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ABSTRACT: vanadium (V) isotopes have shown great potential in studying planetary, geological, and environmental
processes over the past decades. The accuracy and precision of V. ... ool X
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INTRODUCTION contribute to biological nitrogen fixation when Mo availability is

limited, thus V may have played a larger role in the chemistry of
Vanadium (V) is a Group VB transition metal in the fourth period life.”- # Vanadium is also widely used in a number of industrial
of the periodic table. Vanadium is widely dispersed in the Earth’s processes, such as the steel industry and new battery technology.
chemical reservoirs, which exhibits a range of valence states (0, While serving as an important component of industrial activities,
+2,+3, +4, and +5). Thus, the geochemical behavior of V is highly V can be toxic to humans and other organisms. Thus,
sensitive to the chemical reduction—oxidation reactions that take anthropogenic V emissions have potential adverse health impacts,
place in vastly different environments. This makes V a valuable and the risk of V to the environment and to human has become a
redox proxy, which has been applied to constrain fundamental serious matter of discussion for scientists.

processes of the Earth, including but not limited to earth accretion
and core formation,'>2 secular evolution of mantle® and ocean,* and Vanadium has two geologically long-lived stable isotopes, *°V
the development of ore deposits.’ Vanadium could also bind to a (~0.24%) and 'V (~99.76%). Isotopic analysis of V has been

variety of organic compounds including crude oils and coals, and conducted for terrestrial and meteoritic rocks,>!! and biological
shows crucial functions for certain types of microbial material like petroleum asphaltenes.!> 13 With the advance of new
communities.® Vanadium is applied by some microorganisms as generation multi-collector inductively coupled plasma mass
electron acceptors for respiration due to its flexible redox spectrometry (MC-ICP-MS), high-precision isotope data of
chemistry. Vanadium is an essential trace element in prokaryotic almost all elements on the periodic table could be obtained and
biochemistry, and V-based nitrogenase is proven to greatly show broad applications.'* !> The method for V isotopic analysis
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was also developed with the precision better than 0.2%o, greatly
improving the ability to identify natural V isotopic variations. '3
The

purification methods makes it possible to acquire high-precision V

further development of pretreatment and chemical
isotopic data for different types of samples with variable matrix
compositions such as seawater,'®-2° carbonate,?! and crude oil %23
Preliminary attempt on in-situ V isotopic analysis for V enriched
minerals with femtosecond laser ablation (LA) MC-ICP-MS is
also made.>* With these methods, large V isotopic variations have
been observed in natural samples. This is mainly related to the
variable V species existence in nature with different valence states
produced by redox related processes, which have significant bond
strength differences and thus large isotopic fractionation, as also
suggested by theoretical and experimental studies. Thus, V
isotopes show potential for the study of variable geological
processes from high temperature magmatism to low temperature
especially fingerprint redox-state

environmental sciences,

variations in nature.

In the present review article, we will first review on the
geochemical characteristics of vanadium, and the emerging
studies on the V isotope system. Due to its distinctive multivalence
character, bioavailability, wide industrial uses, and potential
environmental risks, vanadium gets a lot of attentions, and a
number of reviews about vanadium have been reported from
different aspects.® 228 Here, we only give a brief introduction of
the geochemical behavior of V in some major compartments in the
earth, including core, mantle, crust, and seawater. Then we focus
on reviewing the isotopic analysis of V by MC-ICP-MS,
emphasize critical aspects to obtain high precision V isotopic data,
illustrate the progress made in recent analytical developments, and
give an outlook for the aspect on future improvements in V isotope
measurement.

VANADIUM GEOCHEMISTRY

Vanadium is a refractory lithophilic element which also shows
weak siderophile affinity. Vanadium is widely dispersed in
variable planetary silicate reservoirs as well as metallic core. The
average concentration of V in the bulk Earth (BE) is estimated to
be 95 ppm.?° For comparison, the average V content of the bulk
silicate earth (BSE) is estimated to be 82 ppm.?’ Vanadium is
somewhat depleted in the silicate part of the Earth, which is
generally thought to indicate that a significant fraction of the
Earth's vanadium entered the core.?® Experimental studies indicate
that the partition coefficient of V between metallic and silicate melt
shows significant variations, depending on the metallic melt
composition, and equilibrium conditions including pressure,
temperature, and oxygen fugacity. Thus, the distribution behavior
of V between the core and the silicate part of the Earth is applied
to constrain the P-T-fO2 (oxygen fugacity, defined as the partial
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pressure of oxygen within a system) conditions of core formation
and the core’s composition. %3132

Vanadium may exist in four valance states (+2, +3, +4 and +5) in
silicates and oxides depending on the ambient redox conditions.>*
34 The valence states of vanadium are thus used as oxybarometers
for planetary magma and minerals.3> % Crystal-liquid partitioning
of V between minerals and silicate is also highly redox-sensitive.
Experimentally measured partition coefficients of V between
major rock-forming minerals and silicate melt decrease with
increasing fO2, as V2" and V3' are preferentially incorporated
relative to V¥ and V' into mineral phases.’*° Vanadium is
moderately incompatible during mantle partial melting, showing
more incompatible with increasing fO2. Therefore, the variations
of V contents in peridotites,*! magma,*> and minerals* have been
used to constrain the oxygen fugacity during magma
differentiation and partial melting. In addition, the ratios of V to
redox-insensitive single valent elements (like Sc and Yb) with
similar partitioning behaviors during mantle and crustal processes
are less sensitive to magmatic differentiation or to the source
heterogeneity of basalts. Thus, such ratios in basalts are applied to
indicate the oxygen fugacity (fO2) of their mantle source regions
(e.g. Li and Lee*; Laubier et al.®).

As a mildly incompatible element during mantle melting, V is
enriched in crust relative to mantle. Oceanic crust mainly formed
through mantle upwelling and melting beneath mid-ocean ridge,
and the average V composition of mid-ocean ridge basalts
(MORB) is estimated to be ~300 ppm.*® However, the erupted
MORB are thought to have evolved from the parental magma
extracted from the mantle through crystallization, and thus might
only represent the upper layer of the oceanic crust. White and
Klein*’ estimated the bulk oceanic crust composition through
reconstructing the parental MORB magma composition using
thermodynamics-based numerical models of magma fractional
crystallization, giving an average V composition of 177 ppm.
Continental crust is characterized by great compositional
heterogeneity. The average V content of upper continental crust is
about 97 ppm, estimated from the averages of the composition of
surface exposures and fine-grained clastic sedimentary rocks.*®
The middle continental crust (107 ppm) and the lower continental
crust (196 ppm) are enriched in V relative to the upper continental
crust.*® The upper crust is dominated by granite that differentiated
from the lower crust through partial melting, crystal fractionation
and mixing processes. Thus, the heterogeneous distribution of V
within the continental crust reflects that V is compatible in the
resitite during intracrustal differentiation.

Vanadium is among the most abundant trace metal elements in
seawater, with concentrations ranging from ~30 to 40 nmol/L.%->
Vanadium is uniformly distributed in modern deep ocean, while
showing slightly depletion in surface seawater. The marine
residence time of V is calculated to be ~50 — 100 kyrs, tens of times
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Fig. 1 Summary for V burial pathways in carbonaceous rocks modified from Bian et al.* The V burial mechanism is built based on Wanty and Goldhaber®,
Yang and Gould'', Nedrich et al.'”’, Vessey and Lindsay''"®, and Bian et al.*
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Fig. 2 Compilation of published V isotopic data for planetary and terrestrial
materials. The BSE estimate is indicated by the yellow shadow.” The lunar
rocks show wide range of V isotopic variations, with the light V isotope
samples thought to result from cosmogenic production of *V via Fe
spallation.” The V isotopic variations observed in terrestrial magmatic
rocks are induced by V isotopic fractionation during fractional
crystallization, with crystallized minerals enriched in light V isotopes.®" %
119 Data are ﬁ.om literatures. 19,20, 22, 23, 70-77, 81-84, 86-91, 93-95, 97, 99, 100, 119

longer than seawater mixing time.’>>* The geochemical cycle of
V in the oceans is mainly controlled by local redox conditions,
which regulate the valence state and thus the solubility of V in
seawater (Fig. 1).3-7 The main species of V in oxic seawater are
highly soluble pentavalent vanadate (HVO4>* and H2VOxs).
Vanadate could be accumulated into marine sediments and
hydrothermal deposits with Fe-Mn oxyhydroxides through
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surface adsorption, which is a dominant sink of V in modern
seawater.””> 8 Dissolved vanadate tends to be reduced to the
tetravalent species vanadyl (e.g. VO*, VO(OH)3") by organic
compounds and ferric iron phase under reducing conditions, and
is apt to coprecipitate with minerals and organic substances.>*!
Trivalent V is thermodynamically stable under anoxic-sulfidic
conditions, and thus might lead to the reductive formation of
insoluble V oxyhydroxides by H2S.3¢6%62 Vanadyl might also bind
to S atoms to form V-S species and be strongly incorporated into
organic matter under strongly sulfidic conditions.* In addition, the
redox potential of the V(V)-V(IV) pair is close to that of NOs-
NO>/NH4" and higher than that of Fe (I1T)-Fe (IT) in seawater,%> %
which suggests that the reduction and sequestration of V from
seawater begin under low oxygen conditions (Fig. 1). This is
consistent with the observation that the enrichment of V in
sediments starts under less reducing conditions than that required
for the enrichment of metals with a greater affinity toward sulfide,
such as Mo.% % Thus, the geochemical cycle of V is sensitive to
subtle changes in benthic oxygen levels. Several studies have
applied variations in the V content of sediments to track changes

in local bottom redox conditions® ¢ and on global scales.* %% ¢

VANADIUM ISOTOPE
GEOCHEMISTRY

Vanadium isotopic compositions are generally reported as &'V
values, which are the deviations of V isotope ratios relative to AA-
V solution: &'V = [('V/* W sampie)/ ('V/%Vaa) - 1] x 1000%o.
Planetary scales V isotopic variations have been observed, as
shown in Fig. 2. The V isotope studies of meteorites show that
carbonaceous chondrites and ordinary chondrites display similar

Atom. Spectrosc. 2023, 44(5), 298—310.



&'V variations, ranging from -1.1 to -1.4%., with few
exceptions.” 7! No evidence indicates that parent body
metamorphism, shock stage, or terrestrial weathering have an
impact on V isotopic fractionation of chondrites, as no
relationships observed. On the other hand, a positive correlation
between *1V/%0V and £*Cr anomalies is observed in carbonaceous
chondrites, likely reflecting the nucleosynthetic heterogeneity for
the V isotopic variations in chondrites.” High-energy solar cosmic
ray irradiation can also produce the light isotope %V, and the
calcium-aluminum-rich inclusions (CAls) show 5V excesses of
up to 4.4%o relative to chondrites, which is suggested to be induced
by Solar System irradiation.” The mean §°*V of the Bulk Silicate
Earth (BSE) is estimated to be -0.9 + 0.1%o (2SD), heavier than
that of chondritic meteorites.”> 7 In addition, the V isotopic
composition of the Martian and lunar mantle’® 7" seem to also be
offset from that of the chondrites and BSE (Fig. 2). The differences
of 8V in chondritic meteorite, Martian, lunar, and terrestrial
mantle might reflect V isotopic fractionation during planetary
differentiation in the Solar System, or indicate the non-chondritic
origin for much of their building blocks. However, it is hard to
discern between mass-dependent V isotopic fractionation and
mass-independent isotope effects (irradiation or nucleosynthetic
anomalies) that induce V isotopic variations, as V has only two
isotopes. Future theoretical and experimental studies are required
to better understand the V isotopic fractionation during planetary
differentiation (e.g. core segregation) process, and combining
other isotope systems like Ti isotopes might be of value.

Large V isotopic fractionations have been predicted by
theoretical and experimental studies, and observed in terrestrial
samples (Fig. 2), implying its wide application to study geological
processes. Vanadium partitioning between minerals and melt
decreases with increasing fOz, because of the higher compatibility
of V3* relative to V#* or V" as stated above. In addition, valence
states of V in silicate melt tend to be higher at the condition of high
fO2 or at low degree of partial melting.®® ™ Theoretical
calculations predict that °'V is enriched in V species with high
valence state.”8 Thus, V isotopic fractionation is expected during
terrestrial silicate differentiation processes such as partial melting
of mantle and fractional crystallization of magma, and might
change with the degree of partial melting and fO: variations of
mantle. This is consistent with the variable 8°'V ratios observed in
mid-ocean ridge basalts (MORB)®: 8 and continental alkali
basalts®, which are higher than that of the fertile peridotites, as
isotopically heavier V is preferentially partition into partial melts
relative to residual peridotites during mantle melting.” ™

The %V values of igneous rocks show apparently increasing
with the degree of magma differentiation, highlighting remarkable
V isotopic fractionation during magmatic evolution 8!8 (Fig. 2).
Fractionation crystallization of Fe—Ti oxides is suggested to play a
dominating role, as shown in the experimental work.®> What's
more, different magmatic differentiation trends of V isotopes are
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observed in different magmatic systems, which is likely induced
by the differences in the crystallization timing, amount, and
mineralogy of the Fe-Ti oxides during magma differentiation.?*
Thus, V isotopes could be used to distinguish between different
thus
understanding of differentiation processes during magma

fractionating  assemblages and contribute to our
evolution. Vanadium isotope study is conducted on glacial
diamictites from multiple continents with depositional ages from
~3.0 to 0.3 Ga,’ which represent the composites of detrital
materials physically eroded from exposed crust. The results show
that the 8"V values of these composites systematically increase
with time. As limited V isotopic fractionation during crust
weathering is suggested by the V isotope study of the weathering
profile,’” the secular evolution of 3>V in the diamictites is
suggested to indicate the mafic to felsic transformation of Earth’s

upper continental crust through time.¢

One of the promising applications of V isotopes is to track the
variations in paleo-oceanic redox conditions. The first step to
apply V isotope as paleo-redox proxy is to investigate isotopic
fractionation during the marine cycle of V. The 8!V value of
average river waters, the major input of 'V to the ocean, is estimated
to be —0.6 * 0.2%o.2° This value is similar to that of the average
continental crust,'®-% consistent with the study which suggests that
limited isotopic fractionation occurs during rock weathering.%” For
comparison, the &'V values of seawater (+0.2 £ 0.1%0'°) are
significantly heavier than those of river water (Fig. 2). This could
be well explained by the preferentially removal of light V isotope
from seawater during marine sedimentation, as shown in the V
isotope investigations of modern sediments deposited under
variable marine conditions.¥°! In addition, there is a strong
linkage between the sedimentary V isotopic compositions and the
overlying redox conditions, with the change of authigenic 'V in
marine sediments occurs at low oxygen environment (benthic
oxygen contents around 10 pM). These results highlight the
utilization of V isotopes to trace variations in the marine paleo-
redox state, which has the potential to trace subtle redox variations
in local oxygen-deficient to low oxygen environments.® Marine
mass balance model of V isotopes is further developed (Fig. 3),
indicating the steady state of V isotopic budget in modern ocean.’"
92 This model also indicates that V isotopic compositions of global
seawater could change as a function of the global seawater redox
states by influencing the sedimentary output V fluxes. According
to these studies, V isotopes have been applied to study the ancient
redox fluctuations

in local and/or global scales during

Mesoproterozoic,” Ediacaran to Cambrian,® % and Late
Cretaceous oceanic anoxic events (OAE-2).%
Vanadium isotopic variations are also observed in

environmental samples, including soil, lake sediment, and biota
(Fig. 2).°7> % These results indicate remarkable isotopic
fractionations in environmental systems, which is probably related
to the occurrence of redox reactions and/or V-organometallic
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Fig. 3 Schematic summary of the oceanic V cycle modified from Wu et al.”!
The average concentration of V in upper continental crust is from Rudnick
and Gao'?. Ji (Mmol/yr) are the source and sink fluxes of V coming from
Morford and Emerson®’, Shiller and Mao'?!, Nielsen®?, and Wu et al.’'. §*'V
(%o) of each reservoir are from Schuth et al.?’, Wu et al.’’, Wu et al.®*, Wu
etal®, and Wu et al.’”'.

complexation during biogeochemical cycle of vanadium. A wide
range of 3°'V values ranging from -1.8 to 0.5%o were also
observed in crude oils,*> > and were proposed to be primarily
determined by the initial source of V before its incorporation into
crude oils, which is controlled by the lithology and the depositional
environment of the source rocks.”? Further modification during
post-depositional maturation and biodegradation processes might
also play a role in the V isotopic compositions of crude oils. There
is much to learn about the fundamental mechanisms that control V
isotopic fractionation in environmental systems, before applying
V isotopes to trace sources of variable environmental materials
and crude oils, and investigate the natural biogeochemical cycle of
vanadium.

HIGH-PRECISION VANADIUM
ISOTOPE MEASUREMENT

The increasing application of V isotopes relies on high-precision
V isotopic data. The typical procedure for V isotopic analysis
includes sample pretreatment, chemical separation, and
instrumental measurement. Considering the large range of V
concentration and complex matrix constitutions in natural matters,
different pretreatment methods are suggested for different types of
natural samples. To obtain accurate and precise V isotopic data by

MC-ICP-MS, it is critical to separate V from matrix elements,
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especially Ti and Cr, as they can cause isobaric interferences on
the °V. Because V only has two stable isotopes, the double-spike
method (DS) cannot be applied to correct the potential V isotopic
fractionation during chemical purification, a successful
purification method must obtain a nearly 100% recovery rate of V
to avoid isotopic fractionation. In addition, during instrumental
measurement, the extremely low abundance of >V isotope (0.24%)
requires maximizing sensitivity as much as possible to obtain a
stable signal, and appropriate ways are needed to evaluate and
correct the influence of potential interferences from different
sources. In the following sections, we will provide a systematic
review of various aspects including pretreatment of different types
of samples, chemical purification procedures for V, instrumental

measurement of V isotopes, and in situ V isotopic analysis.

SAMPLE PRETREATMENT

Natural geological samples are highly complex materials,
including rock, soil, sediment, plant, river water and seawater,
composed of silicate minerals, carbonate minerals, metal oxides,
organic matters, and aqueous solutions. The concentration of V
can vary significantly among different types of geological samples.
For example, the concentration of V in carbonaceous rocks can be
as high as 10,000 ppm,’! while it is generally less than 10 ppm in
carbonates.?! In addition, the V concentrations in rivers and
seawaters are very low, generally at the level of micrograms per
liter.>%>! Due to the significant differences in material composition
in different types of geological samples as well as sample amount
required for MC-ICP-MS analyses, there is no universal digestion
method that is applicable to all types of samples. The selection of
an appropriate sample digestion method depends on the properties
of the sample, and the following is brief summary of some typical
digestion methods.

Silicates and metal oxides. A common method to break down the
skeleton of silicate minerals is to use concentrated hydrofluoric
acid (HF) combined with concentrated nitric acid (HNOs3) in screw
top vials on a hot plate.'”- '8 The sample solution is then evaporated
and sequentially treated with aqua regia or concentrated HNOs to
destroy the fluoride precipitation produced during the HF
dissolution process.

In mantle rocks, refractory metal oxides (such as spinel) that are
difficult to dissolve at atmospheric pressure often exist and have
relatively high V concentrations that contribute significantly to the
V content of the whole rock.*! Incomplete dissolution of these
refractory minerals can lead to obvious deviations in the V
concentration and V isotopic compositions of the whole rock.!”
Therefore, higher temperature and pressure are required for the
dissolution of these refractory minerals. The PTFE beaker tightly

Atom. Spectrosc. 2023, 44(5), 298—310.



wrapped with a stainless steel sleeve which placed in an oven can
provide higher temperature and pressure to dissolve insoluble
spinel.”>7* Similarly, the Anton Paar high-pressure asher can also
achieve high pressure (100-110 bar) and temperature (260-320°C)
for dissolving insoluble metal oxides.”® 7% % In addition,
microwave digestion system enables samples to absorb
microwave radiation and efficiently convert it into thermal energy,
resulting in the rapid attainment of high temperature and pressure,
facilitating fast digestion of samples including insoluble metal

oxides.!7-100

Carbonates. Carbonates are easily dissolved by weak acids, but
the concentration of V in carbonates is usually very low. After
dissolution, pre-enrichment treatment must be conducted prior to
chemical purification. Pre-enrichment treatment uses a co-
precipitation method with ferric hydroxide.?! Ferric hydroxide has
a positively charged surface, while pentavalent V exists in the
solution in the form of an anion. There is a strong affinity between
the two, and therefore pentavalent V in the solution will co-
precipitate with ferric hydroxide.'?' After dissolving the sample, a
certain amount of ferrous chloride solution was added followed by
slow incremental addition of ammonium hydroxide, until all the
ferric hydroxide was completely precipitated. Vanadium in the
solution coprecipitates with the ferric hydroxide by adsorption.
After centrifugation, the precipitate is re-dissolved for chemical
purification.

Organic matter. Geological samples such as plants, soils,
sediments, and crude oil, contain a large amount of organic matter.
Strong oxidizing acids, such as perchloric acid, are generally
required to digest organic matter. The use of a high-pressure vessel
and strong oxidizing acids can accelerate the digestion of organic
matter. For example, the Anton Paar high-pressure asher can
completely digest organic matter in crude oil.>> The microwave
digestion instrument is widely used for quick digestion of organic
matter, which only takes a few hours to digest organic matter in
crude oil and plants.?* 192193 In addition, organic matter in soil and
black shale can be decomposed by high-temperature calcination
using muffle furnace, and then silicates remain can be digested
with a mixture of concentrated HF and concentrated HNO3.%> %

River water and Seawater. The concentration of V in river and
sea water is relatively low, thus at least several hundred milliliters
of aqueous solution are required for MC-ICP-MS analyses. For
low salinity river water, it can be evaporated and oxidized with
aqua regia, and then diluted with 1 mol/L HNOs for subsequent
chemical purification.?’ However, for high salinity seawater, it is
not possible to dissolve it in a small volume of 1 mol/L HNO3, so
salt matrix separation is required prior to chemical purification.'*
20 Under weakly acidic conditions, Nobias PA-1 resin or Chelex-
100 resin has a strong affinity for V, but not for basic ions, making
them suitable for removing salt matrix from seawater.'® 195 Both
resins were cleaned using HNOs and then conditioned by
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ammonium acetate buffer solution. After seawater was gradually
loaded onto the resin, alkali metals and alkaline earth metals were
eluted, and a certain volume of ammonium acetate was added to
further elute this salt matrix. The V was collected using 3 mol/L
HNO;3 or 2 mol/L HNOs + 0.5 mol/L HCL.

Partial extraction. To study marine redox processes, it is essential
to analyze authigenic V fraction that are directly deposited from
seawater, while the bulk digestion method always capture the
signals of authigenic and detrital mixtures. A partial extraction
method is thus developed using nitric acid to obtain the authigenic
V isotopic signature from sediments.®® Variable conditions (acid
strength, reaction temperature) were applied to test the reliability
of this leach method. The investigation has shown that the absolute
amount of dissolved V from sediment is affected by different acid
concentrations and reaction temperatures, with a significant
increase in V leaching observed with higher temperatures.®’
However, under different acidity and temperature conditions, there
is no significant difference in the V isotopic compositions in the
leaching solution. These results indicate that the leachable V in
shales is hosted within the isotopically homogeneous authigenic
pool, which is dissolved congruently without any isotopic
fractionation during the leaching process. It is worth noting that
higher reaction temperature potentially increases the dissolution of
detrital components, as shown by the higher Ti and Al contents in
the solution. To avoid this problem, a “cold leaching” method is
commonly used in organic-rich sediments, utilizing 2 mol/L or 3
mol/L. HNO; to extract the authigenic V in marine sediments at
room temperature,¥-°0% 93

CHEMICAL PURIFICATION
PROCEDURE

Previous research has shown that the separation of V from
matrices relies on the peroxide-V complex and anion exchange
resin.'® 18:102 [n diluted HCIl, V-peroxide complexes are strongly
distributed onto the anion exchange resin. Vanadium-peroxide
combined with anion resin can be directly used for V separation
in samples with simple matrix elements such as plants.'> However,
there are some problems when using it for V separation in more
complex samples. For instance, igneous rocks, soils, and
sediments, contain relatively high concentrations of transition
metals (e.g. Fe and Mn) which can catalyze the dissociation of
H20:. Therefore, the H2O2 added to the solution will be catalyzed
to decompose, resulting in a gradual disappearance of V-peroxide
complex, and further leading to a significant loss of V.
Furthermore, titanium is relatively unstable in weak HCl solution.
Some of the titanium may precipitate as oxide and accumulate at
the top of the resin, leading to continuous contamination of the V
fraction during leaching. Based on these considerations, it is
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Table 1. The main procedures of chemically separating V from specific major matrix elements in the sample solution

Resin Eluent Comment Main purpose Reference

2>3 mL 6 mol/L HCI Condition resin

1 mL AG1X8 (200 - 400 mesh) Load sample Collect V Remove Fe Nielsen et al.*®
6 mL 6 mol/L HCI Collect vV
8 mL 7 mol/L HNO; Condition resin

0.75 mL TRU SPEC resin Load sample Collect V Remove Ti Nielsen et al.*®
12 mL 7 mol/L HNO; Collect vV
3>2 mL 1 mol/L HNO; Condition resin

2 mL AGSOW-X12 (200 - 400 mesh)  -03 sample Remove Th AL \wyetal.®
4 mL 1 mol/L HNO;3 + 0.1 mol/L HF Elute Ti, Al Fe, Ca, Mn '
21 mL 1.2 mol/L HNO3 Collect vV
6 mL 1 mol/L HCI Condition resin

2 mL AG50W-X12 (200 - 400 mesh) | gad sample Collect VV Remove Mg Qietal.”
10 mL 0.01 mol/L HCI + 1% H,0, Collect vV
5mL 0.5 mol/L HCI Condition resin
Load sample

2 mL AG50W-X12 (200 - 400 mesh) 5 mL 0.1 mol/L HCI + 0.05 mol/L HF Remove Ti, Al, Cr Remove all matrix ~ Zeng and Wu'%

13 mL 0.1 mol/L HCI

6 mL 0.1 mol/L HNO3 + 2% H,0,

Remove Ti, Al, Cr
Collect V

Table 2. Abundances of the isotopes (in %) of V and interfering elements
(Ti and Cr), as well as potential molecular interferences during V isotope
measurement

Mass (amu) 49 50 51 52 53
Ti 541 5.18 - - -
\Y% - 0.24 99.76 - -
Cr - 4.345 - 83.79 9.50
325180+
31P180+ 3A5160+ 35C|160+ 36Ar160+ 35C |180+
Molecular Bgl0*  FCINT N STCISNY P
interferences*  ®CIMN*  ®ArfN* & BAMNT 07,
37c|1ZC+ 37C|13C+ ArC AOAr12C+ ArC
38Ar12C+

* Only two-atom molecular interferences including at least one major isotope
(abundance > 20%) and no isotope with an abundance < 0.05% considered.

necessary to remove major matrix elements such as Fe, Ti, and Mg
before performing V separation from all matrix elements.

Previous studies primarily employed anion exchange resins,
TRU resins, and cation exchange resins for the separation of major
matrix elements, as summarized in Table 1. Nielsen et al.'® used
anion exchange resin to separate V from Fe by eluting V and other
cations using 6 mol/L HCI, while Fe was retained in the resin.
Then, the TRU resin was used to remove Ti using 7 mol/L
HNO3. In order to avoid using expensively TRU resin, Wu et
al.'® employed a two-column ion-exchange resin chromatography
to remove major matrix elements (Ti, Fe, and Al) using 1.2 mol/L
HNO:s. For samples such as olivine and komatiite, which have
high Fe and Mg and low vanadium concentrations, after Fe was
removed by anion exchange resin, Mg and other cations were
separated from V using AG50W-X12 cation exchange resin.’*
Vanadium was eluted with a mixture of 0.01 mol/L HCI + 1 wt.%
H>O:, while other matrix elements were still retained in the resin.”*
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Recently, Zeng and Wu!® have optimized the purification
procedures to effectively separate the majority of the matrix
elements by utilizing peroxide-V complex combined with cation
exchange resin. After loading sample solution in AG50W-X12
cation exchange resin, Ti, Al and Cr were eluted by diluted HF and
HCI, while V was eluted using a mixture of 0.1 mol/L HNOs + 2
wt.% H20,.1%

Besides metal cation ions, the S and Cl in sample solution can
cause polyatomic interferences on Ti, V and Cr isotopes (Table 2),
therefore influent the V isotopic measurement. For instance, S-O
molecules can cause significant interferences on the determination
of V isotopes in low-resolution mode.'% 17 Such interferences can
be avoided by using medium or high-resolution silts.'$: 107
However, the samples (i.e. Sea water, organic-rich sediment, crude
oil) having high content of S could also cause significant matrix
effects on V isotopic measurement.'”” The S in sample can be
complete separated through cation exchange column.? In addition,
in final sample solution after chemical purification, the most of the
H2S04 can be evaporated under very hot conditions (~ 190 °C).18

Since V is a trace element, even a small proportion of matrix
elements (especially Ti and Cr) remaining in the solution after the
above steps of purification would significantly influence the V
isotope measurement. With the aim of further purification of V
from matrix, further purification steps were carried out using an
anion-exchange resin column.'® '8 2! After loading sample
solution onto the resin, matrix elements were eluted using weak
HCI and diluted H2O2 mixture. Vanadium was collected with
diluted HNOs. These procedures were performed one or more
times to quantitatively remove the remaining matrix elements,
especially Cr and Ti.
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ISOTOPE MEASUREMENT BY MC-
ICP-MS

The V isotopic composition is measured using MC-ICP-MS. Ion
beams of °V and 'V are simultaneously collected. Meanwhile,
interferences from isotopes **Ti and °Cr on *V are typically
corrected by monitoring signals from “Ti and >3Cr, respectively.
However, obtaining stable signals from both V isotopes with the
same resistor in MC-ICP-MS is challenging due to their large
isotopic abundance differences (*'V/*°V values are about 400). To
address this issue, it is necessary to use a combination of different
resistors for Faraday cups. Currently, the most commonly solution
is that a 10'°Q resistor used in the Faraday cup collecting >'V to
accommodate the larger beam size of this isotope, while the
default 10"'Q resistors are equipped to the Faraday cups for other
isotopes.!® 18 There are also study that utilized 10'2Q and 10'°Q
resistors equipped to the Faraday cups collecting signals from °V
and 'V, respectively, while the remaining collectors are equipped
with default 10"'Q resistors.'"

As V is a trace element and >V has an isotopic abundance of
only 0.24%, it is crucial to maximize the sensitivity of V during
the measuring process. Membrane desolvation systems are
commonly used in laboratories as they form dry aerosols, which
significantly increase the instrument’s sensitivity. During
instrumental measurement, in addition to interferences from Cr
and Ti on V isotopes, polyatomic interferences from C, N, O, P, S
and CI (Table 2) can also interfere with V, Ti, and Cr isotopes.
Nielsen et al.!® initially determined V isotopes using a low-

resolution mode, which has a higher transmission efficiency
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compared to medium- or high-resolution mode. This mode could
provide accurate and precise results for pure V solutions. However,
the sensitivity of this method is not high (~ 50V/ppm) due to the
greater molecular interferences generated by more sensitive
cones.'¢ In addition, for samples such as meteorites, seawater, and
sulfide deposits containing high S concentrations, the formation of
molecular interferences from S impurities can significantly affect
the results unless S is quantitatively removed from V. The use of a
membrane desolvation system can significantly improve the
sensitivity of the instrument.'® 197 However, it also introduces
obvious polyatomic interferences, especially when using N> to
further enhance the sensitivity of the instrument (Fig. 4).
Fortunately, it is possible to effectively distinguish these molecular
interferences from V, Ti, and Cr under medium- and high-
resolution modes (Fig. 4). By adjusting the optimal cone
combinations parameters under medium-
resolution conditions, higher sensitivity can be achieved (>
200V/ppm).'® 17 Due to the fact that V has only two stable
isotopes, the mass-dependent fractionation generated by the

and instrument

instrument cannot be corrected by double spike method. As a
result, the sample-standard bracketing method is commonly
employed for correction,'% '8 21-197 and there are also some studies
that use combined standard-sample bracketing and internal
normalization isotopic fractionation correction model (C-SSBIN)
by employing Fe as an admixed internal standard.?* 102

Correction for Ti and Cr interference. Both Ti and Cr exhibit
isobaric interferences on the minor *°V, which significantly affects
the determination of V isotopes (Fig. 5). Thus, accurate V isotope
ratios require a rigorous correction process for isobaric
interferences, *°Ti and *°Cr. The correction of interference of *°Ti

Atom. Spectrosc. 2023, 44(5), 298—310.
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and *°Cr are used in the following equation (1):
30 Veorrected = 30 Vineasured — 4gnmeasm€d X 50/49n]MF

—2Crmeasured % *"?Crivr (D
where *Veoreciea is the corrected 3°V signal, **Vineasured, * Timeasured
and *’Crumeasured are the measured °V, ®Ti and **Cr signals,
S0 Tingr and *?>?Criur are the isotope ratios of Ti and Cr after
instrument mass fractionation. The instrument mass fractionation
of isotopes was assumed to follow an exponential low, as
described by equation (2):

Rumr = Ry x (mi/m2) #

@

where R are the isotope ratios of the specific element (i.e. Ti or
Cr) after instrument mass fractionation and Rr true isotope ratios
of the specific element (i.e. Ti or Cr), m; and m> are the masses of
measured isotopes and /3 is the instrument mass fractionation factor.

Nielsen et al.'® demonstrated that precise correction of isotope
interference is very sensitive to changes in instrument mass bias
when the B range is from 1.8 to 2.2. Wu et al.'® addressed this
problem by measuring pure GSB Ti and GSB Cr solutions to
determine the instrument mass bias of Ti and Cr isotopes before
each measurement sequence, and obtained a large acceptable
range for the ratio of 3Cr/°'V (Fig. 5). However, Ti or Cr isotope

109,110 making the correction

ratios in natural samples vary greatly,
work more challenging. When there is a substantial difference
between the Ti or Cr isotope ratios in the sample and those in the
GSB-Ti or GSB-Cr, there may be bias in the correction work.
Therefore, it is essential to be careful while correcting samples

containing high levels of Ti and Cr residuals. The recommended
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approach is to perform an additional purification step to ensure the
accuracy and precision of the results.

PRELIMINARY ATTEMPT ON IN
SITU V ISOTOPIC ANALYSIS

Recently, femtosecond laser ablation coupled with MC-ICP-MS

has been used for in situ metal stable isotopic analysis.!!! However,

laser ablation of V isotopic analysis presents several challenges: (1)
the sample requires high V/Cr and V/Ti ratios, i.e., >'V/>*Cr and

SIV/49Ti > 25,000, for high-resolution MC-ICP-MS analyses;'® (2)

during in situ isotopic analysis, the V concentration of the sample

must reach a certain threshold to produce sufficient signal intensity.
Nevertheless, Schuth ez al.?* conducted the first in situ V isotopic

analysis of several natural V minerals (cavansite, descloizite,

patronite, sincosite, and vanadinite) using femtosecond laser

ablation coupled with high-resolution MC-ICP-MS. During the

analysis, an iron standard solution was added to the sample aerosol

for mass bias correction, allowing for accurate correction of low-

abundance *°V, even when the 3'V/(*2Cr + “°Ti) ratio was around
100.%* The results obtained via femtosecond laser ablation were in
good agreement with those from solution nebulization MC-ICP-

MS, with errors below 0.1%o. The results also indicated significant
differences in &'V values between the minerals analyzed.

Therefore, femtosecond laser ablation coupled with high-

resolution MC-ICP-MS holds potential for studying the formation
of V-rich minerals. However, this method is not applicable to most
silicate samples as their V content is not high enough and the levels
of interfering elements, especially Ti, are also very high. Future in

situ V isotopic analysis methods will require further improvement
to address these issues.

Atom. Spectrosc. 2023, 44(5), 298—310.



CONCLUSION AND OUTLOOK

Vanadium isotope ratio have shown great potential to study
various geological processes, especially that related to redox-state
variations in nature. Accurate vanadium isotopic analysis is a
prerequisite for vanadium geochemical research. In recent years,
with the development of MC-ICP-MS, V isotopic analysis
methods have developed significantly. This review summarizes
the recent advances in V isotope studies, as well as the method
developments in V isotopic analysis. In summary, to obtain
accurate and precise V isotopic data with MC-ICP-MS, careful
chemical pretreatment and purification procedure are required to
convert solid samples into solution and quantitively separate V
from other matrix elements, especially Cr and Ti. For the
instrument measurement, SSB method is generally applied for
correcting instrumental mass fractionation. Due to the low
abundance of >V isotope (0.24%), membrane desolvation system
is generally used for sample introduction system to improve V
sensitivity and obtain stable signals for V. In addition, due to the
high >'V/*%V ratio of around 400, a resistor with a low resistance
(10°Q or 10'°Q) compared to a standard 10''Q resistor, is used in
the Faraday cup for >'V during the instrumental measurement. Last,
the rigorous correction of isobaric interference, *°Ti and *Cr, is
essential to obtain accurate V isotopic data.

Although V isotopic analysis has made great advances over the
past decade, the improvements are still needed for the future
studies. V isotope measurement is affected by variable polyatomic
interferences such as 3°Ar'*N*, which cannot be separated by
column chromatography. To avoid the influence of polyatomic
interferences, medium- or high-resolution mode is commonly
used for instrumental measurement, which reduces the sensitivity
of V by 3-10 times compared to low-resolution mode. Thus, the
sample consumption is high under medium- or high-resolution
mode, which makes it hard for V isotopic analysis on samples with
low V concentrations. The new generation of collision-cell
equipped multi-collector inductively coupled plasma mass
spectrometry (CC-MC-ICP-MS) allows the use of Hz or He as
collision/reaction gases to reduce polyatomic interferences to
negligible levels.'>!1* This technology potentially enables V
isotopic analysis in low-resolution mode. As a result, with the
applying of CC-MC-ICP-MS, less V might be needed for isotopic
analysis, and thus allowing for the measurement of samples with
lower V content. On the other hand, the higher transmission rate
of V in low-resolution mode allows the using of wet plasma, which
can obtain more stable signal. What’s more, the combined
standard-sample bracketing and internal normalization isotopic
fractionation correction model (C-SSBIN) could obtain an
stable isotopic
measurement.'' Therefore, the using of Fe as an internal standard

improvement in the precision of metal

in wet plasma mode may obtain a better precision on V isotopic
measurement, which can reveal smaller V isotopic variations in

natural samples.
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