1992).
Unlike Fe-(oxyhydr)oxides, Mn-oxides therefore have a fresh supply within the Skagerrak. Indeed,
our data from the Skagerrak reproduces patterns of V-Mn-oxide sequestration observed in the
seawater and sediments of the Arctic basin, off the Siberian-Chukchi slope (Li et al., 2020,2021;

Whitmore et al., 2019). Although we do not sample particulate Mn concentrations in the waters
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overlying our sediments, this body of evidence supports the hypothesis that Mn-oxide precipitation
in Skagerrak seawater is responsible for augmenting V enrichments in the basin. The sedimentation
of V-enriched Mn-oxides may, in part, have a role concentrating Vun in the top sediments of S9,

before both components are dissolved by reductive diagenesis below the ODD.

5.3.3

Special role of Mn-oxides increasing 5°'V in the sediments of the Skagerrak basin

The only 8°!Vxs values that are significantly higher than &' Voxic are located at S9 (fig. 10a) and are
located above the ODD, in the sediment interval with the highest V1ol and Vuu concentrations (fig.
3). In this depth range, Mn-oxides are enriched enough to compete with Fe-(oxyhydr)oxides as a
host for V in the sediment column (fig. 3, 9), and Vunr-Mn-oxide coupling is primarily responsible
for Vxs enrichments above that expected for Fe-(oxyhydr)oxides (fig. 11). In contrast, the §°'Vxs at
S6 do not show a clear or consistent deviation from &°!Voxic (fig. 10a), and Vxs at S6 shows no
unique relationship to Mn-oxides (fig. 11). From this body of evidence, we hypothesize that the
intense Mn-oxide enrichments present above the ODD at S9 are responsible for increasing §°!Vxs
values. Furthermore, V association with Mn-oxides explains why the highest 3°! Vxs values are
localized to top sediments at S9. We hypothesize that as these V enriched Mn-oxides are buried into
reducing depths, they release their relatively high §°'V load into porewaters, which subsequently
fluxes upwards from the V porewater peak to re-enrich top sediments or efflux from the sediment

column.

The 8°'V composition of porewaters depends on the mechanism increasing 5°'Vxs in top sediments
at S9. At the time of this publication, no experimental data on V isotopic effects during diagenesis
have been published, and there is relatively limited data on the mechanisms that control the §°'V
composition of different (oxyhydr)oxide mineral species (Little et al., 2025). In this light, we can

only speculate on the Mn-oxide dependent processes that might increase 8°'Vxs.

If Vun enrichments in top sediments are partly the result of V-Mn-oxide precipitation in seawater, it
is plausible that the fresh precipitation of Mn-oxides in seawater may drive the observed increase in
5°'Vxs. For example, 8! Vni* ranges between -0.4 to -0.1 %o in hydrothermal sediments sampled
from the TAG hydrothermal field (Wu et al., 2022), much higher than the §°!'Voxic values previously
published from OCM and pelagic sediments (Wu et al., 2020). Hydrothermal sediments are known
to accumulate substantial enrichments of V through uptake by fast-precipitating Fe-

(oxyhydr)oxides, forming when reduced hydrothermal fluids are exposed to seawater (Feely et al.,
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1998; Trefry and Metz, 1989). The rapid precipitation of V with these Fe-(oxyhydr)oxides is
proposed to limit V isotope fractionation from seawater, increasing °!Vni+ in impacted sediments
(Wu et al., 2022). Such a mechanism can conceivably be applied to the fresh V-incorporating Mn-
oxides precipitating within the basin of the Skagerrak. In this case, the high §°!Vxs of top sediments
and high §°'Vxs of S9 sediments relative to S6 sediments (fig. 10b) would be controlled by the high

authigenic §°'Vxs value of Mn-oxides sinking into the basin of the Skagerrak.

Alternatively, or as a complimentary effect, V-Mn-oxide precipitation in sediments may itself drive
the observed increase in §°!Vxs. Thermodynamic calculations show that vanadyl will preferentially
incorporate *°V in equilibrium reactions involving either adsorption to Fe-(oxyhydr)oxide surfaces,
specifically goethite, or vanadate (Wu et al., 2015). In contrast, vanadate is more prone to
incorporating 'V than both vanadyl and goethite (Wu et al., 2015). If vanadyl’s conversion to
vanadate is incomplete within the surface sediments of the Skagerrak, V-oxidation on
(oxyhydr)oxide surfaces may therefore result in the preferential accumulation of °'V. Indeed, Mn-
oxides have been shown to be particularly effective oxidants for dissolved vanadyl (Abernathy et
al., 2021). Such an effect should only operate when vanadate, and vanadate-oxide surface
complexes forming in the sediment column, are stable — i.e. above the ODD. In this case, the high
average 8°''Vxs of S9 sediments relative to S6 sediments (fig. 10b) necessitates a relatively low
5°'Vxs value in effluxing porewaters. Future work may target analyses of sediment porewaters
above depths of diagenetic Mn-oxide precipitation to illuminate the ultimate mechanism(s) of V

isotope fractionation during diagenesis.
6 Conclusion

Vanadium sequestration in deeper portions of the Skagerrak seaway is efficient, even when
compared to anoxic sediment sinks (tbl. 8). Vanadium is sequestered into Skagerrak sediments by
Fe-(oxyhydr)oxide particulates, concentrating in the basin with fine particulates, and may also be
sequestered by Mn-oxides, possibly accumulating in the basin due to regional diagenetic Mn-
cycling (fig. 12). Generally, any efflux of Fe and Mn into oxic seawater may support downslope
enrichments of V in the sediment column, a process that has already been described in sediments
influenced by hydrothermal plumes (Feely et al., 1998; Trefry and Metz, 1989) and along the
Siberian-Chukchi margin of the Arctic Ocean (Li et al., 2021; Whitmore et al., 2019). As a rule, Mn
will only be an important V sink when it is diagenetically enriched in sediments or the water

column, for example due to reductive sediment diagenesis (Lovley, 1991), the formation of
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ferromanganese nodules on the deep-sea floor (Calvert and Piper, 1984), or due to the shelf - basin
transport of freshly precipitated Mn-oxides (Li et al., 2021). Otherwise, it will be outcompeted as a
V host by the comparably ubiquitous Fe-(oxyhydr)oxide particulates present in seawater
(Abernathy et al., 2022). Even in cases where Mn is extremely enriched, for example the top
sediments of S9, Fe-(oxyhydr)oxide still comprise a major host for authigenic V (fig. 9). Therefore,
on a global scale, Fe-(oxyhydr)oxides are probably a more important V sink than Mn-oxides.
Existing mass-balances of global V-cycling characterize most of the OCM well (Little et al., 2025;
Nielsen, 2021) but omit hydrography and Fe/Mn-diagenesis as a factor influencing V cycling in

unrestricted water columns.

In the context of the paleo-record, V concentrations in basin sediments can be augmented by
processes occurring in oxic seawater. If V enrichments in these environments are ascribed to anoxic
sequestration alone, the impact of anoxia on V removal rates from seawater may be overestimated.
In contrast, V isotopic signals preserved in OCM basin sediments should, following early
diagenesis, roughly replicate the fractionation factor already established for oxic sediment sinks
(fig. 10a). Sediment 3°'Vi+ values may therefore prove useful for establishing whether V enriched
sediments were deposited beneath anoxic or oxic waters. However, we do caution that studies
aiming to understand oscillations of anoxic and oxic conditions of seawater (e.g. Li et al., 2023; Wei
et al., 2023) should not interpret all positive shifts in 5! Vi« as evidence for water column anoxia.
Our data shows that such shifts may instead be related to oxide dependent diagenetic cycling,

resulting in the preferential adsorption of >'V in seawater or sediments.
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Table titles, captions, and tables

Table 1. Site locations

Tbl. 1 — Summary of sampled sites across the Skagerrak (S4 — Shelf, S6 — Slope, S9 — Basin) and a set of Norwegian
rivers (R1 — Glomma, R2 - Géta Alv, R3 — Drammenselva, R4 — Otra, R5 - Nidelva). Rivers are listed in order of

greatest discharge (Olesen et al., 2025).

Site Descriptor Latitude Longtitude

ID ID °N °F

S4 Shelf 57.99 9.659
S6 Slope 58.083 9.67

S9 Basin 58.413 9.678
R1 Glomma 59.294 11.137
R2 Gota Alv 57.861 11.999
R3  Drammenselva 59.749 10.164
R4 Otra 58.208 7.932
R5 Nidelva 58.434 8.725

Table 2. Sequential extraction and isotopic extraction schedule

Tbl. 2 - Summary of extraction steps, listed in the order they were applied to sediments. A single step nitric acid was
applied to samples analyzed for vanadium isotopes, and this extraction is summarized below the sequential extractions.
[1]— Wick et al 2020, [2] — Neamann et al 2004, [3] — Poulton and Canfield 2005, [4] — Owens et al 2017, [5] —
Prytulak et al. 2011, Nielsen et al. 2011.

Extractant Acronym Time extracted =~ Temperature

ID ID minutes °C

40


https://doi.org/10.1016/j.gca.2019.09.007
https://doi.org/10.1016/j.chemgeo.2015.11.027
https://doi.org/10.1016/j.epsl.2015.06.048
https://doi.org/10.1016/j.clay.2018.04.035

1 M Ammonium Acetatel!] EC - exchangeable cations 90 Ambient

0.1 M Hydroxylamine HCI">?!  HH - Hydroxylamine HCI 120 Ambient
Dithionite 50 g/LP! DI - dithionite 120 Ambient
2M Nitric Acid™ NI - nitric acid 2x 60 130
3 HNOs: 2 HF: 1 HCI (concentrate) ~ RM - residual matter 30,20 200, 180
2M Nitric Acid® NI* - nitric acid only 13 —15 hrs 135

1214
1215  Table 3. Bulk physiochemistry of sediments and riverine particulates

1216  Tbl. 3 — Physical sedimentary characteristics measured at each study site.

Density Water Porosity
Depth content
Site range p § [0) 2sd
ID cm—cm  g/mL g/g
S4 0-2 1.58 0.40 0.51
0- 20 1.67 0.35 0.47
S6 0-2 1.23 0.68 0.73
0- 20 1.28 0.59 0.65
S9 0-2 1.21 0.73 0.76
0-20 1.26 0.66 0.71

1217
1218  Table 4. Average total concentrations of TOC and Al, and Ti/Al ratios, per site

1219 Tbl. 4 — Average TOC and Al concentrations measured from each site. [1] — Olesen et al. 2025.

. TOCI 2sd Al 2sd | Ti/Al
Site

ID wt. % x107?

sa | 080 030 375 0.76| 628 038
S6 | 358 035 6.17 032|505 024
S9 | 295 0.2 727 055|453 0.69

R1 3.84 3.14
R2 8.31 6.39
R3 6.32 4.36
R4 1.64 6.43
R5 1.01 6.58

1220

1221  Table 5. Percent of Al, Mn, Fe and V extracted from marine sediments by each extraction step



1222

Tbl. 5 — Percent of a given element (Al, Mn, Fe, V) liberated by a given extraction (EC, HH, DI, NI, RM; NI*) from our

1223 marine sediment samples (S4, S6, S9). Percentages are calculated relative to total elemental concentrations.
Extractionstep Al Isd Ti 1sd Mn Isd Fe Isd V Isd
EC 0 0 0 0 9 8 0 0 1 1
HH 0 0 0 0 47 32 1 1 15 7
DI 1 0 0 0 5 2 30 10 22 7
NI 31 6 8 0.3 27 20 51 7 29 7
RM 68 6 91 0.04 12 12 17 5 33 7
NI* 32 2 8 0.04 76 1 82 2 73 0.01
1224
1225  Table 6. Comparison of Vxs to specified extraction steps
1226 Tbl. 6 — Average percentage of Vxs and Vun+pr contributing to V= at each site. Minimums presented in the table
1227 represent the lower bound of Vxs errors presented in fig. 8. *Percentages in the top sediment of S4 (0 — 6 cm) are
1228  instead calculated relative to Vyni.
) Depth Vxs Voi/Vxs
Site
range | Avg. Min Avg. Isd
ID cm—cm % Vre %
S4* 0-6 13 <0 126 218
S4 6-20 43 <0 99 31
S6 0-20 63 16 57 9
S9 0-20 88 59 52 5
1229
1230  Table 7. Parameters for calculating V fluxes from and into Skagerrak sediments
1231 Tbl. 7 — Variables used to calculate rates of vanadium efflux from (Vemux Rate) and rates of vanadium authigenesis in/to
1232 (Vaun Rate) the sediments of the Skagerrak. Minimum Vxs values from S6 and S9 and average (1sd) Vaun values
1233 from S4 are used to estimate Vaum Rate (tbl. 7). [1] — Li and Gregory 1974; [2] — Diesing et al. 2021.
Efflux Dsw  x10%cm? s | Sequestration
parameters | at 0 °C 4.53 parameters
at 25 °Ctl 9.91
Site d[V]/dZ CI Dsed Vxs min. Sed. Ratel?!  error
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1234

1235

1236
1237
1238

1239

1240

1241

1242
1243
1244
1245

ID ugL'em!  95%  xI10°cm’s?| ugg! cm yr-1

S4 0.65 0.24 2.571 NA NA NA
S6 2.21 0.30 3.689 36 0.33 0.28
S9 1.65 0.50 3.881 105 0.33 0.24

Table 8. Net vanadium flux to the sediments of the Skagerrak

Tbl. 8 — Rates of vanadium efflux to (Vemux Rate) and rates of vanadium sequestration from (Vseq Rate) the ocean.
Authigenic sequestration rates into unenriched sediments underlying the OCM and enriched sediments underlying

oxygen minimum zones (OMZs) are also presented. [1] — Nielsen 2021.

Site Vermux Rate  error  Vgeq Rate error

ID ug cm? yr! ug cm? yr!

S4 +0.027 0.001 NA NA

S6 +0.19 0.025 -7.42 7.29

S9 +0.15 0.045 -18.1 15.6
ocM -0.13 0.11 (2se)
oMz -0.96 0.59 (2se)

Figure titles and captions

Figure 1. Site map

Fig. 1 — A) Map of the study area. Map lines delineate study areas and do not necessarily depict accepted national

boundaries. Riverine samples are marked as follows: R1 — Glomma, R2 — Géta Alv, R3 — Drammenselva, R4 — Otra, R5

— Nidelva, listed in order of greatest discharge. Marine samples S4, S6, and S9 are distributed along a bathymetric

profile, marked by a red line and shown in panel B.
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1247

1248  Figure 2. Total solid V, Fe, and Mn enrichments

1249  Figs. 2 — Cross-plots comparing V/Alrow to a) Fe/Alro and b) logio(Mn/Alrea). Average Element/Al ratios from the
1250  upper continental crust (UCC) are provided. A linear regression and correlation factor for marine sediment data is

1251 provided in plot A (see text for description). [1] — Rudnick and Gao 2014.

A B
4
PN © S6 <>R5
D © S9
X
g ©SPM ﬁ
_'_2
g 5 o AL
> = | R:] R3
ucc 1] ol R2 ol R2
O O
0 D =)
0 0.5 1 0.01 0.10 1.00
1952 Fe/Al log,,(Mn/A, )

1253



1254

1255
1256

1257

1258

Figure 3. Mn, Fe, and V concentrations associated with sequential extractions

Fig. 3 — Depth distributed concentrations of Mn, Fe, and V liberated by the EC, HH, DI, NI and RM extractions. Total

concentrations are the sum of all extraction steps. The oxygen depletion depth (ODD) is marked on each graph.
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1259

1260
1261
1262
1263

1264

Figure 4. Mn, Fe, and V concentrations in porewater samples

Fig. 4 — Depth distributed concentrations of Mn, Fe, and V dissolved (< 0.22 um) in porewaters separated from

sediment solids by centrifugation. The oxygen depletion depths (ODD) is marked on each graph. Vanadium

concentrations measured from WCS samples (red dots), bottom waters (BW, blue square) and overlying seawater (Avg.

SW, black square) are also presented.
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1265  Figure 5. Correlations between dithionite liberated V and Fe

1266 Fig. 5 — Cross-plot comparing concentrations of V and Fe liberated by the HH+DI extractions (colored dots) from all
1267 marine sediment samples and SPM. Concentrations of V and Fe liberated exclusively by DI, and a linear regression

1268 calculated using these two components from marine particulate samples, are shown in gray.
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1271 Figure 6. Vanadium liberated by single-step nitric acid extraction compared to equivalent

1272 sequential extraction steps

1273  Fig. 6 — A) Average (21 sd) concentrations of V liberated by specific extractions per site. Sequential extractions are
1274 stacked. Sequential extractions and the single step NI* extraction are super-imposed over Vrow concentrations. Two Vi«
1275 averages are provided for S4: one including all measured values (dotted rectangle) and one excluding anomalous values
1276 (filled rectangle) (see text). B) Cross-plot of V vs. Al concentrations liberated by NI* (colored dots) and Y NI (gray
1277 dots). Anomalous values at S4 are highlighted red.
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1280  Figure 7. 8°'Vni+ of sediment samples

1281 Fig. 7 — A) Depth distributed °'Vni+ values. B) Boxplots showing the mean and interquartile range of vanadium
1282 isotopes liberated by the single-step NI* extraction, pr. site. [1] — 8! Vni+ measured from continental margin sediments
1283  underlying oxic (>50 uM O,) waters, Wu et al. 2020; [2] — 5°'V measured from riverine particulates and dissolved
1284 samples (Schuth et al. 2019).

1285 *note: offset text is not present in pdf files submitted to GCA.
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1299

Figure 8. Concentration of Vxs compared to extraction results

Fig. 8 — Violin plots showing the concentration of Vxs at each site (eq. 4), calculated relative to the UCC. The
uncertainty (1sd) associated with V/Al ratios from the UCC is labelled on the diagram as a black line. The Vxs of SPM
from the meandering rivers sampled by Olesen et al. (2025) are labelled as orange bars. The average (+1 sd)

concentration of V liberated by HH+DI and NI*, respectively, are labelled for each site.
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Figure 9. Speciation of excess vanadium with depth

Fig. 9 — Depth plot comparing the concentration of Vpi, Vun, liberated by sequential extraction, to Vxs across sediment

depths at the V enriched sites S6 and S9. Concentrations of Vur and Vpy are stacked.
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1312

Figure 10. Estimation of 6°'Vxs

Fig. 10 — A) Depth plots comparing 5°!Vxs (colored dots) to 8! V= (grey dots) for S6 and S9. B) Boxplots showing the
mean and interquartile range of 8°'Vxs, for S6 and S9 (eq. 6); the mean value calculated from 3!V (fig. 7b) is shown
as a black bar. [1] — 8°!Vni+ measured from continental margin sediments underlying oxic (>50 uM O,) waters, Wu et

al. 2020; [2] — 8°'V measured from riverine particulates and dissolved samples (Schuth et al. 2019).

*note: offset text is not present in pdf files submitted to GCA.
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Figure 11. Distinct total V/Fe ratios from riverine SPM, S4+S6, and S9

Fig. 11 — Cross-plots comparing concentrations of V and Fe from all marine sediment samples and SPM liberated by all

extraction steps. The average V/Fe ratios of samples from S4+S6, and of SPM samples, are plotted separately.
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1313  Figure 12. V sensitivity to Fe/Mn-inflows into the basin of the Skagerrak

1314 Fig. 12 — Cartoon summarizing the processes influencing vanadium’s enrichment moving into the basin of the

1315 Skagerrak seaway. Birnessite and ferrihydrite are used as model Mn-oxides and Fe-(oxyhydr)oxides, respectively.

1316 *note: offset text is not present in pdf files submitted to GCA.
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Supplement 1. Whole core squeezing notes and methodology

Fig. S1— Picture of the whole core squeezing apparatus.
Core is secured between two metal plates, after being
fitted against a PVC plastic plate using a rubber gasket
and plastic ring (white) at the top. A small plastic valve is
attached to isoversinic tubing at the top of the device
(obscured by metal tab), connected to the SWI through a
small hole drilled in the PVC plastic plate. After
installation, the core is compressed using the hydraulic

~ Jjack (blue, at bottom of apparatus), forcing water out of
the top sediments. The device is designed to extract the top

1 -2 cm of water in sub 1/10" of a centimeter intervals.

Whole core squeezing platforms are applied to soft, unconsolidated sediments for the extraction of
finely resolved porewater profiles. A picture and description of our platform is available in figure
S2. For examples of similar whole core squeezing platforms, please refer to Schulz and Zabel 2006
(section 3.2.2). The depth of each sample extruded using the apparatus depicted in figure S2 must
be estimated. Heights of the core pre- and post-compression were recorded for calculation of
sample depths assuming laminar flow during porewater extraction. Sample depths (Depth, cm) were

calculated:
Depth = (n*V —1)/(mr*71% % p) eq. S1

by multiplying the sample number (n, n = 0 being the sediment surface) by the volume sampled (V,
1.8 cm?®) and dividing the resulting value by the inner area of the core liner (n * r?, r = 3.85 cm) and

the water content of the sample (B, tbl. 3).
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Supplement 2. Rationale and methodology for extracting and isolating V for isotope analysis

Partial leaching of all samples was performed to isolate authigenically precipitated V from
terrigenous V delivered into marine sediments by continental detritus. The selected leaching
procedure is designed to leave aluminosilicate phases undissolved, while targeting organic matter,
oxide minerals, and sulfide minerals, each of which may host V following authigenesis in seawater
or sediments (Haase et al. 2024, Ohnemus et al. 2017, Calvert et al. 2015, Trefry and Metz 1989).
Authigenic V forming in oxic seawater is expected to precipitate through adsorption on
(oxyhydr)oxide minerals (Little et al. 2025). The vanadium isotopic composition of marine
sediments depositing beneath oxic seawater (5°! Voxic = -0.9 * 0.1 %o; Wu et al. 2020) is lower than
the isotopic composition of V carried by riverine particulate matter (Schuth et al. 2019). The high
detrital V contents present in most marine samples may therefore obscure authigenic signals,
resulting in an unreasonably high isotopic value in bulk digested sediment samples (e.g. Wu et al.
2020). While partial leaching may not dissolve all authigenic phases or may be able to dissolve
terrigenous phyllo-silicate clay minerals (Wu et al. 2020), it has been shown to adequately separate
authigenic V from detrital V in both modern (Wu et al. 2020) and ancient (Fan et al. 2021, Nielsen
et al. 2019, Ostrander et al. 2017). However, the efficacy of the partial leaching method may depend
on the relative concentration of authigenic V present in a sample (Wu et al. 2020). For this reason,
extraction results should be interpreted carefully to ensure that measured isotopic values are

controlled by authigenic processes, either in seawater or due to diagenesis in sediments.

Between 70 and 100 mg of dried sediment and USGS shale standard SCo-1 were subsampled from
freeze-dried stocks, and each subsample was ground in a pure quartz mortar and pestle into a fine
powder. Powdered samples were leached in 3 mL 2M twice distilled HNO3 overnight (13 — 15
hours). Samples near the sediment water interface were prioritized for analysis when sufficient
sample mass was available. Powdered sediments samples and were digested in TM-clean Teflon
vessels using 2 M nitric acid, at 130 °C for 13 — 15 hours. Remaining solids were separated from the
leaching solution by pipetting out the supernatant following centrifugation, and this step was
repeated three times to ensure complete separation of solid-residual and digested V. After separation
from the nitric acid, the leachate was extracted in inverse aqua-regia and hydrogen peroxide at 130
°C to digest any remaining organic matter. The nitric acid supernatant and aqua-regia supernatant
were mixed and dried to a pellet on a hot plate. Sample pellets were then dissolved in 0.1 M M

HNO:s, and aliquots were taken for measurement of digested V concentrations (see method). From
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the 10 mL stock, 100 pL of sample was diluted with 1800 pL 2% HNO3 and 100 pL of 2% HNO3
seeded with 20 ppb of In. These aliquots were analyzed on a Thermo-Finnigan iCAP quadrapole

ICP-MS, and resulting elemental abundances are referred to using the extraction code NI*.

Vanadium was separated from the remaining sample matrix using cationic exchange resin AG-50W-
X12 (once) and anionic exchange resin AG1X8 (twice) following previously outlined methods
(Nielsen et al. 2019). After each V separation, while V was still loaded onto the resin, the V-free
eluted solution was collected. This V-free elution was analyzed to ensure no V was lost during
separation and prior to V elution. Less than 2 % of V from each sample was lost compared to the
initial leach. After collection on the resin and the removal of the V-free elution, vanadium was
rinsed off of the resin using 10 mL 6M TM-pure hydrochloric acid in 12 mL Teflon vials, before

being prepared for the next resin isolation step.
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Supplement 3. Data quality issues and equivocal interpretations regarding the S4 isotope data set

The single step nitric acid extraction employed in our study is commonly used to isolate authigenic
V from V delivered by detrital phases (e.g. Fan et al. 2021, Wu et al. 2020, Nielsen et al. 2019,
Ostrander et al. 2017). The confident application of this extraction requires that V be sufficiently
enriched above the crustal background such that partial dilution of detrital phases does not impact
the measurement of §°'V (Wu et al. 2020), and that authigenic V is primarily associated with

processes of seawater sequestration rather than post-depositional diagenesis (Bennett et al. 2023).

1405 | Fig. S3-1— Boxplots showing the mean and interquartile range of vanadium isotopes

1406 liberated by the single-step NI* extraction, pr. site. Depending on the treatment
o u]

[2

ed

- —
41;)7,5 of anomalous data, S4 produces significantly different mean &'V values.
i [=]
L

S S
8 [n] ! . 11408 "E [1] — &'V« measured from continental margin sediments underlying oxic (>50
;ﬁ : ]14:09h5;=' uM O3) waters, Wu et al. 2020, [2] — 5!V of sediments depositing beneath

=
: 1410°  anoxic (< 10 uM O;) seawater, Wu et al. 2020

S4 S6 SS9

At 5S4, 5 five samples relatively shallow in the sediment column (fig. 6a, see text) produce higher
5°'Vni+ values than other samples. Indeed, one of these samples, located at 4.5 cm, is significantly
deviated from the 8°'Voyic value measured previously at oxic sites (Wu et al. 2020). These samples
also show concentration anomalies, such that the concentration of V evidently liberated by the
single step nitric acid extraction (Vni+) is higher than the sum total of V measured from our
sequential extraction procedure (fig. 5, tbl. S4). The mean isotopic value calculated for S4 varies
significantly depending on whether or not these anomalous samples are included (fig. S4-1). This
supplement explains the likely cause of this concentration anomaly and addresses whether or not the

isotopic data measured from S4 can be confidently treated as authigenic.

The five samples which are impacted by the concentration anomaly do not only show high Vi
values. Table S4 shows that Mn and Fe liberated by NI* are also higher than their sum
concentration from our sequential extraction procedure and NI* liberated Al concentrations in the
suspect samples are about 2-fold higher than in unimpacted samples. This trend extends to many
other transitions metals, including Cr, Co, U, and Mo. Furthermore, unimpacted samples show NI*

liberated Al, V, Mn, and Fe comparable to those liberated by > NI, as was expected (see text). It is

57



1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439

1440
1441
1442
1443
1444
1445
1446
1447
1448
1449

difficult to explain how all elements in the suspect samples could be contaminated, to produce such
anomalously high enrichments for many elements. Instead of contamination, a universal, systematic
increase in general elemental abundances implies these samples were more concentrated than
recorded when initially analyzed for their elemental abundance. After sediments were leached by
the NI* step, a 100 pL aliquot of the 2 mL HNOs diluted sample was analyzed for total elemental
concentration (supplement 2). This sample should have been diluted 20x, and this dilution factor
was used to estimate the elemental concentration present in each sample. If there was a pipetting
error, either when taking up the sample aliquot or when diluting the sample for analysis, then final
elemental concentrations calculated for the NI* extraction step may be higher than is realistic. The
relatively high 3°'V values measured from the anomalous S4 samples therefore cannot confidently

be rejected as contaminated or incorrectly measured.

Sample Al Fe A" Mn
ID | NI* YNI Sum |NI* YNI Sum |NI* YNI Sum |[NI* ¥NI Sum

wt. % wt. % ug g’ ugg!

S4-1 08 07 37|12 11 15|29 24 42 239 196 276
S4-2 26 07 38 |31 12 1.6 |8 26 47 |351 188 269
S4-3 1.8 09 41 |21 13 1.7 |58 32 54 |197 163 236
S4-4 1.7 10 39 |19 14 18 |51 31 51 |183 156 230
S4-5 2 1.0 39 |28 13 1.6 |77 32 51 |229 149 224
S4-6 19 11 38 |22 13 1.7 |63 35 53 |212 152 220
S4-7 13 08 4 |17 12 17|44 31 31 (174 149 223
S4-8 09 1.1 41|12 13 17129 36 36 |148 159 223
S4-10 | 05 13 40 |09 16 19 |24 38 57 |133 153 211
S4-12 1 05 12 NA |09 14 NA |24 38 58 |132 142 216

Tbl. S3 — Aluminum, Fe, V and Mn concentrations liberated by the NI* single step extraction, liberated by the
EC+HH+DI+NI sequential extraction steps (y.NI), and liberated by all extraction steps (sum) from marine sampling
site S4. Highlighted samples have higher Fe, V, and Mn concentrations liberated by NI* than the sum concentration of
all extraction steps.

However, as stated in the text, all but one of these samples is still within error of 8°!Voxic (fig. 6a).
Furthermore, as stated in supplement 2, the efficacy of the partial leaching method used to extract V
for isotopic analysis is dependent on the relative concentration of authigenic V present in a sample
(Wu et al. 2020). When V contents are near the continental background, the partial dilution of
detrital material by nitric acid may result in an unrealistically high authigenic 5°'Vni+. We suspect

that our nitric acid extractions (NI and NI*) may have dissolved clay minerals, particularly illite
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(Olesen et al. 2025), explaining the unusually high portion of Al liberated by nitric acid by our

sequential extractions (see tbl. 5 in ¢ext).

A % totalV B V concentration
100% 250
80% 200
?
60% ‘ap 150
o0
40% = 100
=,
20% 50 i
NN . i
Extract VExlract VExtract VExtraci VNI** VXS VEx‘ract VNI* VXS VExtrad VNI* VXS
S4 S6 S9 S4 S6 S9
HH EDI ENI ORM ENI* EXS
Extraction step Average concentration

Fig. §3-2 — A) site averaged portion of total V liberated by each extractions step and B) bar plots comparing the site
averaged concentration of 'V liberated by each extraction step to the concentration of V liberated by NI*, and the
concentration of V in excess (XS) of the continental background (see text). The V= average calculated at §4 only uses
samples which are not impacted by the concentration anomaly described above.

Indeed, the total portion of V associated with Al-free mineral phases, e.g. those dissolved by the HH
and DI extraction steps (tbl. 5) is approximately 20 % at S4, while exceeding 30 % and 50 % at S6
and S9, respectively (fig. S4-2a). When considering samples not impacted by the concentration
anomaly described above, Vni+ consistently produces a V concentration comparable to Vyni (i.e. the
sum of the HH + DI + NI extractions). At S6 and S9, 57% and 85% of Vni+ is accounted for by Vxs,
respectively. The value Vxs represents the concentration of V which is likely not delivered by
continental detritus (see text). In contrast, Vxs represents only 20% of Vni+ at S4, and Vxs does not
account for the concentration of V liberated from Al-free phases (HH + DI). In other words, it is
unlikely that there is enough authigenic V present at S4 to prevent the dilution of 8! Vni+ by a
partial leach of detrital matter during the NI* extraction. In contrast, 8°'Vni+ values at S6 and
especially at S9 can be more confidently attributed to non-detrital inputs. The potential influence of

post-depositional processes to §°!'Vni+ values measured from S6 and S9 is addressed in text.
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Supplement 4. Comments on the solid phases plausibly relevant to vanadium dissolved by our

extractions
EC HH DI NI RM
ar | 1 |

Exchangeable Mn-oxides Fe-oxides (excluding magnetite) Secondary clays Organic carbon Primary silicates

ions Carbonate Reduced Fe (boundto oxide Surviving Fe-oxides (eg, magnetite)

Weak carbonate surfaces, some sulfides) Surviving sulfides

Reactive “— Alfree Recalcitrant

Authigenic pta Detrital

Ocean River

Fig. S4 — Diagram labelling likely solid phases liberated by each of our extraction steps. The chemical codification of
these extractions (eg. reactive, recalcitrant) and the presumable source of the elements liberated by each extraction step
are also provided (see text).

Our sequential extraction methodology was designed to separately dissolved Mn-oxides (HH step)
and Fe-(oxyyhydr)oxides (DI step), and to entirely omit detrital aluminosilicate minerals from
reactive extractions (EC + HH + DI + NI). However, each extraction step may dissolve other phases
known to host V. The most relevant phases to our methodology and interpretations are addressed in

detail below.

Acidity of the EC and HH extraction steps results in the dissolution of Ca-bearing minerals,
presumably carbonates. Carbonates incorporate V>, following reduction of vanadium in sediment
porewaters (Breit and Wanty 1991). Therefore, a portion of V interpreted to associate with Mn-
oxides may in fact be bound by carbonate phases following diagenesis. At S9, where Mn is almost
completely associated with Mn-oxides for the sampled depth range (Canfield et al. 1993a,b) and
Mn-oxides are hyper-enriched above 15 cm sediment depth (fig. S5), there is little reason to expect
that high portions of the V liberated by HH are associated with carbonates. At S6, Mn-oxides are
obviously enriched in the top 5 cm of the sediment column (Canfield et al. 1993a,b; fig. S5), but
below this depth V may well be hosted by carbonate phases rather than Mn-bearing oxides. Finally,
at S4, Mn is only slightly enriched in the top cm (Canfield et al. 1993a,b; fig. S5) and is in fact
depleted relative to the UCC through most of the sediment column (tbl. 4). In these sediments, V

may well be associated with carbonates rather than Mn-oxides through the entire sediment column.

Dithionite may dissolve Fe-bearing sulfides, except for pyrite (Poulton and Canfield 2005). Sulfides
are capable of hosting V (Haase et al. 2024) following the dissolution of Fe-(oxyhydr)oxides and

reduction of sorbed V, resulting in mineral complexes incorporating Fe?>" and V34", respectively.
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Iron bearing sulfide minerals were not observed within the 10 cm depth range sampled by Canfield
et al. (1993a,b), but they may still accumulate below 10 cm in our own samples. Because V sorbs to
both Fe-(oxyhydr)oxides and Fe-sulfides, the transformation of oxides to sulfides with depth may
obscure both the reduction of V and the reduction of Fe in our own depth profiles — in other words,
dithionite liberated V and Fe does not help us distinguish, across depth, between oxide bound V and

sulfide bound V.
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