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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 

isotopic analysis are prerequisites for its application. This review 

first summarizes the emerging studies on the V isotope system 

over the past decades. Then we focus on introducing the 

advancements in V isotopic analysis methods using multi-colletor 

inductively coupled plasma mass spectrometry (MC-ICP-MS) 

and discuss the critical aspects to obtain high precision V isotopic 

data during sample digestion, chemical purification, and 

instrumental measurement. Significant future progress can be 

achieved by combining new generation of collision cell MC-ICP-

MS to improve instrument sensitivity and measurement precision. 
 

INTRODUCTION 

Vanadium (V) is a Group VB transition metal in the fourth period 

of the periodic table. Vanadium is widely dispersed in the Earth’s 

chemical reservoirs, which exhibits a range of valence states (0, 

+2, +3, +4, and +5). Thus, the geochemical behavior of V is highly 

sensitive to the chemical reduction–oxidation reactions that take 

place in vastly different environments. This makes V a valuable 

redox proxy, which has been applied to constrain fundamental 

processes of the Earth, including but not limited to earth accretion 

and core formation,1, 2 secular evolution of mantle3 and ocean,4 and 

the development of ore deposits.5 Vanadium could also bind to a 

variety of organic compounds including crude oils and coals, and 

shows crucial functions for certain types of microbial 

communities.6 Vanadium is applied by some microorganisms as 

electron acceptors for respiration due to its flexible redox 

chemistry. Vanadium is an essential trace element in prokaryotic 

biochemistry, and V-based nitrogenase is proven to greatly 

contribute to biological nitrogen fixation when Mo availability is 

limited, thus V may have played a larger role in the chemistry of 

life.7, 8 Vanadium is also widely used in a number of industrial 

processes, such as the steel industry and new battery technology. 

While serving as an important component of industrial activities, 

V can be toxic to humans and other organisms. Thus, 

anthropogenic V emissions have potential adverse health impacts, 

and the risk of V to the environment and to human has become a 

serious matter of discussion for scientists. 

 Vanadium has two geologically long-lived stable isotopes, 50V 

(~0.24%) and 51V (~99.76%). Isotopic analysis of V has been 

conducted for terrestrial and meteoritic rocks,9-11 and biological 

material like petroleum asphaltenes.12, 13 With the advance of new 

generation multi-collector inductively coupled plasma mass 

spectrometry (MC-ICP-MS), high-precision isotope data of 

almost all elements on the periodic table could be obtained and 

show broad applications.14, 15 The method for V isotopic analysis 
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was also developed with the precision better than 0.2‰, greatly 

improving the ability to identify natural V isotopic variations.16-18 

The further development of pretreatment and chemical 

purification methods makes it possible to acquire high-precision V 

isotopic data for different types of samples with variable matrix 

compositions such as seawater,19, 20 carbonate,21 and crude oil.22, 23 

Preliminary attempt on in-situ V isotopic analysis  for V enriched 

minerals with femtosecond laser ablation (LA) MC-ICP-MS is 

also made.24 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 

environmental sciences, especially fingerprint redox-state 

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.6, 25-28 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.29 For comparison, the average V content of the bulk 

silicate earth (BSE) is estimated to be 82 ppm.29 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.30 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 

pressure of oxygen within a system) conditions of core formation 

and the core’s composition.1, 2, 31, 32 

 Vanadium may exist in four valance states (+2, +3, +4 and +5) in 

silicates and oxides depending on the ambient redox conditions.33, 

34 The valence states of vanadium are thus used as oxybarometers 

for planetary magma and minerals.35, 36 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 V4+ and V5+ into mineral phases.37-40 Vanadium is 

moderately incompatible during mantle partial melting, showing 

more incompatible with increasing fO2. Therefore, the variations 

of V contents in peridotites,41 magma,42 and minerals43 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 Lee44; Laubier et al.45). 

 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.46 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 

Klein47 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.48 

The middle continental crust (107 ppm) and the lower continental 

crust (196 ppm) are enriched in V relative to the upper continental 

crust.48 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.49-52 

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.56 The V burial mechanism is built based on Wanty and Goldhaber62, 

Yang and Gould116, Nedrich et al.117, Vessey and Lindsay118, and Bian et al.56 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Compilation of published V isotopic data for planetary and terrestrial 

materials. The BSE estimate is indicated by the yellow shadow.74 The lunar 

rocks show wide range of V isotopic variations, with the light V isotope 

samples thought to result from cosmogenic production of 50V via Fe 

spallation.76 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.81, 84, 

119 Data are from literatures.19, 20, 22, 23, 70-77, 81-84, 86-91, 93-95, 97, 99, 100, 119 

longer than seawater mixing time.53, 54 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).55-57 The main species of V in oxic seawater are 

highly soluble pentavalent vanadate (HVO4
2- and H2VO4

-). 

Vanadate could be accumulated into marine sediments and 

hydrothermal deposits with Fe-Mn oxyhydroxides through 

surface adsorption, which is a dominant sink of V in modern 

seawater.57, 58 Dissolved vanadate tends to be reduced to the 

tetravalent species vanadyl (e.g. VO2+, VO(OH)3
-) by organic 

compounds and ferric iron phase under reducing conditions, and 

is apt to coprecipitate with minerals and organic substances.59-61 

Trivalent V is thermodynamically stable under anoxic-sulfidic 

conditions, and thus might lead to the reductive formation of 

insoluble V oxyhydroxides by H2S.56, 60, 62 Vanadyl might also bind 

to S atoms to form V–S species and be strongly incorporated into 

organic matter under strongly sulfidic conditions.56 In addition, the 

redox potential of the V(V)-V(IV) pair is close to that of NO3
--

NO2
-/NH4

+ and higher than that of Fe (III)-Fe (II) in seawater,63, 64 

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.55, 65 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 conditions66, 67 and on global scales.4, 68, 69 

VANADIUM ISOTOPE 

GEOCHEMISTRY 

Vanadium isotopic compositions are generally reported as δ51V 

values, which are the deviations of V isotope ratios relative to AA-

V solution: δ51V = [(51V/50Vsample)/ (51V/50VAA) - 1] × 1000‰. 

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 
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δ51V variations, ranging from -1.1 to -1.4‰, with few 

exceptions.70, 71 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 51V/50V and ε54Cr anomalies is observed in carbonaceous 

chondrites, likely reflecting the nucleosynthetic heterogeneity for 

the V isotopic variations in chondrites.71 High-energy solar cosmic 

ray irradiation can also produce the light isotope 50V, and the 

calcium–aluminum–rich inclusions (CAIs) show 50V excesses of 

up to 4.4‰ relative to chondrites, which is suggested to be induced 

by Solar System irradiation.72 The mean δ51V of the Bulk Silicate 

Earth (BSE) is estimated to be -0.9 ± 0.1‰ (2SD), heavier than 

that of chondritic meteorites.73, 74 In addition, the V isotopic 

composition of the Martian75 and lunar mantle76, 77 seem to also be 

offset from that of the chondrites and BSE (Fig. 2). The differences 

of δ51V 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 fO2, because of the higher compatibility 

of V3+ relative to V4+ or V5+ 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.39, 78 Theoretical 

calculations predict that 51V is enriched in V species with high 

valence state.79, 80 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 fO2 variations of 

mantle. This is consistent with the variable δ51V ratios observed in 

mid-ocean ridge basalts (MORB)81, 82 and continental alkali 

basalts83, 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.73, 74 

The δ51V values of igneous rocks show apparently increasing 

with the degree of magma differentiation, highlighting remarkable 

V isotopic fractionation during magmatic evolution73, 81, 84 (Fig. 2). 

Fractionation crystallization of Fe–Ti oxides is suggested to play a 

dominating role, as shown in the experimental work.85 What's 

more, different magmatic differentiation trends of V isotopes are 

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.84 

Thus, V isotopes could be used to distinguish between different 

fractionating assemblages and thus contribute to our 

understanding of differentiation processes during magma 

evolution. Vanadium isotope study is conducted on glacial 

diamictites from multiple continents with depositional ages from 

~3.0 to 0.3 Ga,86 which represent the composites of detrital 

materials physically eroded from exposed crust. The results show 

that the δ51V 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,87 the secular evolution of δ51V in the diamictites is 

suggested to indicate the mafic to felsic transformation of Earth’s 

upper continental crust through time.86 

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 δ51V value of 

average river waters, the major input of V to the ocean, is estimated 

to be −0.6 ± 0.2‰.20 This value is similar to that of the average 

continental crust,18, 86 consistent with the study which suggests that 

limited isotopic fractionation occurs during rock weathering.87 For 

comparison, the δ51V values of seawater (+0.2 ± 0.1‰19) 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.88-91 In addition, there is a strong 

linkage between the sedimentary V isotopic compositions and the 

overlying redox conditions, with the change of authigenic δ51V in 

marine sediments occurs at low oxygen environment (benthic 

oxygen contents around 10 μΜ). 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.89 Marine 

mass balance model of V isotopes is further developed (Fig. 3), 

indicating the steady state of V isotopic budget in modern ocean.91, 

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,93 Ediacaran to Cambrian,94, 95 and Late 

Cretaceous oceanic anoxic events (OAE-2).96 

Vanadium isotopic variations are also observed in 

environmental samples, including soil, lake sediment, and biota 

(Fig. 2).97, 98 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.91 

The average concentration of V in upper continental crust is from Rudnick 

and Gao120. Ji (Mmol/yr) are the source and sink fluxes of V coming from 

Morford and Emerson57, Shiller and Mao121, Nielsen92, and Wu et al.91. δ51V 

(‰) of each reservoir are from Schuth et al.20, Wu et al.19, Wu et al.88, Wu 

et al.89, and Wu et al.91. 

complexation during biogeochemical cycle of vanadium. A wide 

range of δ51V values ranging from -1.8 to 0.5‰ were also 

observed in crude oils,22, 23 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.23 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, 

especially Ti and Cr, as they can cause isobaric interferences on 

the 50V. 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 50V 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,61 while it is generally less than 10 ppm in 

carbonates.21 In addition, the V concentrations in rivers and 

seawaters are very low, generally at the level of micrograms per 

liter.50, 51 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 (HNO3) in screw 

top vials on a hot plate.17, 18 The sample solution is then evaporated 

and sequentially treated with aqua regia or concentrated HNO3 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.41 Incomplete dissolution of these 

refractory minerals can lead to obvious deviations in the V 

concentration and V isotopic compositions of the whole rock.17 

Therefore, higher temperature and pressure are required for the 

dissolution of these refractory minerals. The PTFE beaker tightly 
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wrapped with a stainless steel sleeve which placed in an oven can 

provide higher temperature and pressure to dissolve insoluble 

spinel.73, 74 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.70, 71, 99 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.17, 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.21 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.101 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.23 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.22, 102, 103 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 HNO3.95, 98 

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 HNO3 for subsequent 

chemical purification.20 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.19, 

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.104, 105 Both 

resins were cleaned using HNO3 and then conditioned by 

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 

HNO3 or 2 mol/L HNO3 + 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.89 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.89 

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 HNO3 to extract the authigenic V in marine sediments at 

room temperature.89, 90, 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.16, 18, 102 In diluted HCl, 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.102 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 

H2O2. 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 

1 mL AG1X8 (200 - 400 mesh) 

2×3 mL 6 mol/L HCl Condition resin 

Remove Fe Nielsen et al.16
 Load sample Collect V 

6 mL 6 mol/L HCl Collect V 

0.75 mL TRU SPEC resin 

8 mL 7 mol/L HNO3 Condition resin 

Remove Ti Nielsen et al.16
 Load sample Collect V 

12 mL 7 mol/L HNO3 Collect V 

2 mL AG50W-X12 (200 - 400 mesh) 

3×2 mL 1 mol/L HNO3 Condition resin 

Remove Ti, Al, 

Fe, Ca, Mn 
Wu et al.18

 

Load sample  

4 mL 1 mol/L HNO3 + 0.1 mol/L HF Elute Ti, Al 

21 mL 1.2 mol/L HNO3 Collect V 

2 mL AG50W-X12 (200 - 400 mesh) 

6 mL 1 mol/L HCl Condition resin 

Remove Mg Qi et al.74
 Load sample Collect V 

10 mL 0.01 mol/L HCl + 1% H2O2 Collect V 

2 mL AG50W-X12 (200 - 400 mesh) 

5 mL 0.5 mol/L HCl Condition resin 

Remove all matrix Zeng and Wu106
 

Load sample  

5 mL 0.1 mol/L HCl + 0.05 mol/L HF Remove Ti, Al, Cr 

13 mL 0.1 mol/L HCl Remove Ti, Al, Cr 

6 mL 0.1 mol/L HNO3 + 2% H2O2 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 5.41 5.18 - - - 

V - 0.24 99.76 - - 

Cr - 4.345 - 83.79 9.50 

Molecular 

interferences* 

31P18O+ 
33S16O+ 
35Cl14N+ 

37Cl12C+ 

32S18O+ 
34S16O+ 
35Cl15N+ 
36Ar14N+ 
37Cl13C+ 
38Ar12C+ 

35Cl16O+ 
37Cl14N+ 
38Ar13C+ 

36Ar16O+ 
37Cl15N+ 
38Ar14N+ 
40Ar12C+ 

35Cl18O+ 
37Cl16O+ 
40Ar13C+ 

* 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.16 used 

anion exchange resin to separate V from Fe by eluting V and other 

cations using 6 mol/L HCl, while Fe was retained in the resin. 

Then, the TRU resin was used to remove Ti using 7 mol/L 

HNO3.16 In order to avoid using expensively TRU resin, Wu et 

al.18 employed a two-column ion-exchange resin chromatography 

to remove major matrix elements (Ti, Fe, and Al) using 1.2 mol/L 

HNO3. 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.74 

Vanadium was eluted with a mixture of 0.01 mol/L HCl + 1 wt.% 

H2O2, while other matrix elements were still retained in the resin.74 

Recently, Zeng and Wu106 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 

HCl, while V was eluted using a mixture of 0.1 mol/L HNO3 + 2 

wt.% H2O2.106 

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.16, 107 Such interferences can 

be avoided by using medium or high-resolution silts.18, 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.107 The S in sample can be 

complete separated through cation exchange column.23 In addition, 

in final sample solution after chemical purification, the most of the 

H2SO4 can be evaporated under very hot conditions (~ 190 ℃).108 

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.16, 18, 21 After loading sample 

solution onto the resin, matrix elements were eluted using weak 

HCl and diluted H2O2 mixture. Vanadium was collected with 

diluted HNO3. These procedures were performed one or more 

times to quantitatively remove the remaining matrix elements, 

especially Cr and Ti. 
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Fig. 4 Mass scan of 49Ti, 50V, 51V, 52Cr, and 53Cr under high-resolution mode using the dry plasma inlet system. (a) Nitrogen gas (N2) was not used; (b) N2 was 

used as a sweep gas to improve the sensitivity. The AA-V solution (1.2 ppm) doped with 5 ppb GSB-Ti and 4 ppb GSB-Cr was used for the demonstration. 

Specially, the signals of 50V, 52Cr and 53Cr and their respective molecular interferences are shown here. Vanadium isotope ratios were measured on the left 

shoulder plateau to avoid the interferences. 

 

ISOTOPE MEASUREMENT BY MC-

ICP-MS 

The V isotopic composition is measured using MC-ICP-MS. Ion 

beams of 50V and 51V are simultaneously collected. Meanwhile, 

interferences from isotopes 50Ti and 50Cr on 50V are typically 

corrected by monitoring signals from 49Ti and 53Cr, 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 (51V/50V 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 1010Ω resistor used in the Faraday cup collecting 51V to 

accommodate the larger beam size of this isotope, while the 

default 1011Ω resistors are equipped to the Faraday cups for other 

isotopes.16, 18 There are also study that utilized 1012Ω and 1010Ω 

resistors equipped to the Faraday cups collecting signals from 50V 

and 51V, respectively, while the remaining collectors are equipped 

with default 1011Ω resistors.107 

As V is a trace element and 50V 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 Cl (Table 2) can also interfere with V, Ti, and Cr isotopes. 

Nielsen et al.16 initially determined V isotopes using a low-

resolution mode, which has a higher transmission efficiency 

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.16 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.18, 107 However, it also introduces 

obvious polyatomic interferences, especially when using N2 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 and instrument parameters under medium-

resolution conditions, higher sensitivity can be achieved (> 

200V/ppm).18, 107 Due to the fact that V has only two stable 

isotopes, the mass-dependent fractionation generated by the 

instrument cannot be corrected by double spike method. As a 

result, the sample-standard bracketing method is commonly 

employed for correction,16, 18, 21, 107 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.24, 102 

Correction for Ti and Cr interference. Both Ti and Cr exhibit 

isobaric interferences on the minor 50V, which significantly affects 

the determination of V isotopes (Fig. 5). Thus, accurate V isotope 

ratios require a rigorous correction process for isobaric 

interferences, 50Ti and 50Cr. The correction of interference of 50Ti  
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Fig. 5 Mass scan of 49Ti, 50V, 51V, 52Cr, and 53Cr under high-resolution mode using the dry plasma inlet system. (a) Nitrogen gas (N2) was not used; (b) N2 was 

used as a sweep gas to improve the sensitivity. The AA-V solution (1.2 ppm) doped with 5 ppb GSB-Ti and 4 ppb GSB-Cr was used for the demonstration. 

Specially, the signals of 50V, 52Cr and 53Cr and their respective molecular interferences are shown here. Vanadium isotope ratios were measured on the left 

shoulder plateau to avoid the interferences. 

 

and 50Cr are used in the following equation (1): 

50Vcorrected = 50Vmeasured – 49Timeasured × 50/49TiIMF  

– 52Crmeasured × 50/52CrIMF       (1) 

where 50Vcorrected is the corrected 50V signal, 50Vmeasured, 49Timeasured 

and 52Crmeasured are the measured 50V, 49Ti and 52Cr signals, 
50/49TiIMF and 50/52CrIMF 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): 

RIMF = RT × (m1/m2) β             (2) 

where RIMF are the isotope ratios of the specific element (i.e. Ti or 

Cr) after instrument mass fractionation and RT true isotope ratios 

of the specific element (i.e. Ti or Cr), m1 and m2 are the masses of 

measured isotopes and β is the instrument mass fractionation factor. 

Nielsen et al.16 demonstrated that precise correction of isotope 

interference is very sensitive to changes in instrument mass bias 

when the β range is from 1.8 to 2.2. Wu et al.18 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 53Cr/51V (Fig. 5). However, Ti or Cr isotope 

ratios in natural samples vary greatly,109, 110 making the correction 

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 

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.111 However, 

laser ablation of V isotopic analysis presents several challenges: (1) 

the sample requires high V/Cr and V/Ti ratios, i.e., 51V/53Cr and 
51V/49Ti > 25,000, for high-resolution MC-ICP-MS analyses;18 (2) 

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

must reach a certain threshold to produce sufficient signal intensity. 

Nevertheless, Schuth et al.24 conducted the first in situ V isotopic 

analysis of several natural V minerals (cavansite, descloizite, 

patrónite, 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 50V, even when the 51V/(52Cr + 49Ti) ratio was around 

100.24 The results obtained via femtosecond laser ablation were in 

good agreement with those from solution nebulization MC-ICP-

MS, with errors below 0.1‰. The results also indicated significant 

differences in δ51V 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. 
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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 50V isotope (0.24%), membrane desolvation system 

is generally used for sample introduction system to improve V 

sensitivity and obtain stable signals for 50V. In addition, due to the 

high 51V/50V ratio of around 400, a resistor with a low resistance 

(109Ω or 1010Ω) compared to a standard 1011Ω resistor, is used in 

the Faraday cup for 51V during the instrumental measurement. Last, 

the rigorous correction of isobaric interference, 50Ti and 50Cr, 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 36Ar14N+, 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 H2 or He as 

collision/reaction gases to reduce polyatomic interferences to 

negligible levels.112-114 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 

improvement in the precision of metal stable isotopic 

measurement.115 Therefore, the using of Fe as an internal standard 

in wet plasma mode may obtain a better precision on V isotopic 

measurement, which can reveal smaller V isotopic variations in 

natural samples. 

AUTHOR INFORMATION 

Fei Wu received his BSc in 2010, and PhD in 2016 

from University of Science and Technology of 

China. He is a professor in School of Earth Sciences 

at China University of Geosciences (Wuhan). His 

work focuses on the development and application of 

metal stable isotope to solve important geochemical, 

geological, and environmental issues. 

 

Corresponding Author 

* F. Wu 

Email address: wufei@cug.edu.cn 

Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENTS 

This research was financially supported by the National Key R&D 

Program of China (2023YFF0806200), the National Science 

Foundation of China (4222530), and the startup grant (101-

162301212602) from China University of Geosciences (Wuhan). 

REFERENCES 

1. 1. B. J. Wood, J. Wade, and M. R. Kilburn,               

Geochim. Cosmochim. Acta, 2008, 72, 1415−1426. 

https://doi.org/10.1016/j.gca.2007.11.036 

2. J. Siebert, J. Badro, D. Antonangeli, and F. J. Ryerson, Science, 2013, 

339, 1194−1197. https://doi.org/doi:10.1126/science.1227923 

3. R. W. Nicklas, I. S. Puchtel, R. D. Ash, P. M. Piccoli, E. Hanski,    

E. G. Nisbet, P. Waterton, D. G. Pearson, and A. D. Anbar,  

Geochim. Cosmochim. Acta, 2019, 250, 49−75. 

https://doi.org/10.1016/j.gca.2019.01.037 

4. S. K. Sahoo, N. J. Planavsky, B. Kendall, X. Wang, X. Shi, C. Scott,  

A. D. Anbar, T. W. Lyons, and G. Jiang, Nature, 2012, 489, 546−549. 

https://doi.org/10.1038/nature11445 

5. E. Balan, J. P. R. De Villiers, S. G. Eeckhout, P. Glatzel, M. J. Toplis, 

E. Fritsch, T. Allard, L. Galoisy, and G. Calas, Am. Mineral., 2006, 

91, 953−956. https://doi.org/10.2138/am.2006.2192 

6. D. Rehder, Wiley, 2008, 29, pp224. 

https://doi.org/10.1002/9780470994429.fmatter 

7. R. Darnajoux, N. Magain, M. Renaudin, F. Lutzoni, J.-P. Bellenger, 

and X. Zhang, Proc. Natl. Acad. Sci. U.S.A., 2019, 116, 

24682−24688. https://doi.org/10.1073/pnas.1913314116 

8. E. K. Moore, J. Hao, S. J. Spielman, and N. Yee, Geobiol., 2020, 18, 

127−138. https://doi.org/10.1111/gbi.12375 

9. H. Balsiger, J. Geiss, and M. E. Lipschutz. Earth. Planet. Sci. Lett., 

1969, 6, 117−122. https://doi.org/10.1016/0012-821X(69)90129-0 

10. I. Z. Pelly, M. E. Lipschutz, and H. Balsiger,              

Geochim. Cosmochim. Acta, 1970, 34, 1033−1036. 

https://doi.org/10.1016/0016-7037(70)90085-2 

https://doi.org/10.1016/j.gca.2007.11.036
https://doi.org/doi:10.1126/science.1227923
https://doi.org/10.1016/j.gca.2019.01.037
https://doi.org/10.1038/nature11445
https://doi.org/10.2138/am.2006.2192
https://doi.org/10.1002/9780470994429.fmatter
https://doi.org/10.1073/pnas.1913314116
https://doi.org/10.1111/gbi.12375
https://doi.org/10.1016/0012-821X(69)90129-0
https://doi.org/10.1016/0016-7037(70)90085-2


www.at-spectrosc.com/as/article/pdf/2023222 308                Atom. Spectrosc. 2023, 44(5), 298–310. 

11. H. Balsiger, M. D. Mendia, I. Z. Pelly, and M. E. Lipschutz,    

Earth. Planet. Sci. Lett., 1976, 28, 379−384. 

https://doi.org/10.1016/0012-821X(76)90199-0 

12. P. I. Premović, I. R. Tonsa, L. López, M. S. Pavlović,             

O. M. Nešković, S. LoMonaco, D. M. Ðordević, and M. V. Veljković, 

J. Inorg. Biochem., 2000, 80, 153−155.  

https://doi.org/10.1016/S0162-0134(00)00050-7 

13. P. I. Premović, D. M. Đorđević, and M. S. Pavlović, Fuel, 2002, 81, 

2009−2016. https://doi.org/10.1016/S0016-2361(02)00104-7 

14. F.-Z. Teng, N. Dauphas, and J. M. Watkins, Rev. Mineral. Geochem., 

2017, 82, 1−26. https://doi.org/10.2138/rmg.2017.82.1 

15. X. Zhu, Z. Wang, and H. Chen, J. Earth Sci., 2022, 33, 1−4. 

https://doi.org/10.1007/s12583-021-1605-x 

16. S. G. Nielsen, J. Prytulak, and A. N. Halliday,             

Geostand. Geoanal. Res., 2011, 35, 293−306. 

https://doi.org/10.1111/j.1751-908X.2011.00106.x 

17. J. Prytulak, S. G. Nielsen, and A. N. Halliday,             

Geostand. Geoanal. Res., 2011, 35, 307−318. 

https://doi.org/10.1111/j.1751-908X.2011.00105.x 

18. F. Wu, Y. Qi, H. Yu, S. Tian, Z. Hou, and F. Huang. Chem. Geol., 

2016, 421, 17−25. https://doi.org/10.1016/j.chemgeo.2015.11.027 

19. F. Wu, J. D. Owens, T. Y. Huang, A. Sarafian, K. F. Huang, I. S. Sen, 

T. J. Horner, J. Blusztajn, P. Morton, and S. G. Nielsen.     

Geochim. Cosmochim. Acta, 2019, 244, 403−415. 

https://doi.org/10.1016/j.gca.2018.10.010 

20. S. Schuth, A. Bruske, S. V. Hohl, S. Y. Jiang, A. K. Meinhardt,     

D. D. Gregory, S. Viehmann, and S. Weyer. Chem. Geol., 2019, 528, 

119261. https://doi.org/10.1016/j.chemgeo.2019.07.036 

21. L. H. Dong, W. Wei, C. L. Yu, Z. H. Hou, Z. Zeng, T. Chen, and   

F. Huang. Anal. Chem., 2021, 93, 7172−7179. 

https://doi.org/10.1021/acs.analchem.0c04800 

22. G. T. Ventura, L. Gall, C. Siebert, J. Prytulak, P. Szatmari,        

M. Hurlimann, and A. N. Halliday. Appl. Geochem., 2015, 59, 

104−117. https://doi.org/10.1016/j.apgeochem.2015.04.009 

23. Y. Gao, J. F. Casey, L. M. Bernardo, W. Yang, and K. K. Bissada, 

Geological Society, London, Special Publications, 2018, 468, 83−103. 

https://doi.org/10.1144/SP468.2 

24. S. Schuth, I. Horn, A. Bruske, P. E. Wolff, and S. Weyer,        

Ore Geol. Rev., 2017, 81, 1271−1286. 

https://doi.org/10.1016/j.oregeorev.2016.09.028 

25. J.-H. Huang, F. Huang, L. Evans, and S. Glasauer. Chem. Geol., 2015, 

417, 68−89. https://doi.org/10.1016/j.chemgeo.2015.09.019 

26. W. H. Schlesinger, E. M. Klein, and A. Vengosh.              

Proc. Natl. Acad. Sci. U. S. A., 2017, 114, E11092-E11100. 

https://doi.org/10.1073/pnas.1715500114 

27. M. Imtiaz, M. S. Rizwan, S. Xiong, H. Li, M. Ashraf, S. M. Shahzad, 

M. Shahzad, M. Rizwan, and S. Tu. Environ. Int., 2015, 80, 79−88. 

https://doi.org/10.1016/j.envint.2015.03.018 

28. S. M. Shaheen, D. S. Alessi, F. M. G. Tack, Y. S. Ok, K. H. Kim,    

J. P. Gustafsson, D. L. Sparks, and J. Rinklebe, Adv. Colloid Interface 

Sci., 2019, 265, 1−13. https://doi.org/10.1016/j.cis.2019.01.002 

29. W. F. McDonough and S. s. Sun, Chem. Geol., 1995, 120, 223−253. 

https://doi.org/10.1016/0009-2541(94)00140-4 

30. J. Wade and B. J. Wood, Nature, 2001, 409, 75−78. 

https://doi.org/10.1038/35051064 

31. U. Mann, D. J. Frost, and D. C. Rubie, Geochim. Cosmochim. Acta, 

2009, 73, 7360−7386. https://doi.org/10.1016/j.gca.2009.08.006 

32. R. A. Fischer, Y. Nakajima, A. J. Campbell, D. J. Frost, D. Harries,  

F. Langenhorst, N. Miyajima, K. Pollok, and D. C. Rubie,   

Geochim. Cosmochim. Acta, 2015, 167, 177−194. 

https://doi.org/10.1016/j.gca.2015.06.026 

33. J. J. Papike, J. M. Karner, and C. K. Shearer, Am. Mineral., 2005, 90, 

277−290. https://doi.org/10.2138/am.2005.1779 

34. G. Giuli, E. Paris, J. Mungall, C. Romano, and D. Dingwell,      

Am. Mineral., 2004, 89, 1640−1646.      

https://doi.org/10.2138/am-2004-11-1208 

35. S. R. Sutton, J. Karner, J. Papike, J. S. Delaney, C. Shearer,        

M. Newville, P. Eng, M. Rivers, and M. D. Dyar,          

Geochim. Cosmochim. Acta, 2005, 69, 2333−2348. 

https://doi.org/10.1016/j.gca.2004.10.013 

36. K. Righter, S. R. Sutton, L. Danielson, K. Pando, and M. Newville, 

Am. Mineral., 2016, 101, 1928−1942.     

https://doi.org/10.2138/am-2016-5638 

37. D. Canil, Geochim. Cosmochim. Acta, 1999, 63, 557−572. 

https://doi.org/10.1016/S0016-7037(98)00287-7 

38. M. J. Toplis and A. Corgne, Contrib. Mineral. Petrol., 2002, 144,  

22−37. https://doi.org/10.1007/s00410-002-0382-5 

39. G. Mallmann and H. S. C. O’Neill. J. Petrol., 2009, 50, 1765−1794. 

https://doi.org/10.1093/petrology/egp053 

40. J. Wang, X. Xiong, E. Takahashi, L. Zhang, L. Li, and X. Liu.      

J. Geophys. Res. Solid Earth, 2019, 124, 4617−4638. 

https://doi.org/10.1029/2018JB016731 

41. D. Canil. Earth. Planet. Sci. Lett., 2002, 195, 75−90. 

https://doi.org/10.1016/S0012-821X(01)00582-9 

42. D. Canil. Nature, 1997, 389, 842−845. https://doi.org/10.1038/39860 

43. R. W. Nicklas, R. K. M. Hahn, and J. M. D. Day.          

Geochem. Perspect. Lett., 2022, 20, 32−36. 

https://doi.org/10.7185/geochemlet.2205 

44. Z.-X. A. Li and C.-T. A. Lee, Earth. Planet. Sci. Lett., 2004, 228, 

483−493. https://doi.org/10.1016/j.epsl.2004.10.006 

45. M. Laubier, T. L. Grove, and C. H. Langmuir,                

Earth. Planet. Sci. Lett., 2014, 392, 265−278. 

https://doi.org/10.1016/j.epsl.2014.01.053 

46. A. Gale, C. A. Dalton, C. H. Langmuir, Y. Su, and J.-G. Schilling, 

Geochem. Geophys. Geosyst., 2013, 14, 489−518. 

https://doi.org/10.1029/2012GC004334 

47. W. M. White and E. M. Klein, Treatise on Geochemistry (Second 

Edition), Elsevier, 2014, 4, pp 457−496.  

https://doi.org/10.1016/B978-0-08-095975-7.00315-6 

48. R. L. Rudnick and S. Gao, Elsevier, 2014, 4, pp1-51. 

https://doi.org/10.1016/B978-0-08-095975-7.00301-6 

49. R. W. Collier, Nature, 1984, 309, 441−444. 

https://doi.org/10.1038/309441a0 

50. C. Jeandel, M. Caisso, and J. F. Minster, Mar. Chem., 1987, 21, 

51−74. https://doi.org/10.1016/0304-4203(87)90029-6 

51. A. M. Shiller and E. A. Boyle, Earth. Planet. Sci. Lett., 1987, 86, 

214−224. https://doi.org/10.1016/0012-821X(87)90222-6 

52. P. Ho, J.-M. Lee, M. I. Heller, P. J. Lam, and A. M. Shiller,      

Mar. Chem., 2018, 201, 242−255. 

https://doi.org/10.1016/j.marchem.2017.12.003 

53. S. R. Emerson and S. S. Huested, Mar. Chem., 1991, 34, 177−196. 

https://doi.org/10.1016/0304-4203(91)90002-E 

54. T. J. Algeo, Geology, 2004, 32, 1057−1060. 

https://doi.org/10.1130/g20896.1 

55. T. J. Algeo and J. B. Maynard, Chem. Geol., 2004, 206, 289−318. 

https://doi.org/10.1016/j.chemgeo.2003.12.009 

https://doi.org/10.1016/0012-821X(76)90199-0
https://doi.org/10.1016/S0016-2361(02)00104-7
https://doi.org/10.1111/j.1751-908X.2011.00106.x
https://doi.org/10.1111/j.1751-908X.2011.00105.x
https://doi.org/10.1016/j.chemgeo.2015.11.027
https://doi.org/10.1016/j.gca.2018.10.010
https://doi.org/10.1021/acs.analchem.0c04800
https://doi.org/10.1016/j.apgeochem.2015.04.009
https://doi.org/10.1144/SP468.2
https://doi.org/10.1016/j.oregeorev.2016.09.028
https://doi.org/10.1016/j.chemgeo.2015.09.019
https://doi.org/10.1073/pnas.1715500114
https://doi.org/10.1016/j.envint.2015.03.018
https://doi.org/10.1016/j.cis.2019.01.002
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1038/35051064
https://doi.org/10.1016/j.gca.2009.08.006
https://doi.org/10.1016/j.gca.2015.06.026
https://doi.org/10.2138/am.2005.1779
https://doi.org/10.1016/j.gca.2004.10.013
https://doi.org/10.1016/S0016-7037(98)00287-7
https://doi.org/10.1007/s00410-002-0382-5
https://doi.org/10.1093/petrology/egp053
https://doi.org/10.1029/2018JB016731
https://doi.org/10.1016/S0012-821X(01)00582-9
https://doi.org/10.1038/39860
https://doi.org/10.7185/geochemlet.2205
https://doi.org/10.1016/j.epsl.2004.10.006
https://doi.org/10.1016/j.epsl.2014.01.053
https://doi.org/10.1029/2012GC004334
https://doi.org/10.1016/B978-0-08-095975-7.00301-6
https://doi.org/10.1038/309441a0
https://doi.org/10.1016/0304-4203(87)90029-6
https://doi.org/10.1016/0012-821X(87)90222-6
https://doi.org/10.1016/j.marchem.2017.12.003
https://doi.org/10.1016/0304-4203(91)90002-E
https://doi.org/10.1130/g20896.1
https://doi.org/10.1016/j.chemgeo.2003.12.009


www.at-spectrosc.com/as/article/pdf/2023222 309                Atom. Spectrosc. 2023, 44(5), 298–310. 

56. L. Bian, A. Chappaz, N. H. Schovsbo, and H. Sanei,        

Geochim. Cosmochim. Acta, 2022, 338, 1−10. 

https://doi.org/10.1016/j.gca.2022.09.035 

57. J. L. Morford and S. Emerson, Geochim. Cosmochim. Acta, 1999, 63, 

1735−1750. https://doi.org/10.1016/S0016-7037(99)00126-X 

58. H. E. and and A. Schultz. Annu. Rev. Earth Planet. Sci., 1996, 24, 

191−224. https://doi.org/10.1146/annurev.earth.24.1.191 

59. Z. Lu, R. Hu, T. Han, H. Wen, B. Mo, and T. J. Algeo, Chem. Geol., 

2021, 567, 120100. https://doi.org/10.1016/j.chemgeo.2021.120100 

60. F. J. Haase, C. J. Vessey, R. Sekine, D. Welsh, J. Hamilton, Y. Wang, 

J. White, D. E. Canfield, E. Lombi, and W. W. Bennett,     

Geochim. Cosmochim. Acta, 2023, 361, 171−182. 

https://doi.org/10.1016/j.gca.2023.07.020 

61. G. N. Breit and R. B. Wanty. Chem. Geol., 1991, 91, 83−97. 

https://doi.org/10.1016/0009-2541(91)90083-4 

62. R. B. Wanty and M. B. Goldhaber. Geochim. Cosmochim. Acta, 1992, 

56, 1471−1483. https://doi.org/10.1016/0016-7037(92)90217-7 

63. E. Bonatti, D. E. Fisher, O. Joensuu, and H. S. Rydell,      

Geochim. Cosmochim. Acta, 1971, 35, 189−201. 

https://doi.org/10.1016/0016-7037(71)90057-3 

64. T. J. Algeo and J. Liu, Chem. Geol., 2020, 540, 119549. 

https://doi.org/10.1016/j.chemgeo.2020.119549 

65. N. Tribovillard, T. J. Algeo, T. Lyons, and A. Riboulleau,      

Chem. Geol., 2006, 232, 12−32. 

https://doi.org/10.1016/j.chemgeo.2006.02.012 

66. T. Han, H. Fan, and H. Wen, Chem. Geol., 2018, 492, 20−29. 

https://doi.org/10.1016/j.chemgeo.2018.05.022 

67. A. Filippidi and G. J. De Lange. Paleoceanogr. Paleoclimatol., 2019, 

34, 409−429. https://doi.org/10.1029/2018pa003459 

68. S. K. Sahoo, N. J. Planavsky, G. Jiang, B. Kendall, J. D. Owens,    

X. Wang, X. Shi, A. D. Anbar, and T. W. Lyons. Geobiol., 2016, 14, 

457−468. https://doi.org/10.1111/gbi.12182 

69. J. D. Owens, C. T. Reinhard, M. Rohrssen, G. D. Love, and        

T. W. Lyons, Earth. Planet. Sci. Lett., 2016, 449, 407−417. 

https://doi.org/10.1016/j.epsl.2016.05.046 

70. Y. Xue, C.-h. Li, Y. Qi, C. Zhang, B. Miao, and F. Huang,       

Acta Geochimica, 2018, 37, 501−508,  

https://doi.org/10.1007/s11631-018-0279-2 

71. S. G. Nielsen, M. Auro, K. Righter, D. Davis, J. Prytulak, F. Wu, and 

J. D. Owens, Earth. Planet. Sci. Lett., 2019, 505, 131−140. 

https://doi.org/10.1016/j.epsl.2018.10.029 

72. P. A. Sossi, F. Moynier, M. Chaussidon, J. Villeneuve, C. Kato, and 

M. Gounelle, Nat. Astron., 2017, 1, 0055. 

https://doi.org/10.1038/s41550-017-0055 

73. J. Prytulak, S. G. Nielsen, D. A. Ionov, A. N. Halliday, J. Harvey,   

K. A. Kelley, Y. L. Niu, D. W. Peate, K. Shimizu, and            

K. W. W. Sims. Earth. Planet. Sci. Lett., 2013, 365, 177−189. 

https://doi.org/10.1016/j.epsl.2013.01.010 

74. Y. H. Qi, F. Wu, D. A. Ionov, I. S. Puchtel, R. W. Carlson,         

R. W. Nicklas, H. M. Yu, J. T. Kang, C. H. Li, and F. Huang. 

Geochim. Cosmochim. Acta, 2019, 259, 288−301. 

https://doi.org/10.1016/j.gca.2019.06.008 

75. S. G. Nielsen, D. V. Bekaert, T. Magna, K. Mezger, and M. Auro, 

Geochem. Perspect. Lett., 2020, 15, 35−39. 

https://doi.org/10.7185/geochemlet.2032 

76. S. S. Hopkins, J. Prytulak, J. Barling, S. S. Russell, B. J. Coles, and   

A. N. Halliday, Earth. Planet. Sci. Lett., 2019, 511, 12−24. 

https://doi.org/10.1016/j.epsl.2019.01.008 

77. S. G. Nielsen, D. V. Bekaert, and M. Auro, Nat. Commun., 2021, 12, 

1817. https://doi.org/10.1038/s41467-021-22155-7 

78. C.-T. Aeolus Lee, W. P. Leeman, D. Canil, and Z.-X. A. Li, J. Petrol., 

2005, 46, 2313−2336. https://doi.org/10.1093/petrology/egi056 

79. F. Wu, T. Qin, X. F. Li, Y. Liu, J. H. Huang, Z. Q. Wu, and F. Huang, 

Earth. Planet. Sci. Lett., 2015, 426, 216−224. 

https://doi.org/10.1016/j.epsl.2015.06.048 

80. T. Fujii, C. Kato, N. Wada, A. Uehara, P. Sossi, and F. Moynier,  

ACS Earth Space Chem., 2023, 7, 912−925. 

https://doi.org/10.1021/acsearthspacechem.2c00299 

81. F. Wu, Y. H. Qi, M. R. Perfit, Y. J. Gao, C. H. Langmuir,          

V. D. Wanless, H. M. Yu, and F. Huang, Earth. Planet. Sci. Lett., 

2018, 493, 128−139. https://doi.org/10.1016/j.epsl.2018.04.009 

82. D. Novella, J. Maclennan, O. Shorttle, J. Prytulak, and B. J. Murton, 

Earth. Planet. Sci. Lett., 2020, 531, 115973. 

https://doi.org/10.1016/j.epsl.2019.115973 

83. Z. Chen, X. Ding, E. S. Kiseeva, X. Lin, J. Huang, and F. Huang, 

Lithos, 2023, 442-443, 107082. 

https://doi.org/10.1016/j.lithos.2023.107082 

84. X. Ding, R. T. Helz, Y. H. Qi, and F. Huang,              

Geochim. Cosmochim. Acta, 2020, 289, 114−129. 

https://doi.org/10.1016/j.gca.2020.08.023 

85. P. A. Sossi, J. P. Bullet, and H. S. C. O'Neill,                

Contrib. Mineral. Petrol., 2018, 173, 27. 

https://doi.org/10.1007/s00410-018-1451-8 

86. S. Tian, X. Ding, Y. Qi, F. Wu, Y. Cai, R. M. Gaschnig, Z. Xiao,   

W. Lv, R. L. Rudnick, and F. Huang, Proc. Natl. Acad. Sci. U. S. A., 

2023, 120, e2220563120. https://doi.org/10.1073/pnas.2220563120 

87. Y.-H. Qi, Y.-Z. Gong, F. Wu, Y. Lu, W. Cheng, F. Huang, and    

H.-M. Yu, Geochim. Cosmochim. Acta, 2022, 320, 26−40. 

https://doi.org/10.1016/j.gca.2021.12.028 

88. F. Wu, J. D. Owens, L. Tang, Y. Dong, and F. Huang,      

Geochim. Cosmochim. Acta, 2019, 265, 371−385. 

https://doi.org/10.1016/j.gca.2019.09.007 

89. F. Wu, J. D. Owens, F. Scholz, L. Q. Huang, S. Q. Li, N. Riedinger, 

L. C. Peterson, C. R. German, and S. G. Nielsen,           

Geochim. Cosmochim. Acta, 2020, 284, 134−155. 

https://doi.org/10.1016/j.gca.2020.06.013 

90. X. Chen, S. Li, S. M. Newby, T. W. Lyons, F. Wu, and J. D. Owens, 

Geochim. Cosmochim. Acta, 2022, 317, 218−233. 

https://doi.org/10.1016/j.gca.2021.11.010 

91. F. Wu, J. D. Owens, C. R. German, R. A. Mills, and S. G. Nielsen, 

Geochim. Cosmochim. Acta, 2022, 328, 168−184. 

https://doi.org/10.1016/j.gca.2022.05.002 

92. S. G. Nielsen. Vanadium Isotopes, A Proxy for Ocean Oxygen 

Variations, Cambridge University Press, 2021. 

https://doi.org/10.1017/9781108863438 

93. A. W. Heard, Y. Wang, C. M. Ostrander, M. Auro, D. E. Canfield,  

S. Zhang, H. Wang, X. Wang, and S. G. Nielsen,             

Earth. Planet. Sci. Lett., 2023, 610, 118127. 

https://doi.org/10.1016/j.epsl.2023.118127 

94. H. Fan, C. M. Ostrander, M. Auro, H. Wen, and S. G. Nielsen,   

Earth. Planet. Sci. Lett., 2021, 567, 117007. 

https://doi.org/10.1016/j.epsl.2021.117007 

95. W. Wei, X. Chen, H.-F. Ling, F. Wu, L.-H. Dong, S. Pan, Z. Jing, and 

F. Huang, Earth. Planet. Sci. Lett., 2023, 602, 117942. 

https://doi.org/10.1016/j.epsl.2022.117942 

96. S. Li, O. Friedrich, S. G. Nielsen, F. Wu, and J. D. Owens,     

Earth. Planet. Sci. Lett., 2023, 617, 118237. 

https://doi.org/10.1016/j.epsl.2023.118237 

https://doi.org/10.1016/j.gca.2022.09.035
https://doi.org/10.1016/S0016-7037(99)00126-X
https://doi.org/10.1146/annurev.earth.24.1.191
https://doi.org/10.1016/j.chemgeo.2021.120100
https://doi.org/10.1016/j.gca.2023.07.020
https://doi.org/10.1016/0009-2541(91)90083-4
https://doi.org/10.1016/0016-7037(92)90217-7
https://doi.org/10.1016/0016-7037(71)90057-3
https://doi.org/10.1016/j.chemgeo.2020.119549
https://doi.org/10.1016/j.chemgeo.2006.02.012
https://doi.org/10.1016/j.chemgeo.2018.05.022
https://doi.org/10.1111/gbi.12182
https://doi.org/10.1016/j.epsl.2016.05.046
https://doi.org/10.1016/j.epsl.2018.10.029
https://doi.org/10.1038/s41550-017-0055
https://doi.org/10.1016/j.epsl.2013.01.010
https://doi.org/10.1016/j.gca.2019.06.008
https://doi.org/10.7185/geochemlet.2032
https://doi.org/10.1016/j.epsl.2019.01.008
https://doi.org/10.1038/s41467-021-22155-7
https://doi.org/10.1093/petrology/egi056
https://doi.org/10.1016/j.epsl.2015.06.048
https://doi.org/10.1021/acsearthspacechem.2c00299
https://doi.org/10.1016/j.epsl.2018.04.009
https://doi.org/10.1016/j.epsl.2019.115973
https://doi.org/10.1016/j.gca.2020.08.023
https://doi.org/10.1007/s00410-018-1451-8
https://doi.org/10.1073/pnas.2220563120
https://doi.org/10.1016/j.gca.2021.12.028
https://doi.org/10.1016/j.gca.2019.09.007
https://doi.org/10.1016/j.gca.2020.06.013
https://doi.org/10.1016/j.gca.2021.11.010
https://doi.org/10.1016/j.gca.2022.05.002
https://doi.org/10.1017/9781108863438
https://doi.org/10.1016/j.epsl.2023.118127
https://doi.org/10.1016/j.epsl.2021.117007
https://doi.org/10.1016/j.epsl.2022.117942
https://doi.org/10.1016/j.epsl.2023.118237


www.at-spectrosc.com/as/article/pdf/2023222 310                Atom. Spectrosc. 2023, 44(5), 298–310. 

97. J. Chetelat, S. G. Nielsen, M. Auro, D. Carpenter, L. Mundy, and   

P. J. Thomas, Environ. Sci. Technol., 2021, 55, 4813−4821. 

https://doi.org/10.1021/acs.est.0c07509 

98. Y. Huang, Z. Long, D. Zhou, L. Wang, P. He, G. Zhang,           

S. S. Hughes, H. Yu, and F. Huang, Sci. Total Environ., 2021, 791, 

148240. https://doi.org/10.1016/j.scitotenv.2021.148240 

99. D. V. Bekaert, M. Auro, Q. R. Shollenberger, M.-C. Liu,          

H. Marschall, K. W. Burton, B. Jacobsen, G. A. Brennecka,        

G. J. MacPherson, R. von Mutius, A. Sarafian, and S. G. Nielsen, Sci. 

Adv., 2021, 7, eabg8329. https://doi.org/10.1126/sciadv.abg8329 

100. S. G. Nielsen, J. Prytulak, B. J. Wood, and A. N. Halliday,    

Earth. Planet. Sci. Lett., 2014, 389, 167−175. 

https://doi.org/10.1016/j.epsl.2013.12.030 

101. L. Brinza, H. P. Vu, S. Shaw, J. F. W. Mosselmans, and         

L. G. Benning, Cryst. Growth Des., 2015, 15, 4768−4780. 

https://doi.org/10.1021/acs.cgd.5b00173 

102. D. Malinovsky and N. A. Kashulin, Anal. Methods, 2016, 8, 

5921−5929. https://doi.org/10.1039/C6AY01436D 

103. W. Yang, J. F. Casey, and Y. Gao, Fuel, 2017, 206, 64−79. 

https://doi.org/10.1016/j.fuel.2017.05.084 

104. Y. Sohrin, S. Urushihara, S. Nakatsuka, T. Kono, E. Higo,       

T. Minami, K. Norisuye, and S. Umetani, Anal. Chem., 2008, 80, 

6267−6273. https://doi.org/10.1021/ac800500f 

105. G. Abbasse, B. Ouddane, and J. Fischer, Anal. Bioanal. Chem., 

2002, 374, 873−878. https://doi.org/10.1007/s00216-002-1532-3 

106. Z. Zeng and F. Wu, J. Anal. At. Spectrom., 2024, Advance Article. 

https://doi.org/10.1039/D3JA00285C 

107. S. G. Nielsen, J. D. Owens, and T. J. Horner, J. Anal. At. Spectrom., 

2016, 31, 531−536. https://doi.org/10.1039/c5ja00397k 

108. S. G. Nielsen, M. Rehkämper, J. Baker, and A. N. Halliday,  

Chem. Geol., 2004, 204, 109−124. 

https://doi.org/10.1016/j.chemgeo.2003.11.006 

109. Y. Li, Y. Huang, Z. Li, X. Tang, X. Liu, and S. S. Hughes, 

Ecotoxicol. Environ. Saf., 2022, 242, 113948. 

https://doi.org/10.1016/j.ecoenv.2022.113948 

110. Z. B. Deng, M. Chaussidon, P. Savage, F. Robert, R. Pik, and    

F. Moynier. Proc. Natl. Acad. Sci. U. S. A., 2019, 116, 1132−1135. 

https://doi.org/10.1073/pnas.1809164116 

111. W. Zhang, Z. Hu, L. Feng, Z. Wang, Y. Liu, Y. Feng, and H. Liu,  

J. Earth Sci., 2022, 33, 67−75.        

https://doi.org/10.1007/s12583-021-1535-7 

112. P. Télouk, E. Albalat, B. Bourdon, F. Albarède, and V. Balter,    

J. Anal. At. Spectrom., 2023, 38, 1973−1983. 

https://doi.org/10.1039/D3JA00182B 

113. X.-Y. Zheng, X.-Y. Chen, W. Ding, Y. Zhang, S. Charin, and    

Y. Gérard, J. Anal. At. Spectrom., 2022, 37, 1273−1287. 

https://doi.org/10.1039/D2JA00078D 

114. S. An, J. Chen, S. Boschi, and W. Li, Anal. Chem., 2023, 95, 

2140−2145. https://doi.org/10.1021/acs.analchem.2c03989 

115. L. Yang, S. Tong, L. Zhou, Z. Hu, Z. Mester, and J. Meija,       

J. Anal. At. Spectrom., 2018, 33, 1849−1861. 10.1039/C8JA00210J 

116. Z. Yang and E. S. Gould, Dalton Trans., 2003, 3963−3967. 

https://doi.org/10.1039/B306566A 

117. S. M. Nedrich, A. Chappaz, M. L. Hudson, S. S. Brown, and     

G. A. Burton, Sci. Total Environ., 2018, 612, 313−320. 

https://doi.org/10.1016/j.scitotenv.2017.08.141 

118. C. J. Vessey and M. B. J. Lindsay, Environ. Sci. Technol., 2020, 54, 

4006−4015. https://doi.org/10.1021/acs.est.9b06250 

119. J. Prytulak, P. A. Sossi, A. N. Halliday, T. Plank, P. S. Savage, and 

J. D. Woodhead, Geochem. Perspect. Lett., 2017, 3, 75−84. 

https://doi.org/10.7185/geochemlet.1708 

120. R. L. Rudnick and S. Gao, Treatise on Geochemistry, Pergamon, 

2003, pp1-64. https://doi.org/10.1016/B0-08-043751-6/03016-4 

121. A. M. Shiller and L. Mao, Chem. Geol., 2000, 165, 13−22. 

https://doi.org/10.1016/S0009-2541(99)00160-6 

 

 

https://doi.org/10.1021/acs.est.0c07509
https://doi.org/10.1016/j.scitotenv.2021.148240
https://doi.org/10.1126/sciadv.abg8329
https://doi.org/10.1016/j.epsl.2013.12.030
https://doi.org/10.1021/acs.cgd.5b00173
https://doi.org/10.1039/C6AY01436D
https://doi.org/10.1016/j.fuel.2017.05.084
https://doi.org/10.1021/ac800500f
https://doi.org/10.1007/s00216-002-1532-3
https://doi.org/10.1039/c5ja00397k
https://doi.org/10.1016/j.ecoenv.2022.113948
https://doi.org/10.1073/pnas.1809164116
https://doi.org/10.1007/s12583-021-1535-7
https://doi.org/10.1039/D3JA00182B
https://doi.org/10.1039/D2JA00078D
https://doi.org/10.1021/acs.analchem.2c03989
https://doi.org/10.1039/B306566A
https://doi.org/10.1016/j.scitotenv.2017.08.141
https://doi.org/10.1021/acs.est.9b06250
https://doi.org/10.7185/geochemlet.1708
https://doi.org/10.1016/B0-08-043751-6/03016-4
https://doi.org/10.1016/S0009-2541(99)00160-6



