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Abstract
Black shale-hosted vanadium (V) deposits account for about 80% vanadium resources in the world, 

but only <2% vanadium in the black shale can be extracted mainly due to insufficient recognition on 
the occurrence mode of vanadium. It is commonly agreed that most vanadium in the black shale is 
hosted in clay minerals and organic matters, but it is not clear how the other parts of vanadium exist 
and whether there exists a vanadium mineral, which has limited our understanding of metallogenic 
mechanism of black shale-hosted vanadium deposits. The Jiujiang Basin at the Lower Yangtze Block is 
a significant black shale-hosted vanadium metallogenic district. In this work, we conducted systematic 
studies of mineralogy, lithology and geochemistry on the occurrence of vanadium hosted in the black 
shales. Electron probe microanalysis (EPMA), Raman spectroscopy, and X-ray diffraction (XRD) show 
that the main vanadium-hosting mineral in the black shale is mannardite, with a structural formula 
of [Ba0.96∙H2O](Ti5.87V3+

1.87V4+
0.11Si0.07Cr0.07Fe3+

0.02)O16.00, space group I41/a, unit-cell parameters a = b = 
14.346(7) Å, c = 5.899(1) Å, α = β = γ = 90°, Z = 4. Data from EPMA, TESCAN integrated mineral 
analyzer (TIMA), and whole-rock geochemistry indicate that 12.32–44.06% (average 24.95%) vana-
dium exists in mannardite. Most vanadium atoms in mannardite occupy its structural sites as trivalent 
vanadium (V3+), forming chemical bonds with O atoms as VO2

–, whereas a minor amount of vanadium 
atoms replace titanite atoms (Ti4+) as quadrivalent vanadium (V4+) by isomorphism. Mannardite pre-
cipitates under a strong reductive condition with sufficient trivalent vanadium species, titanium and 
biogenic barium (bio-barite). Our first identification of mannardite in black shale-hosted vanadium 
deposits thus sheds light on the occurrence mode of vanadium and the metallogenic mechanism of 
black shale-hosted vanadium deposits.
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Introduction
Vanadium is widely used in industries of steel, alloys, avia-

tion, petrochemical engineering, and energy storage (Dang et al. 
2018; Ettler et al. 2020). It has been classified as a critical metal 
by the European Union and the United States of America (Schulz 
et al. 2017; European Commission et al. 2018; Bai et al. 2021). 
The data from USGS (2022) and Zhang et al. (2011) show that 
about 80% vanadium is hosted in the black shale-hosted deposit, 
which is mainly distributed in South China (Fig. 1a; Zhang et al. 
2011; Liu et al. 2019a; Yang et al. 2022). This type of vanadium 
deposits is characterized with large reserves and high grades (118 
million tons V2O5 with main grades of 0.5–1.7 wt%), compared 
with the Fe-Ti-V deposits [17.6 million tons V2O5 with a grade 
of 0.2 wt% (Cao et al. 2019; Villanova-de-Benavent et al. 2017; 
Zhang et al. 2011)]. However, <2% vanadium is obtained from 
the black shale-hosted vanadium deposits (Wang and Ma 2009), 
due to insufficient recognition on the mineral constituent and the 
occurrence mode of vanadium in the black shale (Zhang et al. 
2011, 2015; Wang et al. 2017; Zhu et al. 2018), which also limits 

our understanding on the vanadium metallogenic mechanisms.
Vanadium minerals in the vanadium deposits can offer hints 

on the metallogenic conditions and the accumulation mechanism 
of vanadium. It has been confirmed that vanadium minerals can 
formed under various conditions and exist in the vanadiferous 
titanomagnetite deposits [coulsonite (Karpov et al. 2012)], sand-
stone type vanadium deposit [carnotite, corvusite, doloresite, 
hewettite, paramontroseite (Henderson and Hess 1933; Garrels 
et al. 1956; Wülser et al. 2011; Schmid et al. 2020)], vanadate 
deposits [descloizite, mottramite and vanadinite (Boni et al. 2007; 
Sracek et al. 2014)], and hydrothermal metal deposit [karelianite, 
nolanite, schreyerite, vanadium andradite, shcherbinaite (Howard 
and Owens 1995; Spry and Scherbarth 2006; Sergeeva et al. 
2011)]. However, vanadium mineral constituent in the black 
shale-hosted vanadium deposit has not been identified. Previ-
ous studies indicate that the occurrences of vanadium include 
adsorption on the surface of ferric and aluminum oxides (Micera 
and Dallocchio 1988; Peacock and Sherman 2004; Zhu et al. 
2018), enrichment in clay minerals by isomorphism (Peacock 
and Sherman 2004; Zhang et al. 2015; Wang et al. 2017; Zhou 
et al. 2020), and occurrence in vanadium-organic compounds 
(Maylotte et al. 1981; Mercer et al. 1993; Gol’dberg et al. 1986). 
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