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21  Highlights:

22 e First vanadium isotope signatures reveal a large spread of up to ca. 2 %o between
23 dissolved and particulate-bound V of rivers in the Yangtze River Basin

24 e Visotope fractionation in rivers is affected by V adsorption to particulate Fe oxides
25 e Improved method of V separation from seawater allows for handling of large sample
26 volumes at >90 % V recovery for UV-irradiated solutions

27 e Visotope signatures of coastal North Sea water are slightly lower when compared to
28 the major oceans and may indicate a mixture of river and seawater
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Investigation of redox variations in recent and paleo-oceans has been of particular
scientific interest to elucidate the rise and variations of the atmospheric oxygen level by
analyses of isotopic signatures of redox-sensitive elements like Fe, Mo, and U. Vanadium is
another redox-sensitive metal that has become the target of stable isotope research during
the last decade. The oceanic V cycle can be simplified to consist of one major source
represented by rivers and two major sinks (sediments, hydrothermal activity at mid-ocean
ridges). The balance between these major V pools is sensitive to the ocean water oxygen
level and chemistry. However, the data set of stable V isotope signatures of seawater is still
very small, and the riverine V isotope composition, i.e. the major source of V in modern
marine environments, has not been constrained at all so far.

In this study, we present a new method for efficient V separation from seawater that
allows multiple analyses of the V isotope composition of a single sample. To separate V from
large amounts (volume > 2 L) of seawater samples, we employ the Bio-Rad® Chelex-100
resin and conventional cation and anion resins to yield a high V recovery of 290 % from an
UV-irradiated sample. Non-irradiated samples were marked by lower V recovery rates of ca.
75 %, which was also observed in earlier studies. Further tests however revealed that even
such reduced V yields do not incur significant V isotope fractionation within analytical
uncertainty. Our 8°Was value of +0.30 %o +0.14 (2s.d., n=3) for the NASS-6 seawater
reference solution perfectly matched earlier results. In addition, seawater collected in the
Wadden Sea at the German North Sea coast is marked by a 651VAA signature of +0.03 %o
$0.19 (2s.d., n=17), which is slightly lower than those of the great oceans, and may be
related to an influx of river water, bioactivity, or a tide-induced V mobilization.

To characterize the V isotope composition of the major V source to the oceans, we
determined for the first time V isotope signatures of 13 selected rivers (dissolved and
particulate fractions of source water, tributary rivers, and the Yangtze River) in the Yangtze
River Basin, China. A large variation of dissolved V (ca. 0.07 to 6.0 pg/L) and particulate-
bound V (ca. 0.03 to 17 ug/L) was found for the sample suite. The obtained 8°*Vaa values of
the dissolved V pool span a range of -0.79 %o (+0.18; 2s.d.) to -0.13 %o (£0.22, 2s.d.),
whereas particulate-bound V extends to lower §°'V signatures between -2.16 %o (+0.30,
2s.d.) and -0.14 %o (+0.11, 2s.d.). Notably, dissolved V from the river sources and small
tributaries scatters between ca. -0.45 %o to -0.75 %o, and agrees well with the predicted

average 8°'Vax value of -0.6 %o +0.3 for continental run-off by Wu et al. (2019). For the lower
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Yangtze River, however, the dissolved 6°'Vas signatures increase from the Three-Gorges
Dam towards the estuary from -0.79 %o to -0.13 %o, suggesting V isotope fractionation due
to adsorption to abundant particulate Fe oxides, but may also reflect an input of
anthropogenic V. The low 6'Vaa of particulate V largely follow this trend, and thus indicate
ongoing V isotope fractionation during riverine V transport to the ocean.

Our first results of stable V isotope investigation of river waters show that V isotope
signatures can indeed carry their host rock signature, but are also sensitive to adsorption-
driven fractionation in oxidized environments. The latter strongly depends, as predicted
from earlier theoretical calculations, on the presence of particulate Fe-(oxyhydr)oxides and

highlights gradual V isotope fractionation during riverine V transport to the ocean.

1 Introduction

The stable isotope signatures of several transition and heavy metals are now
intensively used in (bio-)geochemistry studies, highlighting their potential to investigate
biotic and abiotic processes over a large temperature range from low-temperature surface
water systems (e.g., seawater, rivers) to high-temperature (e.g., magmatic, hydrothermal)
environments. Redox sensitive metals and their isotopic signature have been widely used to
reconstruct the rise of atmosphere oxygen or the oxygenation and redox fluctuations of
oceans throughout Earth’s history (e.g., Algeo et al., 2011; Catling and Claire, 2005; Lyons et
al., 2014, Gregory et al., 2017), and periodic anoxic ocean events during the Phanerozoic
(e.g., Erbacher et al., 2001; Tribovillard et al., 2006; Brennecka et al., 2011; Large et al.,
2015). Stable isotope analyses of redox-sensitive elements like S, Cr, Fe, Mo, and U have
shown that changes in their valence state due to variations of oceanic redox conditions can
result in significant isotope fractionation. The combined investigation of different stable
isotope systems during the last decade has significantly improved the understanding of
global paleo-ocean redox variations, the evolution of atmospheric and hydrospheric oxygen
levels, and the emergence of early life (e.g., Anbar, 2004; Bjerrum and Canfield, 2004;
Johnson et al., 2008; Shen et al., 2001; Montoya-Pino et al., 2010; Lau et al., 2017). Most
isotopic redox proxies used in earlier studies have only two stable valence states occurring in
marine settings, e.g., U™M-U" Mo™-Mo™ and Fe'-Fe!". Hence, isotope fractionation

related to redox changes in a given setting is probably sensitive only to a small window in Ej,
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vs. isotope space. Alternatively, redox-sensitive poly-isotopic elements having more than
two valence states in different natural settings may serve for detailed investigation of
marine redox changes over a large range on a local and global scale. Vanadium is such a
promising candidate, for which typically three valence states are stable (e.g., Takeno, 2005),
and which occurs in a similar or higher abundance in many sediments and ocean water when
compared to Fe, Mo, and U (e.g., Nriagu, 1998; Sohrin and Bruland, 2011).

In this study, we want to address for the first time the V isotope systematics of rivers,
the major V input to oceans at present. To shed even more light on the riverine V isotope
signature, we investigated the V isotope composition of both the dissolved and the
particulate V load in river water samples. However, because the dissolved V concentration in
rivers is typically low (<0.8 pug/L, e.g., Huang et al., 2015; Schlesinger et al., 2017; Gustafsson,
2019), several analytical challenges need to be resolved for a successful V isotope
determination in such low-V matrices. As a target area for a case study and method
development for V isotope analyses in river samples, we sampled the Yangtze River, located
in south-east China, at different locations and several of its tributaries. In addition, a water
sample from the Wadden Sea (German North Sea coast) was analyzed to extend the
currently small V isotope data set of seawater (Wu et al., 2019). We will show that (i) our
methods are straightforward in use and capable of providing accurate results in a timely
manner, and (ii) analyses of reference materials are in excellent agreement with those of Wu

et al. (2019).

2 Systematics of vanadium and its isotopes

2.1 Vanadium geochemistry

In low-temperature oxidized environments like oceans and rivers, vanadium is most
common in the pentavalent (V') and the tetravalent (V") oxidation states (see reviews by
e.g., Nriagu, 1998; Huang et al., 2015; Gustafsson, 2019). The occurrence of trivalent V (V"')
is largely restricted to euxinic environments (e.g., Breit and Wanty, 1991; Wanty and
Goldhaber, 1992; Gustafsson, 2019). Divalent V (V") V" and V" could play a role as a redox
couple in biologic processes (e.g., Zhang et al., 2014; Van Marwijk et al., 2009; Ueki et al.,

2003; Bredberg et al., 2004). In addition, V" can be used in one half-cell of vanadium redox-
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flow batteries (e.g., Li et al., 2011). The speciation of V in aqueous solutions depends on
parameters like En, pH, V concentration, and the amount of dissolved complexing agents,
such as organic ligands, sulfur compounds, and hydrolyzed complexes (e.g., Huang et al.,
2015; Emerson and Huested, 1991; Zhou et al., 2011; Gustafsson, 2019). In oxygenated
water with near neutral pH like in modern rivers, V is typically present in the form of various
soluble pentavalent vanadate complexes, e.g., HV'0,*, and H,vV'O, (e.g., Sohrin and
Bruland, 2011; Chester, 2000; Gustafsson, 2019). In modern oceans, V remains largely
complexed as vanadate oxyanions and, therefore, has a rather long residence time of
roughly 50 to 80 ka (e.g., Schlesinger et al., 2017; Tribovillard et al., 2006; Chester, 2000).
The concentration of V in modern ocean water is on average typically lower than 2 pg/L
(e.g., Jeandel et al., 1987; Sohrin and Bruland, 2011; Emerson and Huested, 1991; Huang et
al., 2015). Under reducing conditions and depending on pH, the presence of tetravalent

IV 2+
0]

vanadyl ions (V , pH <6) and V-oxyhydroxyl ions (V"OH?*, pH <5) increases, which can be

further reduced and transformed into poorly soluble V-hydroxides like V"

(OH); at strongly
reducing conditions (e.g., Breit and Wanty, 1991; Allison et al., 1994; Gustafsson, 2019).
Consequently, at oceanic pH of around 8 the concentration of dissolved V decreases
dramatically at low E;, (e.g., Tribovillard et al., 2006; Emerson and Huested, 1991; Shiller and
Mao, 1999; Wehrli and Stumm, 1989). The geochemistry of V is furthermore strongly
influenced by its sorption potential to minerals, colloids, and organic matter. For example,
dissolved V can be efficiently adsorbed onto particle surfaces and also scavenged during
precipitation of e.g. Mn- and Fe-(oxyhydr)oxides (e.g., Brinza et al., 2008; Brumsack, 2006;
Gustafsson, 2019; Prathap and Namasivayam, 2010; Schwertmann and Pfab, 1994; Trefry
and Metz, 1989). The fixation of V by Fe-(oxyhydr)oxides is particularly interesting at
present-day oceanic pH in oxygenated water, where such Fe-(oxyhydr) oxides precipitate
rapidly e.g. at hydrothermal vents or form during alteration of the oceanic crust.
Geochemical models have concluded that the overall oceanic V budget is partly controlled
by V scavenging in hydrothermal systems and sedimentation respective Fe-Mn nodule
formation (Morford and Emerson, 1999; Trefry and Metz, 1989; German et al.,, 1991;
Gustafsson, 2019). As present-day oceans and rivers are largely oxygenated, the V removal
in anoxic or euxinic water bodies constitutes only a minor process (e.g., Schlesinger et al.,
2017). The latter, however, still played an important role for local and/or temporary

processes throughout Earth history when pO, levels were lower than today. For example, V
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enrichment of up to several 1,000's of ug/g is reported from organic carbon-rich Phanerozoic
black shales that deposited under strongly reducing conditions (e.g., Xu et al., 2012, 2013). In
this case, V can be incorporated into porphyrins (Lewan and Maynard, 1982; Parnell et al.,
2001; Tribovillard et al., 2006), adsorbed to clay minerals, or alternatively be immobilized as
V,03 or V(OH)s (e.g., Breit and Wanty, 1991). In contrast to modern well oxygenated oceans,
most marine sediments of early Earth's history were deposited in largely anoxic to euxinic
environments and, thus, may have been a dominant V sink, as assumed for other redox-
sensitive metals like Mo and U (e.g., Weyer et al., 2008; Tribovillard et al., 2006; Anbar,
2004; Emerson and Huested, 1991; Algeo and Maynard, 2004; Kendall et al., 2013; Rouxel et
al., 2005).

The oceanic V cycle can be simplified to consist of one major source and two major
sinks, as illustrated in Fig. 1. Rivers constitute the most significant V input because of high V
mobility in oxygenated water and during oxidative weathering (e.g., Das and Krishnaswami,
2007; Shiller and Mao, 2000), although the V concentration of the granitic upper continental
crust is low relative to that of MORB (e.g., Nriagu, 1998). Furthermore, fluctuating redox
conditions from reducing to oxidizing conditions, e.g. due to seasonal variations, within 1 cm
of a sediment layer at a continental margin have been discussed to contribute a similar V
flux to the ocean water as riverine input (Morford and Emerson, 1999). Sources such as
volcanic activity and sinks such as euxinic sediments play only a minor role for the modern V
cycle in seawater (e.g., Schlesinger et al., 2017). As major sinks of V in the modern V marine
cycle, carbonate platforms, shelf and deep sea sediments (e.g. red clays), Fe-Mn nodules,
and to a lesser degree also hydrothermal activity, have been put forward (e.g., Schlesinger et
al.,, 2017; Morford and Emerson, 1999). The balance between the major V pools is very
sensitive to fluctuations of ocean water oxygenation and chemistry. For example, according
to model calculations, changes in seawater level resulted in a decrease of ocean water
vanadium by 6 to 14 % during the last 20 ka because the area of shelf sediments that are
subject to more reducing conditions (and therefore acting as V sinks) increased due to a rise
of the seawater level at the end of the last glaciation (Morford and Emerson, 1999). A
potential enrichment of V by a higher river runoff is discussed e.g. for V/Ca in corals in the
South China Sea during the 20" century because of an increasing anthropogenic input of
trace metals like V that are mobile in oxidizing environments (Chen et al., 2015). For aquatic

organisms like certain algae and daphniae, an anthropogenic increase of V input into rivers
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and oceans may result in local toxic levels of several 10's to 1,000's pug/L of V, i.e. about one
to three orders of magnitude above the natural V concentration in rivers and oceans (Smit,

2012; Schiffer and Liber, 2017a,b).

2.2 Vanadium isotope systematics

Vanadium has only one stable isotope (°v), and one very long-lived radioactive
isotope (*°V) with a half-life time of ~1.4¢10™ years (Shore et al., 2010) which can be
considered a stable isotope in isotope geochemistry. The natural >/ ratio of ca. 400 is
high when compared to isotope ratios of other metals like Cu, Tl, and U, but subtle V isotope
variations are nevertheless resolvable with high-resolution-multi collector-inductively
coupled plasma-mass spectrometry (MC-ICP-MS, e.g., Prytulak et al., 2011; Nielsen et al.,
2011; Wu et al., 2016; Schuth et al., 2017). Vanadium isotope analyses face two major
challenges: (i) limited control of mass interferences and instrumental mass bias because only
two stable isotopes of V exist, and (ii) the requirement of high-degree V purification because
of the interferences of *°Cr and *°Ti on the low-abundance *°V. The V isotope variations are
given in the delta notation as 6'V, i.e. the V isotope deviation of a sample from a reference
standard in per mil units (%o).

Theoretical calculations suggest redox-induced V isotope fractionation of up to ~6 %o
at 25 °C (Wu et al., 2015). First high-precision multi collector-inductively coupled plasma-
mass spectrometry (MC-ICP-MS) V isotope data were reported by Nielsen et al. (2011, 2014)
and Prytulak et al. (2011, 2013), who also improved the analytical procedures. These authors
showed that there is a significant V isotopic difference of ca. 0.8 %o between bulk silicate
Earth (including altered oceanic crust) and various meteorites. Recent analyses of V isotopes
of Mariana island arc lavas showed a large spread of 8V for a magmatic system of about 2
%o (Prytulak et al., 2017). The authors conclude that V isotope fractionation is generated
during fractional crystallization driven by V bonding differences between the crystallizing
mineral phases and the remaining melt. A first study performing V isotope analyses on
biological material investigated the V isotope signatures of the fungus Fly Agaric from
different locations in Sweden and Russia (Malinovsky and Kashulin, 2016), and revealed an
overall spread of ca. 2.4 %o with 8°'V values being (i) location-specific, and (ii) as high as ca.

+2.3 %o.
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Furthermore, a large variation of 1.5 %o was observed in crude oil from different
locations (Ventura et al., 2015). Interestingly, carbonate-hosted crude oils seem to have
higher V concentrations and V isotope compositions up to ca. 1 %o higher than relatively V-
poor crude oils hosted by siliciclastic host rocks. Vanadium sulfide mineral analyses of a
bitumen deposit that was strongly overprinted by V-rich hydrothermal fluids revealed high
§°'V isotope signatures of up to +0.43 %o (+0.18, 2s.d., Schuth et al., 2017), whereas those of
carbonate-hosted crude oils that scatter around -0.5 %o (Ventura et al., 2015). It is yet
unclear if these locally distinct V isotope signatures are generated (i) during the deposition
of the organic-rich precursor sediments, or (ii) during formation and potential overprint of
the crude oil e.g. by hydrothermal activity. Alternatively, the V isotope ratios of crude oil
may indicate a signature of bioactivity, hence potentially allowing the use of V isotopes as a
tracer for such processes.

For modern marine settings, a significant difference of ~0.7 %o between two Fe-Mn
nodules, NOD-A (770 pg/g V, 6>V = 0.99 %o +0.10, 2s.d.) and NOD-P (570 pg/g V, 8°*V = 1.65
%o £0.06, 2s.d.), was found by Wu et al. (2016). Nodule NOD-A originated from a depth of ca.
780 m at the Blake Plateau (NW Atlantic, in the vicinity of the North-American continental
shelf), and is isotopically close to altered oceanic crust, whereas nodule NOD-P is from ca.
4,300 m depth of the east Pacific Ocean and yielded the so far lowest 6>V value known. This
variation may indicate different V sources (e.g., continental margin derived V vs. a
hydrothermal origin of V), and/or different formation conditions or processes (like water
chemistry, redox conditions, adsorption). Recently, Wu et al. (2019) investigated the V
isotope composition of ocean water collected at locations in the Gulf of Mexico, the North
Pacific (deep water from the ALOHA station), and the North Atlantic (ca. 10 km east of
Bermuda Island, and Sandy Cove, Nova Scotia, respectively). The sample material from
Sandy Cove is available from the National Research Council of Canada (NRC) as the reference
solution NASS-6. The authors found relatively high average 6°'V values for all samples
ranging from +0.18 %o +0.11 (2s.d., Gulf of Mexico) to +0.32 %o +0.13 (2s.d., NASS-6: North
Atlantic). These values overlap within analytical uncertainty, but still indicate a small
variation between the sampling locations.

The highly challenging analytical requirements of V isotope measurements have been
addressed only in the last few years, but because of a very limited database, the V isotope

signatures of agueous environments are still poorly understood. According to the redox
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sensitivity of V and its rather long residence time in oxidized ocean water, stable V isotopes
may be a powerful tool to investigate redox changes in modern oceans in detail, and be
complementary to other isotope systems like Cr, Mo, and U. Once the modern V cycle and
its isotope signature is better understood, it can be potentially used to elucidate in more
detail past variations of the V cycle, which may be attributed to changes in the oxygen level

of the early Earth's atmosphere and hydrosphere.

3 Samples

The Yangtze River is the largest river in Asia, and its numerous tributaries emerge in
and pass through a geologically diverse region with magmatic, metamorphic, and
sedimentary rocks covering the geological time from the Proterozoic to the present as
illustrated in Fig. 2 (Saito et al., 2017). For this study, 13 water samples from the eastern
Yangtze River Basin were collected in May 2017 (Table 1). Of these, 10 samples are river
water samples, whereas the remaining samples include a sample from a hot spring within
the city of Nanjing, water emerging from a small abandoned underground mine, and water
from a stream source. The latter two samples originated within the early Cambrian Niutitang
Formation which is marked by the occurrence of black shales that feature a particular
enrichment in V and other metals like Ni, Mo, and U in a range of up to several 1,000 pg/g
(for a detailed description of the Niutitang Formation, see e.g., Xu et al., 2012, 2013, and
references therein). After a volume of at least 2.4 L per sample was collected, the river water
samples were filtered completely in less than 6 hours after being taken from the sampling
location through a polycarbonate filter device employing cellulose nitrate filter sheets with a
pore size of 0.45 um and a small pump operated at ca. -350 hPa (see Electronic Appendix for
details). After filtration, the solution was acidified by addition of concentrated HNOs,
yielding 3 % HNOs in the samples. It is important to note that for this study, we define all V
and Fe that has passed the 0.45 um filters as the dissolved V and Fe load. All V and Fe that
was retained by the filters, i.e. having a particle size >0.45 um, is defined here as particulate-
bound V and Fe, respectively.

A water sample with a volume of ca. 19 L from the North Sea was provided in
December 2015 by the University of Oldenburg (Germany), and originates from a sampling

station near the East Frisian island of Spiekeroog, north of the German coast (Table 1). The
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sampling area is part of the Wadden Sea that stretches along the Dutch and German North
Sea coast line. It features a shallow sea region influenced by strong tidal activity, thus
significantly affecting the redox potential of ca. 9,000 km? of land being exposed to air and
covered with water, respectively, twice per day. Investigation of trace metal dynamics of the
Wadden Sea showed that the seawater is enriched in V with an average of 3.2 pug/L when
compared to the average oceanic value of ca. 1.9 pg/L V given by Beck et al. (2012; V
concentrations are the sum of dissolved and particulate V). Moreover, the concentration of
dissolved V decreases from the coast towards the open sea, which is attributed to
flocculation and precipitation of particulate matter and V adsorption to the latter (Beck et
al., 2012). In addition, a strong seasonal and tidal variation of dissolved V was recognized for
the Wadden Sea water (near the island of Spiekeroog) which was significantly higher in
summer (ca. 2 to ca. 3.5 pg/L) than in winter (V scattering around 1.5 pg/L), and also
concurrent with organic matter and bioactivity (Beck et al., 2008; Kowalski et al., 2009). The
North Sea water sample for this study was taken from a storage tank at the University of
Oldenburg. Because the water was already filtered and acidified shipboard to ~1 % HCI
before being collected in the storage tank, no subsequent filtering was performed in order
to assess the particulate load and its V isotope signature. An overview of the samples
collected in the P.R. China and the German North Sea coast is given in Table 1.

As a reference material with certified V and Fe concentrations, we investigated the
NASS-6 seawater (North Atlantic Surface Seawater, sampled near Sandy Cove, Canada) that
is commercially available from the NRC (National Research Council of Canada), and has also
been used as a reference sample by Wu et al. (2019) for V isotope investigation. This enables
a direct comparison of our method of V separation from seawater to the procedure
developed by these authors. The NASS-6 reference solution was filtered, UV-radiated, and

acidified by the NRC Canada, as stated in its certificate.
4 Methods
In the following, we describe major points of our methods to separate V from river

water, filters, and seawater matrices, and to analyze their V concentrations and isotope

ratios by (MC-)ICP-MS. More details of our methods are given in the Electronic Appendix.
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4.1 Vanadium concentration analyses

All water samples and filters were analyzed for their V concentration prior to V
separation in order to assess if the V concentration and the sample volume (for water
samples) is sufficient for later analyses via high resolution-MC-ICP-MS. A Thermo-Scientific
Element XR fast-scanning high-resolution sector-field ICP-MS at the Institute for Mineralogy
(University of Hannover, Germany) was employed for determination of Ti, V, Cr, and Fe
concentrations in medium resolution mode to resolve molecular interferences of e.g.,
3pleot (*71i), *>cI*0* (°tv), *°Art®0* (°%Cr), and *°Ar*®0* (*°Fe) (e.g., Becker and Dietze, 1998).
Prior to ICP-MS analyses, aliquots of 5 mL were taken from the filtered and acidified river
water samples, and doped gravimetrically with a pure Indium solution (Alfa Aesar Specpure,
Germany) as an internal standard, yielding 5 pg/L of In. Pure 3 % HNO3 doped only to contain
5 ug/L of In was used as an analytical blank. For quality control, the lake water reference
solution TMDA-51.4 (fortified Lake Ontario water; obtained from Environmental Canada,
Canada) was diluted gravimetrically by adding concentrated HNO;3 (from initially 0.2 % to
yield 3 % HNOs, i.e. to be at the same HNOs concentration as the samples and calibration
solutions) and doped with the same In solution like the samples to yield 5 pg/L of In. The
TMDA-51.4 solution is certified for concentrations of the above given elements (among
others), and was always analyzed at the beginning and the end of a measurement session to
ensure data quality.

The employed cellulose nitrate filters, including three blank filters, were placed in
Savillex® Teflon beakers (90 mL), covered with 10 mL concentrated HNOs per filter, and kept
overnight in closed beakers at 85 °C on a hot plate in a class 100 clean laboratory (see Soylak
et al., 2002, for a similar method). This disintegrated the filters completely, and the solution
was dried down at 105 °C. For further removal of any remaining organic compounds, the
filter samples were prepared for digestion in a microwave system, as described in the
Electronic Appendix. After digestion, aliquots for ICP-MS analyses via the Element XR were
prepared as described above. The remaining solutions were dried and then covered with 1

M HNOs in preparation of the V separation protocol.

4.2  Vanadium separation from river water and filters
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After the V concentrations in the river water samples and the filters were known (see
results below), those samples with sufficient V contents for further V separation and
multiple V isotope measurements were dried step-wise in 90 mL Teflon beakers at 105 °C
until at least 500 ng of V had accumulated in the dry residue. Depending on the sample,
between 0.5 and 3.3 L of acidified water were evaporated (see Table 1). As the samples
represented filtered fresh water, the salt load was low when compared to seawater,
allowing for dissolution of the dry residue in 5 mL of 1 M HNOs or less, depending on the
individual sample.

Our aim to accumulate at least 500 ng V for MC-ICP-MS analyses was not possible for
spring water (sample CW-7) emerging at a phosphorite-barite layer boundary in the
Niutitang Formation and the hot spring water within the city of Nanjing (sample CW-12), due
to very low V concentrations in these samples and insufficient sample volumes (see Table 1
and the results section). For the filters, those from sample locations CW-1, CW-2, CW-8, CW-
9, CW-10, and CW-12 did not retain sufficient amounts of V for MC-ICP-MS measurements
(see results). However, except for the hot spring (CW-12), all other locations allowed further
investigation of the V isotope signature, either by the filter, the water, or both.

The dry river water residues were treated with aqua regia in closed Teflon beakers
over night at 160 °C on a hotplate. After drying again, a further step involving concentrated
HNOs; and 10 % H,0, at 105 °C was carried out over night again to remove potentially
remaining organic compounds. A final drying step followed, then the sample and filter
residues were dissolved in 1 M HNO3, making them ready for the V separation procedure.

Aside from minor modifications, we adopted the V separation procedures described
by Wu et al. (2016). A brief overview of the protocol is given in Fig. 3. We start the V
separation of the river samples with cation resin (Bio-Rad® AG 50WX12, 200-400 mesh) that
is marked as step 2 in Fig. 3 to remove most of the major elements as well as Ti, followed by
anion resin (Bio-Rad® AG 1X8, 200-400 mesh) in the two column steps 3 and 4 in Fig. 3 to
remove Cr and remains of other elements (like alkali metals, see also Schuth et al., 2017).
The anion resin was discarded after each use, whereas the cation resin was kept in the
columns, cleaned and used three times before being discardedSamples that required a
volume of >1 mL 1 M HNO;s to dissolve completely were loaded on several columns in

parallel to avoid overloading of an individual column with matrix elements.
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All matrix and cleaning cuts of all column steps were collected in addition to the V
cuts, in order to (i) check if V was lost into the matrix or cleaning fraction, and (ii) to assess
the purity of the V fractions after each separation step. For this, all collected fractions were
dried at 105 °C and dissolved in 1 mL of 1 M HNOs. Aliquots of 10 uL were diluted with 1 mL
3 % HNOj3 containing 5 pg/L of In, and analyzed via ICP-MS as described above. If more than
10 % V was found in the matrix fractions relative to the total V content (i.e. the sum of Vyatix
and Vpyrified), the relevant cuts were combined and the separation process was repeated. This
was necessary only once for the water samples CW-6 and CW-9, for which the first column
step had to be repeated due to some V being eluted too early into the HF-HNO; (i.e. matrix)
fraction. Procedural blanks were processed and analyzed for V in the same way as the
samples. The total blank contribution of V was always found to be lower than 0.5 ng, which
is negligible relative to the V concentration of at least 500 ng in our purified V fractions. The
same is true for the blank filters, where no V could be detected at all.

In accordance with the findings of Wu et al. (2016), the cation column step removed
already large quantities of major and trace elements (e.g., Na, Ca, Mg, Al, K, Ti, Fe, Cr). This
allowed merging of several V fractions of the same sample prior to the following purification
step employing anion resin, i.e. samples which were initially split and then loaded onto more
than one cation resin column. The final purification step employing the micro columns was
typically performed two to three times to ensure V fractions that were devoid of Cr, Ti, but
also of Ca and Zn, which occasionally were found to be present at similar or higher
concentrations than V after passing the micro-columns for the first time. The total V
recovery after all purification steps was 290 %, not including the removal of small V

quantities (typically 1 % of total V) for ICP-MS analyses between the purification steps.

4.3 Vanadium separation from seawater

Wu et al. (2019) developed a multi-column procedure to separate V from seawater
samples. When compared to their earlier method for V separation from e.g. rock samples
(see Wu et al., 2016), they replaced their cation resin PP column with a quartz glass column
filled with quartz wool and Nobias PA-1 resin (available from Hitachi High-Technologies,
Japan). This resin was used to retain V and other metals, while the alkalis and alkali earth

metals are washed out (Sohrin et al., 2008). Per column, Wu et al. (2019) did not load more
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than 250 mL of seawater that was adjusted to pH=6 (+0.1) and buffered with ammonia-
acetate. Vanadium was then eluted with 3 M HNOs. To process larger amounts of a seawater
sample, the authors cleaned the resin and conditioned it again for the next load of seawater.
The accumulated V fraction was then subsequently purified by procedures similar to those
employed for e.g. rock samples, i.e. using anion resin to separate V from remaining matrix
elements like Cr and Ti (see Wu et al., 2016, 2019, for details of the different methods).

In an alternative approach, we decided to use Bio-Rad® Chelex-100 resin (1 % cross-
linkage, 100-200 mesh, Na* form) that was used successfully already in earlier studies for V
separation from seawater samples (Abbasse et al., 2002; Wang and Saifiudo Wilhelmy, 2008).
The Chelex-100 resin can serve, as the Nobias PA-1 resin, as an efficient chelator due to its
iminodiacetic acid functional groups for many metals but not for the salt matrix of seawater.
We adopted the method described earlier by Abbasse et al. (2002) who investigated V
concentrations in seawater samples. Prior to use, new resin was cleaned according to Table
S1in the Electronic Appendix. To chelate V effectively, the resin must be converted from the
H* form that is produced during the cleaning step to the NH," form by passing 1 M NH3
through the resin. Excess ammonia was subsequently rinsed with water. The resin was then
stored in a LDPE bottle in 1 M ammonium-acetate buffer solution at pH=5 prepared from 25
% NH3 and 100 % acetic acid. The V separation procedure for seawater samples is illustrated
in Fig. 3.

In step 1 in Fig. 3, a volume of ca. 5 mL of the prepared Chelex-100 resin was loaded
into a PP column mounted onto 2 L pre-cleaned LDPE bottles, in which the matrix solution
was collected for later investigation by ICP-MS and tests involving doping with a V standard
solution (see Fig. 4). Immediately prior to loading of the sample solutions, the pH of the
acidified seawater samples was increased by a step-wise addition of 25 % NHsz to pH=5
(£0.1). The increase of pH was controlled in regularly taken aliquots of 2 mL with a Mettler-
Toledo FG2 instrument. Fresh pH standard solutions (Thermo-Scientific, Germany) at pH=4
and pH=7, respectively, were used to calibrate the pH analyzer immediately before use. To
buffer the sample pH during the V separation procedure, 35-50 mL of 1 M ammonium-
acetate solution were added to each sample volume (2 L). A blank solution of 2 L of purified
water but otherwise acidified to 1 % HCl and then adjusted to pH=5 was prepared as well.
The North Sea sample was split in several 2 L LDPE bottles to be processed in parallel and

serve as a control of reproducibility. A 4-channel peristaltic pump (Cole-Parmer Masterflex

14



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

L/S, USA) equipped with Tygon tubes (1.52 mm inner diameter, type LMT-55; pre-cleaned
with 3 % HNOs overnight, then rinsed with water, and finally conditioned with the ammonia-
acetate buffer solution) was used to pump the sample solutions at a drop rate of ca. 1-2
mL/min onto the resin. After the full sample volumes had passed the resin, the columns
were transferred into a plastic rack, and the remaining salt matrix was eluted and collected
with 30 mL of 0.5 M ammonium-acetate buffer solution at pH=5. Vanadium and other
metals (e.g., like Fe, Cr, and U) are marked by a light brownish coloration at the top of the
resin and were subsequently eluted with 40 mL 2 M HNO3/0.5 M HCI. Notably, the Chelex-
100 resin is pH-sensitive in a way that it shrinks within seconds by more than 50 % from its
volume in NH," form when covered with acid. This effect is reversible (i.e., the resin expands
at higher pH), and may be used as a qualitative indicator of the pH condition during V
separation. After elution of the V fraction, the resin was cleaned with 80 mL 2 M HNO3/0.5
M HCI, 3 cv of water, 80 mL 2 M NHs, and 3 cv of 1 M ammonium-acetate buffer. Each of
these solutions were collected separately for later investigation via ICP-MS. To process these
large amounts of solutions in a timely manner, tight-sealing PP funnels (type R1030,
Rockbourne Scientific, UK) were mounted on the columns. The resin was removed from the
columns afterwards and stored again in the buffer solution.

The matrix fractions, the V fraction, and the cleaning solutions after V collection were
dried at 105 °C, and covered with aqua regia to remove a potential resin contribution, before
drying them again. The V recovery was investigated by dissolving the dry residues in 1 M
HNO3s, of which aliquots were diluted to 3 % HNOs and doped with 5 pg/L In for ICP-MS
analyses. Subsequently, the V fractions were purified further by steps 2 to 4 as illustrated in
Fig. 3. The V purification steps for the NASS-6 sample were identical to the column steps 1 to
4 (micro-column) described in Fig. 3. For the North Sea samples, Ti was removed by
dissolving the sample in 6 M HCl and passing it through LN resin (Triskem, France) in a micro-
column as described earlier by Schuth et al. (2017). As for the other cleaning steps, the
matrix of the LN resin cleaning procedure was collected and analyzed by ICP-MS.
Subsequently, the North Sea V fraction was dried, treated with aqua regia and loaded onto
Bio-Rad® AG1X8 anion resin for a final purification of the V cut.

To test our method employing the Chelex-100 resin and the purification steps
afterwards for consistency and V recovery, we collected the water of the North Sea samples

and the NASS-6 solution after it has passed the Chelex-100 resin. Aliquots of these solutions
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were doped gravimetrically to yield 5 pg/L of In and analyzed with the Element XR ICP-MS
for potential traces of V. After passing the Chelex-100 resin the V content of the NASS-6
reference material was below the detection limit. The North Sea aqueous matrices were
then doped with a pure Alfa Aesar and a NIST-3165 V solution, respectively, to yield 5 pg/L of
V. These samples were then processed again in the same way as the original sample
solutions (Fig. 3).

All processed samples were considered suitable for V isotope analyses via MC-ICP-MS
if no Cr and Ti could be detected in the aliquots of the purified V fractions by ICP-MS

measurements.

4.4  Vanadium isotope analyses

We used both the Thermo-Finnigan Neptune and the newer Thermo-Scientific
Neptune Plus high resolution-MC-ICP mass spectrometers at the Institute for Mineralogy
(University of Hannover) for V isotope analyses. The Neptune Plus was used to analyze all
water samples, and set to the detector configuration described by Schuth et al. (2017) to
cover the mass range from “°Ti to >’Fe (see Table 3). The older Neptune instrument was used
for filter and replicate water analyses, but it lacks the additional L5 detector and covers the
masses from “Ti to *°Fe instead as shown in Table S-2 in the Electronic Appendix. The
detectors were connected to 10™ Q amplifier resistors, except the detector assigned to >y
which was connected to a 10" Q resistor due to signal intensities >45 V. The instruments
were set to high-resolution mode (providing a resolving power of ~10,000 for Am/m, with
Am calculated at 5% and 95% signal intensity) to resolve interferences like BArNY (PO,
350160 (51V+), 365,160+ (SZCr+), 40, 4N (54Fe+), 40p 160+ (56Fe+), and “Ar'S0OH* (57Fe+) on the
masses of interest (Weyer and Schwieters, 2003; Nielsen et al., 2016; Wu et al., 2016). We
used an Aridus-ll (CETAC Technologies, USA) desolvating device equipped with a PFA
nebulizer for dry plasma conditions, which is similar to the analytical setup of Wu et al.
(2019). However, in contrast to these authors who used a jet sample cone, we installed a
conventional Ni sample cone, because high Ar-N formation rates in our mass spectrometers

OAr**N*) when employing a jet-type sample cone.

exceeded a signal intensity of 50 V (for
Such high Ar-N signals decreased the widths of the *°V and >*Fe plateaus when compared to

a conventional sample cone.
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For correction of instrumental mass bias, all samples and standards were matched to
similar V concentrations within a +10 % tolerance in 3 % HNOs. They were furthermore
doped with Fe that was prepared from the Fe isotope reference material IRMM-014
(purchased from the Institute of Reference Materials and Measurements; Geel, Belgium) to
yield ca. 20 V signal intensity for *°Fe with certified *°Fe/**Fe of 15.698 and >’Fe/*°Fe of
0.02309. These ratios were then used to calculate the mass fractionation factor Bre in the
exponential law to correct for instrumental mass fractionation (see Schuth et al., 2017). As
demonstrated already for 51V/SOV measurements of minerals via laser ablation-high
resolution-MC-ICP-MS by Schuth et al. (2017), this approach of mass bias correction has little
effect on the accuracy and precision of >'V/>°V alone, but it results in a much more accurate
interference correction of the *°V signal for the *°Cr and °°Ti contributions because it takes
potential variations of the individual sample matrix compositions and instrumental drift into
account. For correction of these mass interferences on 5°V, we measured the intensities of
>2Cr and *°Ti and applied the mass fractionation factor Br. to the natural ratio of 0.051856 for
cr/%er (Berglund and Wieser, 2011) and 0.972537 for 0Ti/49Ti (Leya et al., 2007),
respectively. Our approach of employing Br. for a mass bias corrected interference
correction is different to the one described by Wu et al. (2019) who determined the mass
fractionation factors B for Cr and Ti, respectively, for pure Cr and Ti solutions at the
beginning of their analytical sessions, and used these constant B¢ and Br; values to correct
the *°V signal in their samples for Cr and Ti contributions.

The high resolution mode, the conventional cone assembly, and a slower solution
uptake rate (Table S-2, Electronic Appendix) employed in our study resulted in a signal
intensity of ~100-150 V/ppm, which is somewhat lower than the ~150-250 V/ppm reported
by Wu et al. (2019). A major advantage of our setup, however, is the possibility to analyze
each sample for a longer time individually, and also perform in most cases three repetitive
measurements per sample to achieve reliable analytical reproducibility. Each sample analysis
comprises 25 measurement cycles of 4.194 s per cycle in static mode. Every sample
measurement was bracketed by analyses of a V reference solution. In our study we calculate
the 6°'V values against the average result of the NIST-3165 vanadium reference material
from the National Institute of Standards (NIST, Gaithersburg, Maryland, USA) measured

before and after each individual sample according to equation 1:
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(507 /51y)
551VNIST = <(5°V/51V)

Nist-3156

sample 1) -1000 [%0] (eqn' 1)

This can be converted to the 651VAA values that are reported in several other studies, where
the in-house Oxford Alfa Aesar vanadium solution (Vaa) was employed as a reference

standard (Prytulak et al., 2011; Nielsen et al., 2011), by equation 2:
8°'Vaa = 651VSampIe/NIST - 8°'Wist/an [%0]  (eqn. 2)

We like to emphasize that pure V solutions provided by Alfa Aesar in various
countries use V from different sources and/or apply different purification procedures, which
result in different V isotope signatures of three Alfa Aesar solutions of different age and
origin (see Schuth et al., 2017, for discussion). Hence, we decided to use a the NIST-3165
vanadium solution as a reference which is controlled for chemical composition and prepared
by the National Institute of Standards and Technologies (NIST) that provides a wide range of
elemental and isotopic reference materials. To allow an easy comparison of 6>V values from
other studies who often refer to the Oxford Vaa solution first employed by Prytulak et al.
(2011) and Nielsen et al. (2011), we also measured the V isotope composition of the BDH
solution (from BDH Chemicals, UK, provided by J. Prytulak; see Prytulak et al., 2011, Nielsen
et al., 2011) against the Oxford Vaa solution several times per analytical session. The BDH
solution has been used in all V isotope studies so far as an in-house standard and is
therefore well known (Prytulak et al., 2011; Nielsen et al., 2011, 2016; Schuth et al., 2017;
Wu et al., 2016, 2019). The average 8°'Vaa of the BDH solution in our study is -1.22 %o (+
0.12, 2s.d., n=11), which is in perfect agreement of earlier results (see references above) and
proves that our analytical method is reliable and precise. Against NIST-3165, the Oxford Vaa
solution gives an average value for 8 Wyist = -0.61 %o (+0.13, 2s.d., n=10), and is therefore in
good concordance with the value of -0.67 %o (+0.07, 2s.d., n=4) given by Schuth et al. (2017).
For convenience and better comparison with previously published stable V isotope data, we
will discuss our results in the following as 81V aa values, although all results are presented

both as 6>*Vyisr and 82V aa.

4.5 Vanadium purification efficiency
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The 3-column vanadium purification procedure adopted from Wu et al. (2016) for the
river water and filter samples was controlled after each purification step via ICP-MS
measurements. The method is reliable and efficient with recovery rates of at least 95% for V
even after repetitive purification steps, and thus can be well adapted also for river water
samples. Multiple re-uses of the cation resin in the first V purification step have no negative
effect on its V retention capability or the V blank level. Nevertheless, we discarded the
cation resin after three uses without investigating its potential life time further.

The Bio-Rad® Chelex-100 resin is, as the Nobias PA-1 resin employed by Wu et al.
(2019), an efficient chelator for V (see also Abbasse et al., 2002; Wang and Safiudo
Wilhelmy, 2008). In contrast to the approach described by Wu et al. (2019) who confined to
a loading limit of 250 mL solution per column filled with 1.5 mL Nobias resin to achieve a V
recovery of ca. 70 to 75 % for the NASS-6 reference solution and other seawater samples, we
found that ca. 5 mL of Chelex-100 resin used per column were able to retain ca. 95 % of the
V fraction even when loaded with 1 L of the NASS-6 reference solution. Similar high
retention rates of V from seawater were also reported by Abbasse et al. (2002) for the
Chelex-100 resin. There are a couple of reasons that may explain the higher recovery rate
even at a higher sample load found for the NASS-6 reference material after passing the
Chelex-100 resin:

1. We loaded the solution drop-wise via a peristaltic pump onto the Chelex-100
resin, thus allowing a slow flow of the solution. This may have supported a more
efficient metal adsorption. A large volume of solution would pass faster through
the column due to gravity, and thus some V may not be adsorbed to the resin.

2. The Nobias PA-1 resin employed by Wu et al. (2019) may not be as efficient as the
Chelex-100 resin to retain dissolved V, simply because the two methods work at
different pH conditions, i.e. at pH=6 (Wu et al.,, 2019) vs. pH=5 (our study).
Gustafsson (2019, and references therein) discusses that pH=6 is a "switching"
point, i.e. dissolved V that would be present at pH 26 as a tetrahedral vanadate
(HnVVO4(3'”)') can be easily reduced to its vanadyl species V'VO** at pH <6 by
organic acids like oxalic acid or other organic compounds with carboxyl groups,
e.g., like acetic acid which is present in the buffer solution used in both studies

(e.g., Bruyere et al., 2001). Vanadyl is known to form strong bonds with organic
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ligands (e.g., Kowalski et al., 2009; Wang and Safudo-Wilhelmy, 2008, 2009;
Gustafsson, 2019), and thus may be better retained on the resin at pH=5.
Yet it remains to be investigated if a lower pH and/or slower flow rate of the sample

solution has a significant effect on the V retention capability of the Nobias PA-1 resin.

When processing our North Sea water samples through the Chelex-100 resin, the V
recovery dropped to ca. 70 - 80 %, and is thus on the same level as described by Wu et al.
(2019) for the seawater samples of their study. The North Sea water was acidified to ca. 1 %
HClI but otherwise no effort was made to destroy potentially present metal-organic
complexes which is in contrast to UV radiation of the NASS-6 reference solution. The
similarly reduced V recovery for non-irradiated seawater of the two studies support the
assumption of Wu et al. (2019) that organic complexes may partially inhibit V adsorption to
the resin. To test our method further, the North Sea water was collected in five separate
bottles after it had passed the Chelex-100 resin for the first time, and subsequently acidified
again to 1 % HCI. The water in these bottles was then doped either with an Alfa Aesar or the
NIST-3165 solution (see Table 2), to yield 5 pg/L of V, then brought to pH=5, and passed
again through the purification procedure, starting with the Chelex-100 resin (Fig. 3). As
before, the V recovery was lower than in comparison with the NASS-6 solution but not as
much as for the natural samples, and ranged between ca. 76 to 87% for the solution doped
with NIST-3165, and ca. 92 to 97 % for the solution doped with Alfa Aesar. Supposedly either
the amount of organic ligands was reduced during the previous removal of natural V, thus
increasing the amount of doped V available for chelation by the resin, or the added V was
not yet complexed efficiently by the natural organic compounds still present in the solution.
Still, the V signatures of the doped seawater solutions were reproduced within analytical
uncertainty, albeit at a tendency towards 8V values slightly lower than 0 %o with -0.11 %o
(£0.19, 2s.d., n=11) for NIST-3165 and -0.17 %o (+0.23, 2s.d., n=10) for Alfa Aesar (Table 4).
This effect can also be observed in a weaker occurrence in the data reported by Wu et al.
(2019). They, however, doped their natural seawater samples without removing its natural V
fraction beforehand in a series of experiments with synthetic Alfa Aesar at much higher V
concentrations of 10 pg and 25 ug per 250 mL, respectively, and observed recovery rates of

87 to 105 %.
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In conclusion, our study showed that the procedures developed for V separation
from seawater are giving reproducible V isotope results and also tolerate reduced yields of

~75 % without incurring a significant V isotope fractionation during the purification process.

5 Results and discussion

The results of the V concentration and isotope measurements by high resolution
(MC-)ICP-MS are given in Table 4. Please note that the isotope data are given both as 8 Wit
and 8V, with the latter being referred to in the discussion. In the following text, the
dissolved V and Fe concentration refers to the filtered solution (< 0.45 um), and particulate V

and Fe refers to the V and Fe concentrations in material retained by the filters (> 0.45 um).

5.1 Vanadium concentrations

Most of the river water samples have typically low dissolved V concentrations with an
average of ~0.8 pg/L for our sample suite, in accordance with the average of ca. 0.7 pg/L
given e.g. by Huang et al. (2015) and Shiller and Boyle (1987). The particulate V fraction
varies between the sample locations, but is typically up to one order of magnitude lower
than the fraction of dissolved V. An exception is seen for the sample CW-3 from the
abandoned mine, where the highest load of particulate V occurred with 17.5 pg/L (FCW-3).
While there is a considerable variation of the dissolved V concentration in the sampled rivers
ranging from ca. 0.07 to 6 pg/L in our sample suite, an overall increase of the V
concentration from small tributaries to the Yangtze River as the major water body can be
observed. Moreover, for the Yangtze River a gradual increase of particulate-bound V and Fe

was seen between the Three-Gorges-Dam and the city of Nanjing.

5.1.1 Vanadium in river source, hot spring, and mine effluent waters

There are some notable extreme V concentration results in our study that support
different processes controlling the V abundance in water bodies: (i) sample CW-3 (effluent of
an abandoned underground uranium mine) features V concentrations three times higher
than in the Yangtze River and is also rich in U (130 pg/L, not shown in Tab. 4), and (ii) sample

CW-12 (hot spring water in Nanjing) is almost devoid of V and other trace metals. The filters
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of CW-3 and CW-12 mimic this finding, with extremely high and low loads of V, respectively
(17.5 pg/L, and below detection limit, respectively, Table 2). For the hot spring water sample
CW-12, the absence of V is not surprising because dissolved V is scavenged efficiently by
precipitation of Fe oxides and adsorption as shown for mid-ocean ridge settings before it
enters the open water body (e.g., Trefry and Metz, 1989; German et al.,, 1991).
Consequently, sample CW-12 and its filter were not considered for further investigation of V
isotope signatures. In contrast to this V-poor sample, the high V and U concentrations of
sample CW-3 are probably related to V-rich black shales within the Niutitang Formation (Xu
et al., 2012), which are abundant in the sampling area. Former underground mining activities
most likely have exposed more V-rich material to water and atmospheric oxygen than in an
undisturbed natural setting, thereby facilitating oxidation and concomitant efficient
mobilization of V and U. In contrast to the V-rich water released from the black shales at
CW-3, little dissolved V was found in a small spring emerging between phosphorite and
barite layers of the Niutitang Formation (sample CW-7). However, the filter of this sample
(FCW-7) revealed more than two times higher V (and three orders of magnitude higher Fe)
concentrations, a feature that is visible also for sample CW-3 and FCW-3, but at a much
higher absolute V concentration for the latter (Table 2). This suggests that particulate V
transport at least for these two water sources (CW-3, CW-7) is the dominant process. For the
spring water of CW-7, either (i) the dissolvable V pool accessible to groundwater is already
exhausted, (ii) the V concentration in the sampling area is overall low because the
phosphorite layers did not form at euxinic conditions (thereby less V was immobilized in
these layers ab initio), or (iii) the redox conditions at that location are low and thus not
favoring V mobilization (cf. Wright et al., 2014). Highly variable V concentrations of ca. 270
to 4,400 pg/g are known for the Niutitang Formation, but a rather low V abundance of ~420
ug/g was reported for phosphorite layers (Xu et al., 2012). This supports the assumption that

a low V pool can be present in the rocks at the spring of CW-7.

5.1.2 Vanadium in tributary rivers

The dissolved V concentrations in the sampled tributary rivers to the Yangtze River
are typically low, and scatter between ca. 0.2 (CW-5) to 1.1 ug/L of V (CW-4). Vanadium
amounts retained by the filters are often lower by factors between 3 and 10 relative to the

dissolved V fraction. Noteworthy are the absolute elevated amounts of particulate V and Fe
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in filter samples FCW-4, FCW-5, and FCW-6. The first two were collected from fast-flowing,
but small rivers in a sparsely populated region, and their V budget may be attributed to
particles eroded from country rock, or represent plant litter, soil particles, or dust (e.g.,
Schlesinger et al., 2017), and are carried because of the higher kinetic energy of the water.
Sample FCW-6 was collected from the large Wuyang River in the city center of Yuping. It is
unclear if the elevated amount of particulate V is related to a geogenic source, or may be
related to an anthropogenic source like industry, or waste water. It is however obvious from
the lower V concentration in the sampled tributary rivers relative to the respective higher V
concentrations in the Yangtze River that (i) they deliver only a part of the Yangtze River's V
budget, and (ii) mixing processes of different water masses may dilute or modify the
individual V signatures, depending on the particulate and the dissolved V load. However, an
unknown amount of particulate and dissolved V is removed by sedimentation processes in
the river bed as well, and may also exert some control of the overall V contribution of

smaller tributaries to the large rivers.

5.1.3 Vanadium in the Yangtze River

The Yangtze River samples (CW-10, CW-11, CW-13) have the overall highest dissolved
V concentrations in our study (not considering sample CW-3, see above), with variable Cr
and Fe concentrations. Samples CW-11 and CW-13 were taken from flowing river water
downstream of the Three-Gorges-Dam, and are marked by a high Fe (oxyhydr-)oxide
particulate load as is evident from the highest Fe concentrations of the filter material in our
study. Sample CW-10 was collected in the Three-Gorges-Dam lake, which represents a rather
stagnant water pool. The dissolved V concentrations of CW-10 (1.6 ug/L) were slightly lower
than in CW-11 and CW-13 (1.7 pg/L), but the Fe concentrations measured in the filter of
FCW-10 were lower by almost one order of magnitude when compared to the filters FCW-11
and FCW-13. Adsorption to particulate matter seems to be one process that may have
decreased the dissolved V fraction in the Three-Gorges-Dam lake. We assume that because
of the near-stagnant surface water in the dam lake, particulate matter like Fe (oxyhydr-
Joxides can settle and may act to some degree as a sorbent for dissolved V (Brinza et al.,
2008; Gustafsson, 2019). However, as Fe decreased more drastically than V in the dam lake
water, the effect of adsorption seems to be less significant for V, either because V can form

as vanadyl (V") strong complexes with e.g. organic matter even at oxic conditions (e.g.,
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Templeton and Chasteen, 1980; Lu et al., 1998; Gustafsson et al., 2007), making it partly
unavailable for adsorption to Fe oxides, or because efficient water mixing is not occurring in
the dam lake and thus particulate Fe (oxyhydr)oxides are partly settling at the lake bottom.
Notably, the particulate V fraction of FCW-10 is significantly lower by almost an order of
magnitude when compared to FCW-11 and FCW-13. Therefore, the V load in stagnant or
poorly mixed water bodies does not seem to be controlled exclusively by particulate Fe
oxides, but perhaps also by metal-organic complexes that can pass 0.45 um filters. A similar
conclusion can be drawn from the results of the other Yangtze River samples. The dissolved
V concentration in these samples is almost identical at 1.7 pg/L and independent of the
amount of particulate Fe. The latter increases by a factor of almost 2 between the sampling
locations near the cities of Wuhan (FCW-11) and Nanjing (FCW-13). An increase of ca. 35 %
of particulate-bound V is however evident from filter FCW-11 to filter FCW-13. One reason
for this can be a tributary river with a higher particulate load, or an anthropogenic source,
e.g. from industrial facilities that are abundant along the lower Yangtze River and its
tributaries. For example, an increase of trace metals due to human activity has been
recorded in sediments of the Yangtze River around Wuhan for As, Cd, Cr, Cu, Hg, Ni, Pb, and
Zn (Wang et al., 2011).

If a V isotope signature can be produced by human activity, i.e. by industrial-chemical
processes that require V in significant amounts and subsequently release V into the
environments through waste water, it can potentially be used as a fingerprint tool and
sensitive tracer of V uptake e.g. in aquatic organisms. One potential example for this are
corals of the South China Sea, that have archived trace metal variations of Mn, Cu, and V of
the last ca. 150 years. Decadal variations of V from ca. 35 to 65 ng/g with occasional V
concentration excursions in the corals of up to ca. 100 ng/g were observed (Chen et al.,
2015). These variations were interpreted as a complex interplay between higher riverine V
input potentially due to human activity in the ocean until 1990, and an upwelling of nutrient-
and V-rich deeper ocean water (Chen et al.,, 2015). However, V isotope signatures by

bioactivity in marine settings need yet to be investigated.

5.2 Vanadium isotope signatures
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From other redox-sensitive elements, e.g. like Fe, it is now well known that processes
like dissolution and precipitation (both resulting from pH and/or redox variations), and
adsorption in low-temperature environments are often inducing mass-dependent isotope
fractionation (see e.g. the review by Johnson et al., 2008, for Fe). Theoretical investigations
by Wu et al. (2015) and the growing data set of &'V values of various matrices suggest that
these processes can have a similar effect for stable V isotope compositions in the range of
several per mil at environmental temperatures. For example, Wu et al. (2015) calculated a
theoretical V isotope fractionation factor for V adsorption in the vanadate - goethite system
with ASIVV(V)_goethite=2.1 %o (0.4, 2s.d.), i.e. the goethite surface would be preferentially
enriched in the light *°V isotope due to adsorption. For an aqueous system like a river, this
would result in an isotopically heavy dissolved V pool, while the adsorbed V fraction is
concomitantly enriched in *°V. Consequently, the presence of particulate Fe (oxyhydr)oxides
as potential V adsorbers in rivers can modify the dissolved V isotope signature from its
original host-rock composition at the source to higher 8°'V values at the river's estuary or its
inflow into a larger river.

In an alternative scenario, a mixture of different V pools with distinct V isotope
compositions may result in an isotope signature that is not clearly related e.g. to a host rock,
but may instead indicate a biological or anthropogenic component in river waters.

For biological V isotope signatures, Malinovsky and Kashulin (2016) found for the
fungus Fly Agaric (Amanita Muscaria) a wide range of 2.4 %o for the 6°'V values, with the
highest 8°'Vaa value as high as +2.3 %o (recalculated from 6Vt values given by Malinovsky
and Kashulin, 2016, according to egn. 2 and assuming 651VN.5T/AA = +0.61 %o). These values
were found to be distinct for the fungi populations at specific locations, and thus allow
tracing of the potential origin of these fungi by their V isotope signature. Consequently, such
high 8>V values are possible in biological material. Crude oils from various locations feature
low and distinct §°*Vaa values ranging from ca. -1.6 %o to -0.2 %o (Ventura et al., 2015). Yet it
is unclear if these 8°'Vaa values are indicative of bioactivity or have been already modified by
diagenesis during oil formation. Nevertheless, crude oil contains variable amounts of V (ca.
100 to 400 pg/g; e.g., Schlesinger et al., 2017), that enters ultimately the environment as
aerosols by fuel combustion in power plants and cars at a rate of 100 to 280 Gg/a
(Schlesinger et al., 2017). It is however unknown if oil refinement and/or combustion already

fractionates the original V isotope signature of crude oil. The same may be true for V that is
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also vastly used as a catalyst for the production of sulfuric acid by the chemical industry
(e.g., Lapina et al., 1999). For industrially purified V, refined V metal analyzed by Schuth et al.
(2017) featured a high 8°'Vas value of +1.38 %o (+0.07, 2s.d., n=10), hence suggesting that
such high values outside the range observed for natural V hosts can indeed be produced by
refinement processes.

In the following, possible factors of V isotope modification - V adsorption,
anthropogenic V sources - will be discussed together with potential host rock V isotope

signatures for the rivers of the Yangtze River Basin.

5.2.1 Vanadium isotope signatures of river waters

The river water samples of the Yangtze River Basin show a range of dissolved §°'Vaa
values from -0.79 %o (+0.18, 2s.d.) to -0.13 %o (+0.22, 2s.d.) at a comparatively large spread
of dissolved V concentrations as illustrated in Fig. 5a. Interestingly this range is made up by
the three samples from the Yangtze River, with the lowest value referring to water from the
Three-Gorges-Dam lake, and the highest value obtained for water collected in Nanjing, i.e.
less than 300 km upstream of the Yangtze River estuary. The dissolved 8°'Vas value of -0.63
%o (+0.08, 2s.d.) for V and U rich source water emerging from the abandoned mine is within
the range of Si-rich rocks reported by Wu et al. (2016). The dissolved V isotope signatures of
the small and larger tributary rivers show some variations, but however, they overlap the
range defined by the Yangtze River, with values from -0.76 %o (£0.20, 2s.d.) to -0.31 %o
(£0.21, 2s.d.). In addition, they have 5°1Vaa values that overlap those of quartz-latite (-0.60
%o +0.07, 2s.d.) and andesitic rocks (-0.70 %o +0.10 to -0.80 %o +0.07, 2s.d.; rock data from
Wu et al., 2016).

The V isotope compositions of the particulate V loads are, except for the extreme
case of sample FCW-3, all significantly lower than those of the dissolved V pool, and feature
a large range of variation of 2 %o (Fig. 5a) between -0.14 %o (FCW-3, abandoned mine) to -
2.16 %o (FCW-5, small and fast flowing creek water). However, excluding the two most
extreme values, the V isotope compositions of the other filters are confined to a narrower
5°'Vaa range between -1.08 and -1.56 %o. This range of values is lower than variations
observed among basalts and altered oceanic crust (ca. -0.9 %o, e.g., Prytulak et al., 2013), but
overlaps the range defined by two Fe-Mn crusts (ca. -1.0 to -1.7 %o; Wu et al., 2016). We

interpret the low §°'Vas values of particulate-bound V as a result of V isotope fractionation
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due to adsorption (Wu et al.,, 2015), and furthermore assume that this process can also
explain the low 8°'Va, signatures of the Fe-Mn nodules investigated by Wu et al. (2016).
Samples for which both the dissolved and the particulate V isotope composition have

been analyzed allow to calculate the total 8>'V value of the sample according to equation 3:

51 _ (Vdissolved 51 Vparticulate 51
8" Vrotal = ( Vv -6 Vdissolved) + (V— XS Vparticulate [%0] (eqn. 3)
Total Total

With Vgissolved aNd Vparticulate b€ing the V concentrations in the dissolved V and particulate V
pool, respectively (see Table 2, Vparticuate has been recalculated to the solution volume before
being used in eqn. 3). This results in most cases in 8>V values that are plotting close to the
field of the average continental crust, as is illustrated in Fig. 5b. Exceptions are the V-rich
water from the abandoned mine (CW-3), the tributary Fe-rich and V-poor river Pingtu (CW-
5), and the lower Yangtze River at Nanjing (high Fe and V concentrations, Table 2), which
plot either above the average crustal signature, or are close to a signature found for Fe-Mn

nodules (CW-5, cf. Wu et al., 2016).

Mine effluent and stream source waters - The V isotope composition of the dissolved
and particulate V pools in the mine effluent and the river source water samples is very
diverse. For the mine water (CW-3) the difference between dissolved V (-0.63 %o +0.08) and
particulate V (-0.14 %o £0.11) is, when compared to the other samples, relatively small. Also,
this sample is exceptional in our suite in that it has (i) a higher particulate V load than a
dissolved V concentration, and (ii) more Fe is present in dissolved than in particulate form
(Table 2). This hints to conditions that are more favorable of mobilizing Fe rather than V in
dissolved form, which would be the case at low E, (e.g. Nriagu, 1998). Consequently,
assuming little amounts of Fe oxides that are present to act as potential adsorbents, the light
V isotopes are released preferentially from the host rock because of lower bonding strengths
in their mineral host phases, yielding a lower 8>V signature in the dissolved V fraction. The
higher 8>V values for the particulate V have likely been depleted in the light V isotope
inventory during V mobilization due to a slightly weaker bonding of *°V in its solid host
phases (see also Prytulak et al., 2017, for discussion).

The low particulate 'V value of -1.52 %o (+0.18) of the source water sample FCW-7

from the Phosphorite Unit in the Niutitang Formation is most likely the result of a similar
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process as described for FCW-3. The V isotope composition of a sample from the
phosphorite layer has been analyzed by Briiske et al. (2015) with a §°'Va of ca. -1.2 %o. This
sample was however taken at a different location than FCW-7 but is of the same
stratigraphic age, and its reference to the host rock of the water source of this study needs
to be taken with caution. The dissolved Fe concentration in the source water (ca. 40 pg/L) is
significantly lower than at CW-3, but still about one order of magnitude higher than for the
other rivers. We assume that reducing conditions persist in the groundwater reservoir of the
source, thereby promoting mobilization of Fe, but inhibiting release of dissolved V at the
same time. This also offers an explanation for the very low dissolved V concentration in the

source water.

Tributary rivers - The very low &'V value of -2.2 %o (+0.3) of the particulate-bound V
of sample FCW-5 (Pingtu, a fast-flowing river) coincides with its low 8°'Vaa signature of -0.76
%o (+0.20) in the dissolved V pool (only the Three-Gorges-Dam lake has - within analytical
uncertainty - a slightly lower delta value). The total V concentration of this sample is also low
as well and has similar dissolved and particulate V concentrations. The particulate Fe
concentration of FCW-5 is comparatively high, and only surpassed by the lower Yangtze
River samples (and the rather extreme case of FCW-3, Table 2). Since the continental crust
has a much higher 8°'V value (scattering around -0.6 %o; Wu et al., 2016), we assume that
the V isotope composition of this sample is linked to the presence of particulate Fe oxides
that preferentially adsorb *°V (Wu et al., 2015), and have been found for Fe-Mn crusts (Wu
et al.,, 2016).

Notably, as illustrated in Fig. 5¢c, the §°'Vaa values of the larger tributary rivers (CW-2:
Youshui River, CW-6: Wuyang River) and the two Yangtze River samples downstream of the
Three-Gorges Dam can be grouped because of having the highest 5°"Vaa values (-0.45 %o to -
0.13 %o) and also the highest Fe load in the filters. These values are significantly higher than
the values reported so far for granites of the continental crust. Weathering of rather exotic
V-containing minerals (Schuth et al., 2017) may have the potential of producing such high V
isotope signatures in water, but we do not know the abundance and isotope signature of
those rare V-rich minerals investigated by Schuth et al. (2017) in the Yangtze River basin.
Moreover, the V isotope signatures of more common minerals that may incorporate V like

amphibole, spinel, or some micas (like roscoelite, K(V,Al,Mg),AlSis019(OH);,; e.g., Nriagu,
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1998) are still unknown. It remains yet to be investigated (i) if V mobilization by weathering
affects the V isotope composition of the dissolved V pool relative to its host rock signature,
and (ii) how efficient V adsorption fractionates the V isotope composition during riverine

transport.

Yangtze River - The dissolved V isotope composition of the Yangtze River becomes
increasingly enriched in the heavy >'V over a distance of ca. 1,300 km with §>'Vas of -0.79 %o
of the Three-Gorges-Dam lake to -0.48 %o near Wuhan, and finally to -0.13 %o in Nanjing (Fig.
5c). At the same time, the dissolved V concentration shows little variation with values of 1.6
to 1.7 pg/L of V. However, in contrast to the almost identical dissolved V concentration
between Wuhan and Nanjing, the amount of particulate V and Fe increases significantly
between these two sampling points by ~37 % for V and ~60 % for Fe (Fig. 5a,c).

Because so far no common geogenic V source with the observed high &'V values is
known for the study area, we can only speculate now that (i) human activity increased the
particulate V and Fe concentration in the Yangtze River, thereby potentially overprinting the
natural V isotope signature also of the dissolved V fraction, and/or (ii) an exchange of V

adsorbed to particulate matter like Fe (oxyhydr)oxides with dissolved V takes place during

"(oxyhydr)oxides, and at

transport. Vanadates are known to be efficiently adsorbed by Fe
reducing conditions and typical surface temperatures, V> can also easily substitute Fe*" in
goethite (e.g., Gustafsson, 2019; Schwertmann and Pfab, 1994). Opposite to the increasingly
high 8°'V values of the Yangtze River water, the sample CW-10 from the Three-Gorges-Dam
lake is marked by a very low 6 Vs value of -0.79 %o, and has also a lower load of particulate
Fe and V. This low 8°'Vas may be attributed to either (or both) (i) a geogenic V isotope
signature, because the value overlaps those of basalts (Wu et al., 2016) and black shales
from the Niutitang Formation (Briske et al., 2015), or (ii) to V that is released from
particulate Fe (oxyhydr)oxides when these enter water levels of the lake that are low in
oxygen and thus potentially start to disintegrate (the height of the dam is 185 m).
Alternatively, the lake water may be simply less polluted than the downstream Yangtze River
water, thereby having preserved or at least exhibiting a less modified geogenic V signature.
The two filters of the lower Yangtze River (FCW-11: Wuhan, FCW-13: Nanjing) however point
to a more complex situation. The particulate 6°Vaa value of FCW-11 (Wuhan) is with -1.58

%o (+0.28, 2s.d.) lower than the one of particulate V with -1.08 %o (+0.24, 2s.d.) of FCW-13
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sampled in Nanjing. This change of V isotope compositions is linked with a concomitant
increase of particulate V in the Yangtze River from Wuhan to Nanjing at constant amounts of
dissolved V. At a first glance, this seems to be contradictive to the theory that adsorbed V
should be enriched in the light *°V (Wu et al., 2015).

At a closer look however, it is evident that all samples taken from the three largest
rivers in the area (Wuyang River, Youshui River, Yangtze River) are marked by higher 5V
values of the dissolved V fraction than the average value for granites and andesites (Wu et
al. 2016). The same is true for the V isotope composition of the particulate V load as seen for
FCW-6 (Wuyang River, city center of Yuping) that has a 6°*Va value of -1.56 %o (+0.01, 2s.d.),
which is comparable to the Yangtze River near Wuhan. As noted above, the §°'V signatures
of the larger tributaries can be influenced by a mixture of different anthropogenic sources
with individual &'V values, e.g. (i) an influx of oil-contaminated water that can contain
significant amounts of V, (ii) dissolved V delivered into the rivers as waste from the chemical
or steel industry, or (iii), due to a higher input of particles with high affinity to bind V such as
Fe oxides to increase the adsorption-driven V isotope fractionation that would result in even

higher 6°*V values in the dissolved V pool.

5.2.2 Vanadium isotope signatures of seawater

The results of the North Atlantic NASS-6 seawater reference analyses show that our V
separation protocol is capable of both handling large amounts of sample solution (1 L in this
case) and providing reproducible data. The §°*Vaa value of +0.30 %o (£0.14, 2s.d., n=3) of our
NASS-6 solution is in excellent agreement with the average value of +0.32 %o (+0.13, 2s.d.)
reported by Wu et al. (2019). It also highlights that different separation protocols and MC-
ICP-MS machine parameters can produce similar results. Moreover, as demonstrated in
comparison with our study, lower V yields of ca. 75 % as observed by Wu et al. (2019) show
that such a loss is not incurring significant V fractionation. Our approach is especially helpful
when larger amounts of sample solution (larger than the recommended maximum of 250 mL
for the Nobias PA-1 resin) need to be processed in a timely fashion and without splitting the
sample onto several columns in parallel. The latter approach may result in V loss (e.g. by
poor adjustment of the pH in the first separation step) and/or a higher blank contribution.
Furthermore, with respect to the UV-irradiated NASS-6 reference material, we were able to

recover over 90 % of the loaded V until after the final purification step. Consequently, we
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assume that both UV-irradiation and separating the V fraction at a pH=5 instead of pH=6 can
contribute to this higher V recovery rate.

The North Sea water reveals an average 651VAA value of +0.03 %o (+0.19, 2s.d., n=17)
which is slightly lower than the average seawater §'Vaa value of +0.20 %o +0.15 (2s.d.), and
the results given for the North Atlantic, the Gulf of Mexico, and the North Pacific given by
Wau et al. (2019). The North Sea water's V isotope signature is therefore framed by a slightly
lower value represented by the lower Yangtze River (-0.13 %o, sample CW-13, ~300 km
upstream of the estuary) and the ocean water represented by e.g. the Gulf of Mexico (+0.22
%o0; Wu et al.,, 2019). However, the North Sea sample does not represent an open ocean
water sample in a strict sense, but was taken in the Wadden area near the coast and the
island of Spiekeroog, and ca. 40 km west of the estuary of the Weser River. Consequently,
the water in the sampling area is most likely a mixture of river and seawater (see Beck et al.,
2008, 2012; Kowalski et al., 2009). The slightly elevated V concentration of the North Sea
sample of ~2 pg/L V relative to open ocean water (1.8 pg/L, Huang et al., 2015) can be
attributed to (i) V-rich pore waters seeping out of the sediment at low tide, and/or (ii)
desorption of V bound to particulate matter because of an increasing salinity from coast to
open sea (Beck et al., 2008, 2012; Kowalski et al., 2009). According to Wu et al. (2015),
desorption of V bound to particulate Fe oxides would result in a decrease of the 8>V value
of the dissolved V pool, because the adsorbed V is expected to be isotopically light. We do
not know yet, however, the V isotope signatures of pore waters, hence an isotopic mass
balance between V isotopic compositions of pore water, seawater, and river water is difficult
to calculate for the North Sea. Nevertheless, the V isotope composition of the coastal North
Sea water can also be explained as a mixture between continental run-off and open
seawater signatures, as seen for the 8°Vaa values of the lower Yangtze River and the

average ocean water.

Conclusions

The method to separate V from seawater developed in this study offers an
alternative approach to the procedure described by Wu et al. (2019), because it can handle
larger volumes of seawater in a partly automated way and showed a V recovery of 290 % for

the UV-irradiated NASS-6 seawater reference solution. Nevertheless, the results of this study
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and the one of Wu et al. (2019) are in prefect agreement regarding the V isotope
composition of NASS-6 with a proposed value of +0.30 %o +0.14 (2s.d., this study) vs. +0.32
%o +0.13 (Wu et al., 2019). First 651VAA values of a water sample from the German North Sea
coast scatter around +0.03 %o (+0.19 %o, 2s.d.), and are slightly lower than the average open
ocean value of +0.20 %o £0.15 proposed by Wu et al. (2019). We attribute this slight offset to
the sampling environment, i.e. an area strongly affected by the tides and the influx of
brackish river water.

In this study we have reported the first §°'V signatures of river water of the Yangtze
River Basin, including the Yangtze River and some of its tributaries and sources. The source,
smaller rivers, and the water of the Three-Gorges-Dam lake are marked by rather low &'V
values scattering between -0.8 and -0.4 %o for the dissolved V fraction, and potentially
reflect a host rock signature. In contrast to the tributaries, the high 8>V signatures of
dissolved V of -0.4 to -0.1 %o in the large rivers of the Yangtze River Basin may be the result
of (i) preferential adsorption of *°V onto particulate matter, in particular Fe (oxyhydr)oxides,
as discussed by Wu et al. (2015), and/or (ii) at least partially generated by one or more
anthropogenic sources.

The particulate V isotope signature is typically marked by comparatively lower §>'Vaa
values ranging from -2.2 %o to -0.1 %o, but particulate V represents typically 30 % or even
less of the total V budget in our sample suite. The average dissolved 8°'V value of all samples
collected in the eastern Yangtze River Basin is -0.53 %o +0.20 and therefore well matching
the estimated value of -0.6 %o +0.3 of Wu et al. (2019). When combining the V budgets and
V isotope signatures of the dissolved and particulate V pools (egn. 3), the average run-off of
the Yangtze River Basin has a §°'Vaa of -0.65 %o (+0.39, 2s.d.). The fine scale sampling and
characterization of the V concentrations and V isotopic compositions conducted here for the
Yangtze River system however clearly demonstrates that averaging the signatures for a
“whole” river system may blur the complex V isotopic heterogeneity present along and
within a river system, which may reveal the different factors influencing these V isotopic
fractionation processes (anthropogenic, weathering, bioactivity, and adsorption).

The results of this work are a major step forward to understand the global V cycle
and may be further exploited for V isotope variations of terrestrial and marine sediments of

the early Earth. Still there are some parts of this cycle poorly constrained, e.g. V mobilization
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respective fixation in sediments, and the V input into the ocean at mid-ocean ridge systems,

thus requiring further investigation.
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Electronic Appendix

Method details

Al Chemicals

All employed acids in this study were purified by sub-boiling distillation in either a
conventional infra-red heated quartz glass still (for HNO3) or a Teflon cupola still (for HCI;
PicoTrace, Germany) from commercially available pro analysis grade acids.

Purified water (18.2 MQ grade) was produced by a Millipore Milli-Q system
(Karlsruhe, Germany).

The cation resin (Bio-Rad® AG 50WX12, 200-400 mesh) and the anion resin (Bio-Rad®
AG 1X8, 200-400 mesh) were cleaned before use stepwise twice with purified water, 2 M
HCI, water, 5 M HCI, and 2 M HClI, respectively. These resins were stored in 2 M HCl.

The Bio-Rad® Chelex-100 resin (1 % cross-linkage, 100-200 mesh, Na* form) uses
styrene divinylbenzene copolymers as a carrier. Prior to loading into the PP columns, it was
cleaned and conditioned as shown in Table S1 (Electronic Appendix).

All other chemicals, 30 % H,0,, 25 % NHs, 100 % acetic acid, employed in this study

were of suprapure grade and purchased from commercial providers.

A2 Columns

Ready-made PP (poly-propylene, Bio-Rad® Laboratories Inc., USA) columns with a
total volume of 10 mL (including a 2mL resin reservoir) were employed to separate V from
major elements (e.g., Ca, Na, K,) and trace elements (Ti, Fe, Cr) by either filling them with
cation resin or anion resin (Table 2). A final purification step (step 3) required micro-columns
that were prepared from conventional 1 mL pipette tips and a frit made of HDPE (high-
density polyethylene, pore size 35 um; purchased from RCT GmbH & Co., Germany).

The Chelex-100 resin for initial V separation from the seawater matrix was loaded
into pre-cleaned PP columns (Rockbourne Scientific, UK) with a length of 15 cm, a diameter
of 1 cm, and total volume 20 mL. This resulted in a resin height of ca. 5-6 cm. The resin was
washed with two column volumes (cv) of 1 M ammonium-acetate buffer solution prior to

sample loading.
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All columns were cleaned step-wise with purified water, diluted alkaline detergent

(Elma Clean, Germany), water, and ~5 % HCI| over several days prior to loading with resin.

A3 Bottles and filtration device

All samples were stored in LDPE (low-density polyethylene, 3 L volume) bottles for
transport. Prior to use, these bottles were rinsed with de-ionized water and then filled with
ca. 1 M HNOs to remove potential contaminants for several days.

The employed filters (47 mm diameter, 0.45 um pore size; Sartorius-Stedim,
Germany) are made of cellulose nitrate, and fit into the polycarbonate filtration device type
16510 of Sartorius GmbH (Germany) that was connected to a small pump (KNF Labs, France).
After use, they were placed onto and carefully covered by clean laboratory paper tissue for
air-drying overnight. After drying, the filters were stored in small LDPE laboratory bags for
transport in a box preventing bending or breaking of the dry filter material. After each
sample filtration, the filter device was disassembled, rinsed with tap water, wiped with
laboratory tissue, rinsed again with 3 % HNOs, and finally rinsed with purified water before
drying. For transport, the parts of the device were stored in clean and sealed laboratory

plastic bags.

A4 Microwave Digestion

The filters were dissolved overnight in concentrated HNO; at 85 °C on a hot plate (see
also Soylak et al., 2012). After drying of the solution, a digestion step using 6 mL aqua regia
at 130 °C followed to further break down organic compounds. After drying, chlorine was
removed by covering the samples with 5 mL 1 M HNOs, followed by another drying step. To
eliminate any remaining organic matter, the residues were dissolved again in 20 mL
concentrated HNO;, and transferred into 100 mL Teflon vials for microwave-induced
digestion. After being firmly closed, they were placed in a MLS Start 640 microwave system
(MLS, Germany), and digested for 45 minutes at 180 °C after a heating ramp of 45 minutes.
When the solutions had cooled, they were transferred again into Teflon beakers, dried, and
taken up in 5 mL of 3 M HNQOs. After centrifugation at 4,000 rpm for 10 minutes, gravimetric
dilutions of 1:500 were prepared from aliquots for ICP-MS analyses as described above. The

remaining solution was dried in preparation of the V separation protocol.
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A5 SF-ICP-MS analyses

Aliquots of the river water and the digested filter samples were aspired through a
PFA (perfluoroalkoxy alkane; Elemental Scientific, Germany) nebulizer with an uptake rate of
~100 pL/min into a double-pass quartz glass spray chamber (Scott design, Thermo Scientific,
Germany). Conventional sampler and skimmer cones (H type, Ni) were used during ICP-MS
analyses employing a Thermo-Scientific Element XR fast scanning-high resolution-sector
field-ICP-MS. For the seawater samples, a jet-type sampler and a H-type skimmer cone, a
cyclonic quartz glass spray chamber (Glass Expansion, Australia) and a glass nebulizer
(Meinhard, USA) were installed instead to cope with the high salt load and low trace metal
levels of these samples. Solutions with element concentrations (including Ti, V, Cr, Fe, and
others) of 0.1, 1, 10, and 100 pg/L were prepared from MIX-1 and MIX-2 multi-element

solutions available from LGC Standards (Germany) to yield a calibration line.
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Fig. 1. A simplified overview of vanadium sources and sinks in the marine environment. (1) Is
representative of metalliferous sediments and Fe-Mn nodules. After Morford & Emerson (1999).
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(see also Table 1 for detailed sample locations). Slightly modified from Saito et al. (2017).
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Fig. 3. lllustration of the V purification procedure for seawater and river samples developed in this
study. Step 1 (Chelex resin) was adopted from Abbasse et al. (2002), step 2 (cation resin) was slightly
modified after Wu et al. (2016), and step 3 (anion resin) was adopted from Schuth et al. (2017).
Brown fields highlight matrix elution, green fields the V fraction. Between each column step, the V
fraction was treated with aqua regia to remove potential organic contribution of the resin.

(*) The Chelex-100 resin was conditioned to the NH," form before loading.

(#) These cuts were checked by ICP-MS for V to avoid a potential V loss.

(8) Step 4 shown in the lower right corner of the sketch employs micro-columns (see text), but
otherwise follows step 3 with all solution volumes reduced by factor 10 (see also Wu et al., 2016).

(cv) Column volume.



Figure

Fig. 3. Loading seawater samples (right side) onto the Chelex-100 resin in PP columns mounted on
LDPE bottles to collect the matrix (left side). A 4-channel peristaltic pump (center) transfers the
sample solutions at a rate of 1-2 mL/min through Tygon tubes.
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Fig. 5. Vanadium isotope systematics of this study. Closed grey symbols represent dissolved V
concentrations and isotope compositions, open symbols represent results of particulate V. "W" and
"N" denote the samples taken from the Yangtze River near the cities of Wuhan (CW-11) and Nanjing
(CW-13), respectively, whereas "3" represents the sample of the Three-Gorges-Dam lake (CW-10).
Seawater samples are shown by black filled symbols. The field of the average continental crust (thin
stippled line) refers to average 6°'V values of an andesite (AGV-2) and quartz latite (QLO-1), and the
field of Fe-Mn crusts (thick stippled line) to §°'V values of the Fe-Mn nodules NOD-A and NOD-P (see
Wau et al., 2016). Error bars are 2 standard deviation (2s.d.).

In (a), all results of this study are shown. For a better visualization, the V concentrations are given as
1/V.

In (b), V isotope compositions of dissolved and particulate V of some samples have been calculated
t0 8"V (Mmarked as "combined") according to equation 3 (see text). They are shown by filled black
symbols.

In (c), 8>'V values vs. Fe concentrations are shown. Particulate Fe concentrations and dissolved Fe of
mine water (CW-3, marked by "x") have been divided by 1,000 for a better visualization, their
concentrations are otherwise in mg/L (*). The black stippled arrow highlights §>'V-Fe variations of
the Yangtze River samples towards higher 'V values of dissolved V at increasing Fe concentrations
(both dissolved and particulate Fe).
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Table 1. Sample locations and sample volumes investigated in this study.

Sample | Water body Location °N Location °E Next town/city Volume # of filters Volume for Comments
(L) analyses (L) *

CW-1 | Unnamed creek 29°1.855' 110° 13.868' Qingpingzhen 2.5 6 14 Small, shallow dam lake fed by a small creek
emerging near an abandoned Ni-Mo mine in
the Niutitang Formation.

CW-2 | Youshui River 28°44.291' 109° 56.474' Furongzhen 2.4 3 1.7 Large river.

CW-3 | Mine drainage 28°30.113' 109° 56.621' Xiangxi (29 km NE) 3.0 1 0.5 Effluent of an abandoned small underground
U mine.

CW-4 | Unnamed creek 28°29.747 109° 49.126' Xiquetou (3 km N) 2.6 1 0.7 Small fast-flowing creek draining into the
Longbi River. Water from CW-3 drains into
the same creek.

CW-5 | Pingtu River 28°2.478' 109° 4.845' 3.3 3 3.3 Small fast-flowing river.

CW-6 | Wuyang River 27°14.164' 108° 54.211' Yuping 3.2 2 1.1 Sample taken in the city center.

CW-7 | Stream source 27°10.050' 108° 52.778' 3.4 4 - Water emerges between phosphorite and
barite layers of the Niutitang Formation.

CW-8 | Panxihe+Taiping 27°49.901' 108° 45.678' Panxi 3.4 1 2.2 Fast-flowing water collected at the

Rivers confluence of the Panxihe and Taiping rivers.

CW-9 | Unnamed creek 28°1.732' 109° 6.257' 3.4 1 1.5 Small creek that enters the Pingtu River.
Sample location ca. 2.7 km E of sample CW-5.

CW-10 | Yangtze River 30° 49.906' 110° 58.808' Zigui 3.4 4 0.5 Three-Gorges-Dam lake, sample location ca.
2.4 km W of the dam. Sample location is
upstream of the large Lishui, Wu, and Yuan
rivers. Heavy rainfall during sampling.

CW-11 | Yangtze River 30° 23.014' 114°9.727' Wuhan 3.4 6 0.5 Industrial area SW of Wuhan. Sample
location is downstream of the confluence of
the large Lishui, Wu, and Yuan rivers, and
drainage of Lake Dongting.

CW-12 | Hot spring 32°9.217' 118°41.393' Nanjing 3.5 1 - Hot spring within the city. Handwarm water
is used for washing and baths.

CW-13 | Yangtze River 32°7.771' 118° 46.929' Nanjing 3.4 6 0.5 Sample taken within Nanjing.

North | North Sea 53°45.016' 7° 40.266' Spiekeroog 19 Not 4 Sample collected and filtered at University

Sea (German coast) available Oldenburg.

(1) Volumes of river water dried for V isotope analyses.
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Table 2. Vanadium isotope compositions, and concentrations of V, Ti, Cr, and Fe in the river water samples (CW-x), filters (FCW-x), North Sea water, and reference material
NASS-6 (North Atlantic). The analytical uncertainty is given as relative standard deviation (RSD, %). The concentrations in the filters have been recalculated to the solution
volume of their respective samples. Note the high Fe concentrations in the filters.

Sample v RSD Ti RSD cr RSD Fe RSD 5 Van 5 Vst 2s.d. n® Remarks
(pg/L) (%) (ug/L) (%) (ug/L) (%) (ug/L)’ (%) %o %o

CwW-1 0.54 1.9 0.023* b.q.l. 3.23 1.0 3.21 8.4 -0.56 -1.17 0.23 3

FCW-1 0.075 4.6 0.467 4.1 0.063 8.9 53,000 5.0 - - - - V too low

CW-2 0.43 7.1 b.d.l. - 3.20 5.0 2.50 8.1 -0.45 -1.06 0.07 3

FCW-2 0.105 5.4 0.284 3.9 0.096 2.9 61,000 4.1 - - - - V too low

CwW-3 5.97 6.0 b.d.l. - 7.11 6.4 894,000 6.3 -0.63 -1.24 0.08 3

FCW-3 17.5 1.9 0.019 22 0.231 1.8 270,000 1.4 -0.14 -0.75 0.11 3

Cw-4 1.10 4.5 b.d.l. - 2.81 5.2 5.80 3.7 -0.42 -1.03 0.20 3

FCW-4 0.148 2.9 0.380 2.3 0.080 2.8 72,000 2.8 -1.30 -1.91 0.11° 1

CW-5 0.206 6.1 0.019" b.q.l. 2.51 1.3 13.4 3.1 -0.76 -1.37 0.20 3

FCW-5 0.162 2.1 0.543 3.3 0.164 5.3 163,000 2.6 -2.16 -2.77 0.30 2

CW-6 0.693 11 b.d.l. - 2.50 11 2.36 11 -0.31 -0.92 0.21 3

FCW-6 0.220 9.3 0.584 10 0.265 9.9 145,000 9.1 -1.56 -2.17 0.01 2

CW-7 0.067 9.4 0.067* b.q.l. 2.34 6.5 40.1 6.8 - - - - V too low

FCW-7 0.172 3.6 0.252 6.0 0.071 6.8 65,000 5.0 -1.52 -2.13 0.18 2

CW-8 0.336 7.2 b.d.l. - 2.53 3.9 1.08 7.3 -0.57 -1.18 0.15 3

FCW-8 0.027 6.1 0.310 3.2 0.054 12 35,000 4.3 - - - - V too low

CW-9 0.484 3.5 b.d.l. - 2.52 0.6 0.202" b.q.l. -0.75 -1.36 0.30 3

FCW-9 0.068 6.9 0.364 8.0 0.048 6.7 34,000 4.8 - - - - V too low

CW-10 1.57 2.3 0.018 b.q.l. 2.55 3.7 0.588 8.8 -0.79 -1.40 0.18 3

FCW-10 0.060 1.7 1.44 2.4 0.078 2.6 40,000 1.0 - - - - V too low

Cw-11 1.72 4.1 0.004" b.q.l. 2.51 53 2.08 10 -0.48 -1.09 0.15 3

FCW-11 0.479 0.9 5.57 1.6 0.563 2.8 385,000 1.6 -1.55 -2.16 0.28 3

CW-12 b.d.l. - b.d.l. - b.d.l. - 144 4.9 - - - - V too low

FCW-12 0.0003" b.q.l. 0.136 13 0.006 10 2,599 15 - - - - V too low

Cw-13 1.71 5.6 0.019° b.q.l. 2.11 57 2.34 3.5 -0.13 -0.74 0.22 3

FCW13 0.660 0.5 3.77 1.4 0.815 2.0 619,000 1.6 -1.08 -1.69 0.24 3

North Sea IV 2.00 15? 1.89 15? b.d.l. - b.d.l. - -0.06 -0.67 0.19 3 2 L sample split

North Sea V 2.00 15? 1.89 15? b.d.l. - b.d.l. - +0.04 -0.57 0.02 2 2 Lsample split

North Sea VI 2.00 15? 1.89 15? b.d.l. - b.d.l. - +0.10 -0.50 0.02 2 2 Lsample split

North Sea VIII 2.00 15? 1.89 15? b.d.l. - b.d.l. - -0.12 -0.73 0.22 4 2 L sample split

North Sea IX 2.00 15? 1.89 15? b.d.l. - b.d.l. - -0.09 -0.70 0.20 3 2 L sample split

North Sea +AA 5 n.d. n.a. - n.a. - n.a. - -0.19 - 0.23 15 Doped with AA to 5 pg/L V

North Sea +NIST 5 n.d. n.a. - n.a. - n.a. - - -0.11 0.19 11 Doped with NIST to 5 pg/L V

NASS-6 (cert) 1.46 12 n.d. - 0.118 6.8 0.495 9.3 +0.30 -0.31 0.14 3 UV irradiated

(+) The Fe concentrations of the filters have been rounded off the last three digits. (*) Below quantification limit, b.q.l. (b.d.l.) Below detection limit. (cert) Certified values of the NASS-6 reference material. (#) Number of
analyses. (§) The reproducibility of the standards measured before and after this sample was used for calculation of the 2s.d. (n.d.) Not determined. (n.a.) Not analyzed.
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Table S1: Pre-cleaning and conversion procedure of new Bio-Rad Chelex-100 resin.

Resin Mobile phase Volume Comment
5 mL Chelex-100 H,0 5cv Cleaning
100-200 mesh 1M HCI 2cv Cleaning, convert to H" form
(Na* form) H,0 5cv  Cleaning
2M NH; 2cv Convert to NH," form
H,0 5cv Cleaning

1M NH,CH5CO, (pH=5)

Storage in buffer solution

cv) column volume.
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Table S2. Operating parameters of the MC-ICP-MS at University Hannover.

Mass spectrometer

Thermo-Scientific Neptune Plus/Neptune

RF power

Reflected power
Accelerating voltage
Resolution mode
Cone material, types

Carrier gas

Cool gas flow
Auxiliary gas flow
Nebulizer gas flow

Nebulizer, uptake rate
Desolvator

Spray chamber temperature
Membrane temperature

Mass bias correction

Faraday detector setup
Neptune Plus

1020 W / 1250 W

2w

-9950 vV

High resolution

Ni or Al, x-type skimmer cones

Argon

13.5 L min™
0.8-1.0Lmin"
~1.0 Lmin™

CETAC® PFA®, ~50 pL min™
CETAC Aridus Il

110°C

160 °C

Fe solution (IRMM-014)
Exponential Law

Detector L5 L4 12 L1 H1 H2 H4
Mass OTi Y >ly >cr Fe **Fe TFe
Resistor (Q) 10" 10" 10" 10" 10" 10" 10"
Neptune

Detector L3 L2 L1 C H1 H2 H4
Mass T Oy ly >cr >cr **Fe *°Fe
Resistor (Q) 10" 10" 10" 10" 10" 10" 10"

(a) CETAC Technologies, USA. (b) Perfluoroalkoxy alkane. (*) The L5 detector is immovable,
therefore all other detectors were aligned relative to the L5 detector.



