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Abstract
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availability of crucial metal cofactors is largely influenced by earth surface redox
element in geo–bio-coevolution due to its complex redox chemistry and specific biological functions. Thus, the extent of microbial V utilization potentially represents an
important link between the geo- and biospheres in deep time. In this study, we used
geochemical modeling and network analysis to investigate the availability and chemical speciation of V in the environment, and the emergence and changing chemistry of
V-containing minerals throughout earth history. The redox state of V shifted from a
more reduced V(III) state in Archean aqueous geochemistry and mineralogy to more
oxidized V(IV) and V(V) states in the Proterozoic and Phanerozoic. The weathering of
vanadium sulfides, vanadium alkali metal minerals, and vanadium alkaline earth metal
minerals were potential sources of V to the environment and microbial utilization.
Community detection analysis of the expanding V mineral network indicates tectonic
and redox influence on the distribution of V mineral-forming elements. In reducing
environments, energetic drivers existed for V to potentially be involved in early nitrogen fixation, while in oxidizing environments vanadate (VO4 ) could have acted
3−

as a metabolic electron acceptor and phosphate mimicking enzyme inhibitor. The
coevolving chemical speciation and biological functions of V due to earth's changing
surface redox conditions demonstrate the crucial links between the geosphere and
biosphere in the evolution of metabolic electron transfer pathways and biogeochemical cycles from the Archean to Phanerozoic.
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1 | I NTRO D U C TI O N

and led to the expansion of the network of microbial metabolism in
the Archean eon (Moore, Jelen, Giovannelli, Raanan, & Falkowski,

The utilization of metal cofactors in protein active sites played a

2017). Changing earth surface redox state, largely due to global

central role in the evolution of biological electron transfer pathways

oxygenation, affected the availability of different biologically crucial transition metals (Anbar & Knoll, 2002; Saito, Sigman, & Morel,
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2003; Williams, 1981). Vanadium (V) is an intriguing metal in biology
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since it is an abundant dissolved transition metal in modern sea-

chemistry, chemical speciation, and bioavailability of V in deep time

water with an approximate concentration of 30 nM, second only

to understand this enigmatic element's place in the coevolution of

to Mo (100 nM; Rehder, 2008), but the biological utilization of V is

the geo- and biospheres.

more limited than other transition metal cofactors (Zerkle, House,

In this study, we investigated how changes in vanadium miner-

& Brantley, 2005). Despite its limited biological use compared with

alogy and geochemistry over geologic time may have influenced V

other transition metals, V has several crucial functions for certain

availability to the biosphere. We analyzed the distribution of vana-

types of microbial communities: as an alternative cofactor in the ni-

dium minerals in each geologic eon and modeled the availability of

trogen-fixing enzyme nitrogenase (McKenna, Benemann, & Traylor,

V resulting from mineral weathering on the early earth. The analysis

1970; Rehder, 2000), as a prosthetic group in haloperoxidases, as a

provides new insights into possible mineral sources of vanadium that

primary electron acceptor in the form of vanadate

3−
(VO4 ;

Lyalkova

& Yurkova, 1992), and as phosphate mimicking enzyme inhibitor

were incorporated into the biosphere during the early stages of microbial evolution.

(Cantley et al., 1977).
It has been proposed that the function of V in biology evolved
with the chemical differentiation of earth's surface environments,
and similarly that vanadium's diverse redox chemistry may have
made the element an important metal cofactor in electron transfer of primitive life-forms (Huang, Huang, Evans, & Glasauer, 2015;

2 | M E TH O DS
2.1 | Equilibrium calculations of V-O-H system
under ambient conditions

Rehder, 2008). The redox state of V is not only central to its biological function, but it is also linked to the evolution of the geosphere. V

The equilibrium constants for vanadium speciation diagrams were

is recognized as an important redox tracer element because it exists

calculated with the Fortran computer code SUPCRT92b (Johnson,

in more redox states (II, III, IV, and V) than many other multi-valence

Oelkers, & Helgeson, 1992; Sverjensky, Hemley, & D'angelo, 1991).

elements in natural materials (Shearer, McKay, Papike, & Karner,

The equilibrium boundaries between the aqueous species and sol-

2006; Sutton et al., 2005). For example, in sedimentary systems, the

ids shown in the figures were calculated using their standard Gibbs

incorporation of reduced V species (III and IV) in clays and other sec-

free energies of formation (ΔGf◦A) and corresponding activities of each

ondary minerals can be used as a redox indicator for past anoxic conditions (Gehring, Fry, Luster, & Sposito, 1994; Gehring, Schosseler, &

aqueous species. The values of ΔGf◦ were compiled from the literaA

ture and provided in Table S1. Considering the fact that metal hy-

Weidler, 1999; Lebedel et al., 2013). V(III) and V(IV) generated by low

droxides, instead of metal oxides, are primary sedimentary minerals

reduction potential will adsorb or complex with particulates, form

and usually control the solubility of corresponding aqueous species

insoluble hydroxides, and incorporate into minerals (Francois, 1988;

under ambient conditions, we used vanadium hydroxides to calcu-

Szalay & Szilágyi, 1967). In ancient rocks from the Archean eon, V

late the equilibrium diagram.

partitioning into igneous rocks is linked to the redox state of the
mantle (Canil, 1997), indicating that mantle-derived reduced volcanic gases H2 and CO were not sufficient to support abiotic synthesis

2.2 | Solubility of vanadium minerals

of biological precursor molecules (Canil, 2002).
The concentration of V in earth's crust is relatively low, but also

The solubility limits of vanadium minerals described in this study

more dispersed than other first row transition metals, resulting in

were calculated by assuming the thermodynamic equilibrium of the

rare concentrated mineral deposits (Reimann & Caritat, 1998). In fact,

mineral with corresponding dominant aqueous species under ambi-

the majority of V minerals have been identified at only one or two

ent conditions (Table 1, Table S1, Table S2). For example, the dom-

localities (Liu et al., 2018). The study of V minerals has also increased

inant aqueous species at Archean pH2,g and pH between 4 and 7

the understanding of V geochemical cycling (Huang et al., 2015).

(typical pHs of weathering fluid) is VO+ (Figure 1). We calculated the

Oxidative weathering of V(III)- and V(IV)-containing minerals to V(V)

equilibrium constant (log K) of the reaction:
(
)
+
+
VO + 2H2 O ⇄ V OH 3,s + H

is a major mechanism of V mobilization in soil and sediment (Yang et
al., 2014), but in the anoxic reducing conditions of the Archean eon,
V would be expected to be insoluble and unavailable for biological

Provided a reasonable pH range (4–7) mimicking the acidity

utilization. As various mechanisms affect V availability, it remains

of weathering fluids, we can calculate the solubility of V(OH)3,s in

largely unknown how the evolving geosphere impacted vanadium's

Archean weathering fluid. Similarly, we calculated the solubility lim-

redox state, aqueous geochemistry, and biological incorporation. For

its of vanadium sulfides (VSs, V2S3,s, and VS 4,s) with the additional

example, input of V to the ocean from weathering and rivers is par-

assumption that the concentration of H2Saq would be the dominant

tially removed by sea-floor vent-derived iron oxides (Trefry & Metz,

S species in acidic and moderately reducing fluid. The Archean at-

1989), but these processes may differ depending on earth surface

mosphere has low partial pressures of S gases (H2S and SO2) with

redox conditions and tectonic regimes. New approaches using geo-

mixing ratios less than 10–10 (Claire et al., 2014). Additionally, as

chemical modeling and network analysis of mineral chemistry evolu-

Fe(II) is highly soluble in reducing Archean surface waters (Hao et

tion provide a novel and robust approach to investigating the redox

al., 2017; Tosca et al., 2015), and the waters were probably S-poor

|
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TA B L E 1 Comparison of
thermodynamic properties of V(II), Mn(II),
and Fe(II) aqueous cations and crystal
structure of the metal sulfide solids: Ionic
radii (rM2+); Gibbs free energy of formation
(𝚫G.f, M2+); non-solvation Gibbs free energy
(𝚫G.n, M2+)

Divalent
cation

rM2+, (Å)*

𝚫Gf, M2+

a

−52.60

3

𝚫Gn, M2+

b

72.70 c
81.26d

V

0.95

Mn

0.82d

−55.20 d

Fe

d

0.77

d

−21.87

119.17d

Metal(II)
Sulfide

Structure

Space
group

Crystallographye

V(II)S

Hexagonal

P63 mc

a = 3.34 Å; b = 3.34 Å; c = 5.785 Å; Z = 2
α = 90°; β = 90°; γ = 120°
V = 55.9 Å

Mn(II)S;
rambergite

Hexagonal

P63 mc

a = 3.982 Å; b = 3.982 Å; c = 6.445 Å; Z = 2
α = 90°; β = 90°; γ = 120°
V = 88.503 Å3

Fe(II)S;
troilite

Hexagonal

P63 mc

a = 5.9650 Å; b = 5.9650 Å; c = 11.7570 Å; Z = 12
α = 90°; β = 90°; γ = 120°
V = 362.283 Å3

Note: References
a

Shannon (1976).

b
c

d
e
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F I G U R E 1 Equilibrium speciation of vanadium species and secondary minerals as a function of pH of weathering fluid in (a) reducing
atmosphere where atmospheric level of H2,g surpasses levels of O2,g and controls the redox states of the surface environments; and (b)
oxidizing atmosphere where the atmospheric level of O2,g surpasses levels of reducing gases and controls the redox states

controlled by the solubility of iron sulfides (Hao et al., 2017). In this

2.3 | Vanadium mineral chemistry network analysis

study, we adopted c(H2S,aq) = 10–7 mole/L as an approximation of
soluble S(-II) in Archean weathering fluid (Hao et al., 2017). As a

Mineral chemistry, age, and oxidation state data for all known

comparison, we also calculated the solubilities of vanadium sulfides

V-containing minerals were obtained from the Mineral Evolution

at high concentrations of S, for example, c(H2S ,aq) = 10

–3

mole/L,

Database (http://rruff.info/evolution/). Minerals were grouped by

representing lower limits of the solubilities. Table S2 summarized

the redox state of V present in each mineral and plotted by age

all of the reactions used to calculate the solubilities and model

and mineral abundance to compare the emergence of different V

assumptions.

redox states preserved in the mineral record in deep time. Bipartite

4
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network construction, and subsequent Louvain community detec-

occurred under dominantly acidic leaching conditions of V(III) with

tion cluster analysis (Blondel, Guillaume, Lambiotte, & Lefebvre,

negligible oxidation.

2008), of V mineral chemistry evolution was performed using the

Our geochemical model also indicates that vanadium sulfides

igraph package in R (Csardi & Nepusz, 2006). The two node types

were highly soluble and weathered to form VO+ at moderate pH,

for the bipartite network are minerals and elements, such that

thus increasing the mobility of vanadium under S-poor Archean

network lines (referred to as edges) connect to the elements that

conditions. Using available thermodynamic properties of pure vana-

compose each mineral (e.g., the chemical formula of coulsonite is

dium sulfides compiled from the literature (Table S1), we simulated

FeV2O 4; therefore, the coulsonite node has edge connections with

the solubility of various vanadium sulfides (VS, V2S3, and VS 4) in

Fe, V, and O). Four V mineral chemistry networks were created for

reducing Archean surface waters. For example, under presumable

all V-containing minerals: ≥4.0 Ga network representing the Hadean

Archean weathering conditions (c(H2Saq) = 10–7 mole/L, pH = 6,

eon, asteroid, meteorite, and pre-solar sources (minerals >4.33 Ga

and p(H2,g) = 10–5 bar), the solubilities of the crystalline solids VScr,

are from asteroid, meteorite, or pre-solar sources); ≥2.5 Ga net-

V2S3,cr, and VS 4,cr are higher than 1 mole/L. Even when c(H2Saq) is

work representing the Archean and including all ≥4.0 Ga V minerals;

very high (10–3 mol/L), the solubilities of the vanadium sulfides are

≥1.6 Ga network representing the Paleoproterozoic, and including

still higher than (10–3 mol/L). The calculated solubilities of vanadium

all ≥2.5 Ga and ≥4.0 Ga V minerals; Present-day network includ-

sulfides are much higher than the solubility of V(OH)3,s (8.7 × 10–6

ing all V-containing minerals with known ages. Data wrangling was

mole/L) and the highest concentration of vanadium reported in

performed using R software, tidyverse package (Wickham, 2017).

the modern river water (5.6 × 10–8 mole/L; Gaillardet et al., 2014).

Regression analysis was performed using R software.

Therefore, vanadium sulfides are not a sink in the Archean vanadium
geochemical cycle, but instead are potentially soluble sources if va-

3 | R E S U LT S
3.1 | V weathering in the Archean Eon

nadium sulfides were present. However, vanadium could partially replace metals of similar geochemical properties in sulfide structures
and found sulfide solid solutions, such as replacement of Fe(III) by
V(III) (see Section 4 below).
Moreover, the modeling results indicate that the oxidized states

The geochemical modeling results indicate that atmospheric lev-

(IV and V) of vanadium are not thermodynamically stable under

els of H2,g and weathering fluid pH are crucial determining factors

Archean conditions (Figure 1a). In reducing surface waters contain-

in the speciation of aqueous vanadium and formation of second-

ing reductants (e.g., H2,aq, Fe2+, and simple organics), weathering

ary minerals (Figure 1a). The model results suggest that under the

would be expected to reduce any available vanadium (IV and V) to

weakly reducing Archean redox conditions, V(III) is the only stable

vanadium (III). This would result in decreasing solubility of vanadium,

valence that can exist during weathering reactions. The dominant

but given the high solubility of V(III) in Archean river water, no V(III)-

aqueous vanadium species in weathering fluids under Archean at-

hydroxide would precipitate. Therefore, high valences of vanadium

mospheric pH2,g is VO+ (occurring at pH 4–7). Under highly acidic

(IV and V) in Archean rocks would have been reduced during weath-

conditions (below pH 4), VOH2+ would also contribute to vanadium

ering, providing another source of vanadium for the early ocean and

mobilization. As the pH decreases by one unit at ambient conditions,

micro-organisms.

the corresponding solubility of V(OH)3,s increases on average ten
times. Conversely, at pH higher than neutral, trivalent vanadium is
insoluble and will precipitate as V(OH)3,s or its dehydrated phase,

3.2 | Vanadium redox changes in minerals

VO(OH)s (montroseite). VO(OH)s is known as the primary mineral
source of vanadium to form a wide range of V(III), V(IV), and V(V)

There are three time periods in which the vast majority of V mineral

oxides and hydroxides in modern oxidizing weathering processes

maximum ages occur: 3.0–2.5 Ga, 2.1–1.7 Ga, and 0.7 Ga to pre-

(Evans & Garrels, 1958; Salminen et al., 2005). In acidic Archean

sent (Figure 2a). These three periods each correspond to the emer-

weathering fluids (pH = 4–7; Hao et al., 2017), the calculated solubil-

gence of minerals that contain V in different redox states: from 3.0

ity of V(OH)3,s could reach 8.7 × 10–4 to 8.7 × 10–7 mole/L which is

to 2.5 Ga primarily V(III)-containing minerals emerged, from 2.1 to

higher than the concentrations of dissolved V in modern river water

1.7 Ga primarily V(V)-containing minerals emerged, and finally from

(1.8 × 10–10 to 5.6 × 10–8 mole/L). Thus, the Archean weathering of

0.7 Ga to present minerals containing V(V), V(IV), and V(III) emerged

V(III)-bearing minerals would have occurred under generally acidic

(Figure 2b). The majority of V minerals with maximum ages in the

leaching conditions, and acidic weathering fluids were capable of

0.7 Ga to present period contain V(V), and all but two of the known

transporting considerable levels of dissolved vanadium as V(III).

V(IV) containing minerals also emerged in this period. Regression

Currently, the concentration of V(III) in Archean river water is poorly

analysis shows that the redox state of V in V-containing minerals

constrained, but it should depend on various geologic and environ-

becomes more positive over time at an average rate of 0.18/billion

mental factors such as the surface area of exposed land mass, V con-

years (p = .00021; Figure S1). The vast majority of vanadium minerals

tent in bedrock, precipitation, and elevation of land. Nevertheless,

in the Archean are igneous at their maximum age locality, with only

weathering of V(III)-bearing minerals such as VO(OH)s would have

vanadinite (Pb5(VO 4)3Cl) occurring in a volcano-sedimentary setting

|

MOORE et al.

Vanadium mineral emergence in deep time

(a)
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0.0

Vanadium mineral redox in deep time

(b)

1

2

Total V minerals

F I G U R E 2 (a) Sum of vanadium (V)
containing mineral species plotted by
the maximum age in billions of years
old (Ga). Minerals >4.33 Ga are from
asteroid, meteorite, or pre-solar sources.
Gray boxes indicate periods of enhanced
V-containing mineral origination. (b)
Sum of V-containing minerals plotted by
maximum known age (Ga) separated by
V redox state (III, IV, and V). Period I (3.0
to 2.5 Ga) is dominated by V(III) minerals;
Period II (2.1 to 1.7 Ga) corresponds
primarily to V(V) minerals; Period III
(0.7 Ga to present) includes mostly V(V)
minerals followed by V(IV) and V(III)
minerals, respectively. The y-axis is
rescaled at >50 V mineral species
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Total V minerals
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V
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5.0

4.0

3.0

2.0

1.0

0.0

0

Age (Ga)
at 3.35 Ga and mannardite (Ba(Ti6V2)O16) occurring in a pulsed sedi-

of Ti-containing V minerals increases from 0 to 9 in the period of

mentation greenstone detrital deposit at 3.07 Ga. In the Proterozoic

4.0–2.5 Ga.

and Phanerozoic, the majority of characterized V minerals are sec-

From the end of the Archean (2.5 Ga) to the end of the

ondary in nature, occurring as products of weathering or hydrother-

Paleoproterozoic (1.6 Ga), the number of V minerals that contain

mal alteration.

U (primarily U6+) increase more than any element other than O

Network analysis illustrates that O and H are the most common

or H (Figure 3c). In present day, the number of V minerals that

mineral-forming elements associated with V throughout geologic

contain Ca, Si, and Na increase more than any other elements be-

time and thus the most centrally connected elements in the vana-

sides O and H (Figure 3d). Separating mineral nodes by V redox

dium mineral chemistry network (Figure 3). Other than O and H;

state and then arranging the mineral nodes by maximum age

Al, Ca, Pb, and Cu are the only elements occurring in multiple vana-

shows that redox state is central in governing vanadium mineral

dium minerals in Hadean, asteroid, meteorite, and pre-solar sources

formation (Figure 4). There are certain elements that only form

at ≥4.0 Ga (Figure 3a). At ≥2.5 Ga (Archean, Hadean, extraterres-

minerals with V(V), other elements that only form minerals with

trial), Ti, Fe, Al, Ca, Si, Pb, and Cu become increasingly important

V(III), and elements that form minerals with either V(V) and V(III)

mineral-forming elements with V, all present in at least four V min-

at >1.6 Ga (Figure 4). Louvain community detection cluster anal-

eral species (Figure 3b). All other elements are components of three

ysis (Blondel et al., 2008) of the >1.6 Ga V mineral chemistry net-

or fewer vanadium minerals at ≥2.5 Ga. In particular, the number

work shows that clusters 1 and 5 include elements that primarily

6
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F I G U R E 3 Evolving bipartite network of vanadium (V) containing minerals (circles) and the chemical elements that compose each
mineral. Network lines (referred to as edges) connect minerals to the elements that compose them (e.g., the chemical formula of coulsonite
is: FeV2O 4, therefore the coulsonite node, circled in 3A, has edge connections with Fe, V, and O). Mineral nodes are colored by maximum
known age (Ga). Chemical element nodes are sized by network degree (number of network edges). Networks contain minerals with maximum
ages that occur at (a) ≥4.0 billion years ago (Ga) (includes asteroid, meteorite, and pre-solar sources >4.33 Ga); (b) ≥2.5 Ga; (c) ≥1.6 Ga; (d)
present day (mineral nodes in 3D are sized by number of mineral localities). Each network contains all the minerals in the network time
period that preceded it (e.g., The ≥2.5 Ga network contains all minerals from the ≥4.0 Ga network, etc.)

1
2
3
4
5

Louvain clusters
Ce, Cr, F, Fe, La, Sr, U, Y
Cu, S
As, Ba, Bi, Na, O, Ti, V
Al, Ca, H, K, Mg, P, Si
Cl, Mn, Pb, Zn

F I G U R E 4 (a) Vanadium mineral chemistry timeline bipartite network containing all minerals with maximum ages ≥1.6 Ga. Minerals
on the top of the network contain V(V), and minerals on the bottom of the network contain V(III). Mineral nodes are colored and sorted
by maximum known age (Ga), and the network edges are colored by the redox state of the element in each mineral. Louvain community
detection cluster analysis of chemical element nodes is shown in the embedded table
form minerals with V(V), while cluster 4 includes elements that

In some cases, the number of minerals an element forms with

primarily form minerals with V(III). Clusters 3 and 4 include the

V in deep time is not proportional to the number of minerals the

highly connected elements O, V, and H. Hydrogen primarily forms

same element forms with V at present day (Figure 5). Titanium (Ti) is

minerals with V(V) at >3.0 Ga, but then from 2.9 to 2.6 Ga primar-

present in a larger percentage of V minerals at 2.5, 1.6, and 0.7 Ga,

ily V(III) hydrogen minerals emerge (Figure 4).

but a smaller percentage at present day. Conversely, sulfur (S) and

|
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7

Common Mineral-Forming Elements with Vanadium

Total V Minerals

45

30

15

0

Ca

Al

Pb

Cu

Fe U Si Ti Mn S Ba Mg Na
Elements that Form Minerals with V

0.0
0.7
1.6
a)
2.5
(G
4.0
ge

A

F I G U R E 5 Abundance of common elements (excluding oxygen and hydrogen) that form minerals with vanadium (V) at ≥4.0 billion years
ago (Ga) (includes asteroid, meteorite, and pre-solar sources >4.33 Ga); ≥2.5 Ga; ≥1.6 Ga; and present day

sodium (Na) are minor mineral-forming elements with V from 4.0 to

sinks would have resulted in low concentrations of vanadium in the

0.7 Ga, but both become important mineral-forming elements with V

oceans, as evidenced by low V concentrations in early Archean BIFs

at <0.7 Ga to present day. Only three vanadium sulfide minerals have

(Aoki, Kabashima, Kato, Hirata, & Komiya, 2018).

maximum known ages present at >0.541 Ga: colusite (2.716 Ga); sul-

Our thermodynamic calculations indicate that pentavalent vana-

vanite (2.5 Ga); patronite (1.8 Ga), all of which occur in volcanogenic

dium is stable in late Archean oxygen oases and after the eventual ox-

massive sulfide deposits. All other vanadium sulfides with known

ygenation of the atmosphere at 2.33 Ga (Farquhar, Bao, & Thiemens,

maximum ages occur at ≤0.541 Ga, the majority of which are sec-

2000; Luo et al., 2016) (Figure 1b). Because V(V) has a higher solubility

ondary minerals (sedimentary or hydrothermal alteration products).

than V(III) and V(IV) (Huang et al., 2015), the formation of oxidovanadates(V) would have increased the concentrations of vanadium in the

4 | D I S CU S S I O N
4.1 | Evolving vanadium redox state and availability

environment. We calculated the solubility of several secondary vanadium minerals that control the solubility of vanadium (III, IV, and V) in
surface waters under either reducing or oxidizing conditions. Our results suggest that the order of solubility as V(III) (solubility of V(OH)3,s is

8.7 × 10–6 mole/L at pH = 6) ≈ V(IV) (solubility of VO(OH)2,s is 2.2 × 10–6

Our calculations indicate that solubility of V(III) minerals was not the

mole/L at pH 6) « V(V) (solubility of Ca(VO3)2,s is 1.4 × 10–3 mole/L at

limiting factor controlling the concentration of bioavailable vanadium

pH = 6; Table S2). In addition, under oxidizing conditions, weathering

in Archean waters. This result implies that the supply of vanadium

of sulfide minerals could acidify the weathering fluid, increasing solubil-

was governed by continental weathering processes rather than min-

ity (Figure 1; Table S2) and facilitating the dissolution rates of vanadium

eral solubility. Recent studies indicate that the exposure of continen-

minerals (Hu, Yue, & Peng, 2018). Moreover, continental land exposed

tal land above sea level is very limited until the middle of the Archean

above sea level in the end of the Archean was greater than in the early

with lower elevation than that of the present-day plateaus (Bada &

and middle Archean (Flament et al., 2013; Korenaga et al., 2017) result-

Korenaga, 2018; Flament, Coltice, & Rey, 2013; Korenaga, Planavsky,

ing in greater continental weathering.

& Evans, 2017), thus possibly constraining the input of continental

Progressive increase of V content in BIFs from the Mesoarchean

weathering of vanadium to the shallow ocean. Additionally, pervasive

to the Proterozoic (Aoki et al., 2018) and black shale pyrite in late

hydrothermal flux of Fe (Kump & Seyfried, 2005) and massive pre-

Archean and Paleoproterozoic (Large et al., 2014) are coherent

cipitation of iron (hydr)oxides as banded iron formations (BIFs; Klein,

with an elevated influx of vanadium to the early ocean by oxidative

2005) further limited the availability of vanadium in early seawater

weathering and riverine transport. The presence of oxidized vana-

as surface adsorption or coprecipitation of vanadium along with iron

dium is also observed by the preservation of V(V) minerals emerging

(hydr)oxides and clay minerals are major sinks of the modern vanadium

in the Proterozoic and continuing into the Phanerozoic (Figure 2b).

cycle (Breit & Wanty, 1991; Huang et al., 2015; Schlesinger, Klein, &

The average V content of the upper continental crust did not change

Vengosh, 2017), and presumably in the Archean. Therefore, before the

very much throughout earth history (tables 3 and 4 of Condie, 1993);

prominent occurrence and elevation of continental lands in the mid-Ar-

therefore, the evolution of crustal V content had a relatively minor

chean, limited weathering supply and large adsorption/coprecipitation

effect on the evolution of continental delivery of V compared with
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the impact of changing atmospheric redox conditions and pCO2,g.

to the emergence and preservation of reduced V(III) minerals in

The increase in V concentration in ocean water due to expanded ox-

the Archean (Figure 1). Period II (2.1–1.7 Ga) includes compara-

idizing conditions is similar to geochemical models and sedimentary

bly more V minerals located in volcano-sedimentary settings, po-

records indicating that the concentration of Mo, Ni, Zn, and Cu in-

tentially indicating changing tectonic and preservation processes

creased with ocean oxygenation (Canfield, 1998; Saito et al., 2003;

(Table S3). The changes in V mineral chemistry in deep time, par-

Zerkle et al., 2005; Scott et al., 2008; Anbar, 2008; Hardisty et al.,

ticularly related to redox state and the incorporation of hydro-

2014). The same models and sedimentary records show that Fe, Mn,

gen, are likely influenced by the exclusive presence of meteoritic

and Co concentrations decreased in ocean water due to marine ox-

sources at >4.0 Ga, the transition to massive volcanic sulfide de-

ygenation, and that the concentrations of most of these metals (Ni,

posits and igneous sources from 4.0 to 2.9 Ga, evolving tectonic

Zn, Cu, Fe, Mn, and Co) decreased due to H2S rich conditions of the

processes that resulted in porphyry development and involvement

Proterozoic.

of water in mineral formation from 2.9 to 2.6 Ga, and finally the
expanding oxidizing conditions from <2.5 to 1.6 Ga (Figures 1, 2

4.2 | Vanadium chemistry preserved in the
mineral record

and 4; Table S3). The elements V and Al have a strong association
in geologic time evidenced by the common substitution of V for
Al in clays, particularly illite and muscovite (Meunier, 1994; Pan
& Fleet, 1992; Zheng et al., 2017). Al is also an important miner-

Vanadium mineral chemistry network analysis, linear regression, and

al-forming element with V throughout the mineral record, forming

geochemical modeling show that the redox state and speciation of

minerals predominately with V(III) at ≥1.6 Ga and increasingly with

V changed in deep time with changing planetary redox conditions

V(V) and V(IV) at <1.6 Ga (Figures 3 and 4).

(Figures 1 and 2; Figure S1). In the reducing conditions of the Archean

There is a general trend in the Mineral Evolution Database

Eon (4.0–2.5 Ga), vanadium existed in more reduced states relative

(http://rruff.info/evolut ion/) of preserved pulses of mineralization

to the Proterozoic and Phanerozoic, which contributed to the pres-

during episodes of continental assembly which initiate mineral for-

ervation of V(III) minerals from 3.0 to 2.5 Ga. Under oxidizing condi-

mation and preservation in the cores of resulting mountain ranges

tions after the Great Oxidation Event (GOE), enhanced V(V) mineral

(Hazen et al., 2019). Indeed, these periods of continental assembly

formation and preservation occurred at 2.1–1.7 Ga followed by ex-

coincide with periods 1, 2, and 3 of V mineral origination (Figure 2).

tensive V(V) and V(IV) mineral formation and preservation 0.7 Ga to

Additionally, due to the nature of plate tectonics, there is a greater

present day. The clustering of V mineral-forming elements reflected

probability that older rocks and minerals will be subducted and

these redox changes along with apparent tectonic processes, similar

lost to the mantle (Rapp & Watson, 1995; Taylor & McLennan,

to V mineral clustering by locality described by Liu et al. (2018). The

1995), resulting in preservation and sampling bias for minerals that

redox state of emerging V minerals responds differently to planetary

occur at ≤0.7 Ga. Mineral-forming elements associated with V can

oxygenation than other proxies, such as redox sensitive metals Mo

also affect weathering and preservation. For example, titanium is

and Re (Anbar et al., 2007) or 15N fractionation (Godfrey & Falkowski,

highly immobile and readily forms Ti-oxides and Fe-Ti hydroxides

2009). The timing of the beginning of the rise of V(V) and V(IV)

during weathering processes (Nesbitt, 1979), thereby resulting in

mineral maximum known ages at approximately 0.7 Ga (Figure 2b;

a high proportion of Ti-containing vanadium minerals preserved

Figure S1) coincides more closely with the oxidation of manganese

compared with other mineral-forming elements from 2.5 to

preserved in the mineral record (Hazen et al., 2019; Hummer et al.,

0.7 Ga (i.e., 67% of modern day Ti-containing vanadium minerals

2017) and the development of oxygenated deep ocean waters at

were preserved at 0.7 Ga; Figure 5). By contrast, Na-containing

1.0–0.54 Ga, as proposed by Canfield (Canfield, 1998).

vanadium minerals are more susceptible to chemical weathering

Our analysis of the expanding V mineral network indicates tec-

(Middelburg, van der Weijden, & Woittiez, 1988), and thus make

tonic and redox influence on the distribution of V mineral-form-

up a very small percentage of present-day Na-containing V miner-

ing elements. Plate tectonic convergences are important events

als are preserved at ≥0.7 Ga (Figure 5). Furthermore, strong oxidiz-

for mineral formation (Hazen et al., 2008), and the timing of the

ing conditions at <0.7 Ga also likely contributed to the formation

onset of plate tectonics has been strongly debated in recent de-

of V minerals with Na, alkaline earth metals (Ca, Mg, and Ba), and

cades (Cawood, Kröner, & Pisarevsky, 2006; Hopkins, Harrison,

silicates (Hazen et al., 2008). The greater presence of primary

& Manning, 2010; Korenaga, 2013; Stern, 2005). A recent re-

sedimentary V minerals at <0.7 Ga and primarily igneous/meta-

view by Cawood et al. (2018) presents multiple lines of evidence

morphic V minerals ≥0.7 Ga (http://rruff.info/evolut ion/) suggests

that significant changes to the earth's tectonic processes took

that weathering and lack of mineral preservation could have been

place between 3.2 and 2.5 Ga. The V mineral origination Period

a source of V to the environment in the Archean and Proterozoic

I (Figure 2) may be a result of emerging tectonic processes at this

eons. The fact that only 5 vanadium sulfide minerals are preserved

time period. Indeed, the V minerals with maximum ages that occur

at ≥0.1 Ga (http://rruff.info/evolut ion/) also supports our modeled

during Period I (3.0–2.5 Ga) primarily occur in igneous or volca-

result that sulfides were a source of V to the environment in the

nic settings. Reducing conditions would have also contributed

Archean and Proterozoic.
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4.3 | Biological implications of deep time
vanadium redox

9

2019). A rise in dissolved vanadate after the GOE follows this trend
of selective pressures against microbial communities in the form of
oxidized elements.

Energetic drivers potentially existed in the reducing conditions of the
early Archean for V to be involved in early nitrogen fixation including
the reduction of N2 gas by V(II) in laboratory experimentation (Shilov

5 | CO N C LU S I O N S

et al., 1971), greater energetic efficiency by V-nitrogenase than Monitrogenase at lower temperatures (Miller & Eady, 1988), and Mo

Vanadium is an intriguing enigmatic element for study in geobio-

limitation in the early Archean ocean due to low weathering input

logical context due to its complex redox chemistry that affects

and scavenging by sulfides (Anbar, 2008; Saito et al., 2003; Scott et

chemical speciation, mineralogy, availability, and biological func-

al., 2008; Zerkle et al., 2005). Greater solubility of vanadium sulfides

tions. The redox state of V shifted from a more reduced V(III)

than molybdenum sulfides suggests that V-nitrogenase could have

state in Archean aqueous geochemistry and mineralogy to more

been an evolutionary intermediate between Fe-nitrogenase and Mo-

oxidized V(V) and V(IV) states in the Proterozoic and Phanerozoic.

nitrogenase (Zerkle, House, Cox, & Canfield, 2006). Incorporation of

The weathering of vanadium sulfides, vanadium alkali metal miner-

V(II) into sulfide structures would be expected to be similar to Mn(II)

als, and vanadium alkaline earth metal minerals were likely impor-

(Table 1), which is known to form various Mn-sulfide structures.

tant sources of V to the environment and for microbial utilization.

Evidence of an ancient origin for V-nitrogenase is also apparent in

Community detection analysis of the expanding V mineral chemis-

the capability of V-nitrogenase in Azotobacter vinelandii to reduce

try network indicates tectonic processes and redox influenced the

carbon monoxide (abundant in the early Archean atmosphere) to the

distribution of V mineral-forming elements, particularly, H, Si, Pb,

hydrocarbons ethylene (C2H2), ethane (C2H6), and propane (C3H8;

and U. In reducing environments, energetic drivers existed for V to

Lee, Hu, & Ribbe, 2010). Further study is needed to investigate role

potentially be involved in early nitrogen fixation, while in oxidiz-

of V in early nitrogen fixation.

ing environments, vanadate (VO4 ) acted as a metabolic electron
3−

The two modern predominant forms of vanadium in the geo-

acceptor and phosphate mimicking enzyme inhibitor. The expand-

sphere and biosphere that are available to microbial utilization

ing biological functions of V due to earth's changing surface redox

under modern oxic conditions are soluble vanadate (VO4 ) and

conditions demonstrate the crucial links between the geosphere

insoluble oxidovanadium (VO , a.k.a. vanadyl; Rehder, 2008).

and biosphere in the evolution of metabolic electron transfer path-

Based on our modeling results, H2VO 4 - (which dissociates to VO4

ways and expanding biogeochemical cycles from the Archean to

3−

2+

3−

) would be more abundant in Archean oxygen oases, while VO2+

Phanerozoic.

would only occur in low oxygen low pH conditions (Figure 1b).
Vanadate is a primary electron acceptor for various microbes
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