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Abstract
We employ large mineralogical data resources to investigate the diversity and spatial distribution of
vanadium minerals. Data for 219 approved species (http://http://rruff.info/ima, as of April 15, 2016),
representing 5437 mineral species-locality pairs (http://http://mindat.org and other sources, as of April
15, 2016), facilitate statistical evaluation and network analysis of these vanadium minerals. V minerals
form a sparse, moderately centralized and transitive network, and they cluster into at least seven groups,
each of which indicates distinct paragenetic process. In addition, we construct the V mineral-locality
bipartite network to reveal mineral diversity at each locality. It shows that only a few V minerals occur
at more than three localities, while most minerals occur at one or two localities, conforming to a Large
Number of Rare Events (LNRE) distribution. We apply the LNRE model to predict that at least 307
± 30 (1σ) vanadium minerals exist in Earth’s crust today, indicating that at least 88 species have yet
to be discovered—a minimum estimate because it assumes that new minerals will be found only using the same methods as in the past. Numerous additional vanadium minerals likely await discovery
using micro-analytical methods. By applying LNRE models to subsets of V minerals, we speculate
that most new vanadium minerals are to be discovered in sedimentary or hydrothermal non-U-V ore
deposits other than igneous or metamorphic rocks/ore deposits.
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Introduction
The last century has seen the discovery of thousands of mineral
species. Characteristics of these mineral species, including their
physical properties, chemical compositions, and their localities of
occurrence, have been parsed into large mineral databases (e.g.,
http://rruff.info/ima and http://mindat.org). These mineralogical
“big data” reveal diversity and spatial distribution of all terrestrial
minerals (Hazen et al. 2015a, 2015b, 2016a, 2016b; Hystad et
al. 2015a, 2015b, 2016), facilitate network analysis of existing
minerals (Morrison et al. 2017), and lead to predictions of Earth’s
“missing” minerals (Hazen et al. 2016a; Grew et al. 2016; Liu et
al. 2017).
This study focuses on the diversity and spatial distribution of
all terrestrial vanadium (V) mineral species. V is a redox-sensitive
first-row transition element of special interest in geochemistry
because it is an ideal oxygen fugacity tracer (Lee et al. 2003;
Righter et al. 2016) and might have played a major role in biological electron transfer early in Earth’s history (Rehder 2008). In
addition, it has strategic importance (National Research Council
2008; Orcutt 2011), environmental impact (Gummow 2011), and
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human-health significance (Mukherjee et al. 2004). V is a minor
element in the crust, averaging ~138 ppm in crustal abundance
(Rudnick and Gao 2005), with upper crustal abundance of ~97
ppm (Rudnick and Gao 2005) and lower crustal abundance
of ~196 ppm (Rudnick and Fountain 1995). V concentrations
vary significantly among different rock types. In igneous rocks,
they range from ~40 ppm in ultramafic rocks, and ~60 ppm in
granitic rocks, to ~250 ppm in basaltic rocks (Mielke 1979). In
sedimentary rocks, the average V content of quartzitic sandstone
and pure carbonate sediments is <15 ppm, with higher values in
greywackes (40 to 150 ppm) and shales (90 to 260 ppm) (Koljonen
1992). Most V is incorporated into rock-forming minerals as a
trace element (e.g., Curtis 1964; Huang et al. 2015), since V3+,
V4+, and V5+ readily substitute Fe3+/Al3+, Ti4+, and P5+ in many
common minerals. That being said, crystal-chemical behavior
of V cations is not exactly the same as the substituted cations
(e.g., Schindler and Hawthorne 1999; Schindler et al. 2000). For
instance, V4+ and V5+ can develop one to two strong π-bonds with
oxygen forming either [3+2] or [4+1] coordination geometries,
which allows VOx polyhedra to polymerize to sheets and chains
but does not allow their incorporation into a three-dimensional
network. Similarly, V3+ has electronic degeneracy that can drive
spontaneous distortions of its coordination polyhedra. Therefore,
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