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A B S T R A C T   

This article examines the nanoscale occurrence patterns of vanadium in phyllosilicates and correlates them with 
amenability to leaching. A large fraction of the global vanadium resource is hosted in phyllosilicate ores such as 
roscoelite and V-bearing chlorites, clays, and micas. Recovery of V from these minerals in acid leaching is 
typically low but varies widely for unclear reasons. Transmission electron microscopy (TEM) of V-illites, V- 
chlorites, and roscoelites in leach heads and tails from the La Sal mine (Colorado Plateau) shows that the 
observed variability in recoveries correlates with intercalations of nanoscale V oxide phases within the phyllo
silicate lattice. These are present in some of the V-illites in this study, which displayed higher leach recovery than 
V-illites without the V oxides. In the latter, as well as in V-chlorites, the V occurs as crystallographic substitutions 
without oxide intercalations. Electron energy loss spectroscopy (EELS) measurements in the scanning trans
mission electron microscope (STEM) show that this crystallographic V is mixed-valence, averaging 3.3 in V- 
chlorite, 3.6 in roscoelite, and 3.8 in V-illite. Unlike the oxide intercalations, this crystallographic type of V 
corresponds to negligible leaching recoveries irrespective of V siting, oxidation state, or type of phyllosilicate. 

These results shed light on the causes of a central problem in geometallurgy, which is attempting quantitative 
predictions of process outcomes from geological inputs. These results show that what appears to be the same 
mineral (in this case V-illite) can yield wildly disparate leach recoveries depending on nanoscale metal occur
rence factors. Similar under-recognized variation in other ore minerals, within or between sites, may explain 
much of the notorious variability in their leaching behavior.   

1. Introduction 

1.1. Modes of occurrence of metals in phyllosilicates 

Metals have three distinct modes of occurrence in phyllosilicates. 
Metals may occur as non-phyllosilicate mineral phases (e.g. native 
metals, metal oxides), within the phyllosilicate structure, forming in
clusions at the nanoscale (Ilton and Verblen, 1993; Ahn et al., 1997). 
Metals may also occur as ions adsorbed onto the surfaces of clay min
erals. This occurs in nature to some extent but is a particular problem in 
industry leach settings, where clays and other sheet silicates adsorb 
metals from pregnant leach solutions, causing preg-robbing (Baum, 
1999; Graefe et al., 2017). The third mode of occurrence is metals 
bonded crystallographically as part of a mineral lattice. Typically 
tetravalent metal cations such as Ti occupy tetrahedral sites, divalent 

cations like Ni, Zn, or Fe are found in the octahedral sites, and trivalent 
cations like Al can be found in either site depending on the mineral and 
its degree of ordering (Fig. 1). All three modes are relatively common in 
phyllosilicates (Bleam, 1993; Ahn et al., 1997). 

While this is understood at a mineralogical level, connections with 
extraction behavior are lacking. This represents a major gap in geo
metallurgical research for some metals. Phyllosilicates can be important 
ore types, as in the case of V-bearing phyllosilicates in the United States 
and China (Gao et al., 2021) and for Ni and Zn laterite ores globally (e.g. 
Borg et al., 2003). Along with exchange of adsorbed metals, the leaching 
of metal cations from phyllosilicates is a source of especially high acid 
consumption in heap leaching (Baum, 1999; Jansen and Taylor, 2003, 
Chetty, 2018). However, not much is known about the nanoscale 
mechanisms of either metal extraction or acid consumption in phyllo
silicates, nor how they relate to the type of occurrence of the metal. This 
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study focuses on the occurrence and extraction of V in phyllosilicate 
minerals as a case study with broader implications for other metals 
carried by phyllosilicates as well. 

1.2. Vanadium uses, resources, and production in the United States 

Vanadium’s principal use is as a hardening agent in steel, where it 
improves toughness and wear resistance (Polyak, 2018). Catalysts are 
the greatest non-alloy use of V, which is listed as a critical mineral by the 
U.S. Department of the Interior (Polyak, 2018, 2021) and the European 
Union (European Commission, 2020). In addition, ongoing development 
of V redox-flow batteries for large-scale energy storage represents a large 
potential increase in demand if technologies proceed to commerciali
zation (Kear et al., 2011). 

Primary V production in the United States mainly comes from 
Triassic or Jurassic sandstone-hosted uranium deposits in the Paradox 
Basin on the Colorado Plateau (Gao et al., 2021). In the Paradox Basin 
the principal V ore minerals are generally a V-hydroxide phase, such as 
montroseite [(V,Fe)O(OH)] or duttonite ((V,Fe)O(OH)2), and V phyllo
silicates such as roscoelite (K(V,Al)2(AlSi3)O10(OH)2), V-chlorite ((V,Fe, 
Mg,Al)6(Si,Al)4O10(OH)8), or V-illite (K0.65(V,Al)2(Al,Si)4O10(OH)2) 
(Meunier, 1994; Radwany and Barton, 2022). The geology and miner
alogy of these deposits are reviewed by Kerr (1958), Sanford (1992), and 
more recently by Barton et al. (2018). 

1.3. Extractive metallurgy of primary vanadium 

Vanadium exists in multiple oxidation states in natural systems. 
Combinations of V(iii), V(iv), and V(v) may be present in over 300 

minerals, forming at least nine ionic complexes in water at 25 ◦C 
depending on the redox and pH conditions (Pourbaix, 1975; Gao et al., 
2021). This chemical versatility has led to a wide range of possible 
extraction methods for vanadium ores. The traditional process relied on 
salt roasting under oxidizing conditions in a rotary kiln or multiple- 
hearth roaster with NaCl or NaHCO3. Roasting essentially converts the 
V into water-soluble polyvanadates, which can be leached by hot water 
leaching or alkali leaching from the calcine (Gupta, 1985). Direct sul
furic acid leaching is also applied to vanadium ores without prior pro
cessing, followed by recovery from the leach solution by ion exchange or 
solvent extraction (Baker and Sparling, 1981; Gupta, 1985). Whereas 
salt roasting recovers most V from nearly all ore types, direct leaching 
tends to work well on V (hydr)oxides but poorly on V phyllosilicates 
(Radwany and Barton, 2022). Though salt roasting was more common in 
the past when maximizing V recovery was the priority, current US 
processes use direct leaching since both U and much of the V can be 
extracted from typical tabular U-V ores at lower cost. More complete 
overviews of V extraction are available from Gupta and Krishnamurthy 
(1995), Moskalyk and Alfantazi (2003), and Gilligan and Nikoloski 
(2020). 

The complex mineralogy of V ores poses several challenges for direct 
leaching, leading to low V recoveries. For example, V recovery by direct 
sulfuric acid leaching is around 65–71% at the Shaanxi Wuzhou Mining 
Co., Ltd. in China and around 75% at the White Mesa mill in Utah, USA 
(Peters Geosciences, 2014; Gao et al., 2021). Uranium recovery at White 
Mesa is typically 95% and performed at the same grind size and leaching 
conditions as V (Peters Geosciences, 2014). A recent geometallurgical 
study attributed this to V deportment. On average, 45% of the V in the 
deposits in question occurs in readily soluble hydroxide minerals, while 

Fig. 1. Structures of chlorite and muscovite minerals showing octahedrally and tetrahedrally coordinated sites, from www.mindat.org. View is perpendicular to c- 
axis and black boxes show unit cell outlines. 
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55% occurs in phyllosilicates whose recoveries varied strongly in 
leaching with H2SO4 and NaClO3 at 25 ̊C (Radwany, 2021). The varia
tion did not appear to correlate with type of V-phyllosilicate or other 
discernible factors. Even within single types of phyllosilicate, such as V- 
illite, observed leach recoveries at room temperature varied from 0 to 
36% V extraction without apparent reason (Radwany, 2021; Radwany 
and Barton, 2022). 

There is no published information on the extractability or leaching 
rates of metals that occur in phyllosilicates as native species or oxide 
inclusions. Most leaching and dissolution studies on phyllosilicates do 
not apply STEM-EELS or other techniques capable of detecting such 
nanoscale inclusions and quantifying their crystal chemistry, leaving 
their possible role in metal dissolution unknown. 

1.4. This study 

This work investigates the leaching of V-bearing phyllosilicate min
erals, partly to identify the causes of the observed variability in leach 
results (Radwany, 2021) and partly as a broader case study of the 
behavior of phyllosilicates in acid leaching (Drexler, 2022). Major 
questions include (1) the occurrence of V and its oxidation state in 
phyllosilicates at the nanoscale, (2) the evolution of V in phyllosilicates 
over the course of acid leaching, and (3) how V occurrence patterns 
affect leaching results. For instance, one of the objectives of this study is 
to investigate the correlation between the crystal chemistry of a metal 
and its extractability. In theory, tetrahedral V(iv) should be much more 
refractory to leaching than octahedral V(iii) due to higher bond strength 
(Table 1), and so with other metals. While this has been examined on a 
theoretical basis in the past (Osthaus, 1953; Ross, 1969; Terry, 1983a,b), 
detailed recent studies with experimental data are lacking. 

2. Materials and methods 

2.1. Sample provenance and characterization 

Samples of uranium and vanadium phyllosilicates for this project 
came from the ore head samples and leach residues of experimental 
work conducted by Radwany (2021). Six ore samples (LS01, LS02, LS03, 
LS04, LS05, and LS11) were collected from the Pandora mine in the La 
Sal mining complex, representing the common Salt Wash-hosted tabular 
type of U-V ore deposit (reviewed by Dahlkamp, 2010; Cuney et al., 
2022). The rocks were crushed, ground, and split, with some splits of 
each sample mounted in epoxy for mineralogical analysis and others 
designated for leach testing. The full accounts of sample types, prep 
operations, and geological context are given in Radwany (2021) and 
Radwany and Barton (2022). 

Thin sections of three of the six samples were made for optical 
petrographic characterization. For each of the six samples, a total of 56 
elements were analyzed using ICP-OES/MS after four-acid digestion, 
with a LECO carbon combustion assay as well. Semi-quantitative 
mineralogical information of the samples came from analysis by the 
Tescan TIMA3 field emission SEM analyzer at the Freeport-McMoRan 
Tucson Technology Center. For details of the analytical methods and 
an analysis of the results, see Radwany (2021). 

The samples are relatively pure, mainly quartzose sandstones with 

minor feldspar, lithic clasts, and irregular but small amounts of coalified 
plant material, calcite, and heavy minerals such as anatase (Bos-Orent, 
2021; Radwany, 2021). Vanadium and uranium oxides are found as tiny 
grains (<5 µm) partly or fully enclosed within quartz rims, and more 
commonly as larger (mm-scale) interstitial fillings between grains. Much 
of the rock matrix is V-phyllosilicates, which act as a cement (Radwany, 
2021). 

The focus of this study was on two samples LS01 and LS04, selected 
because they represent two types of V-phyllosilicate (illite and chlorite 
respectivelly) and two levels of recovery as determined by Radwany 
(2021). The chemical and mineralogical compositions of the overall 
samples are shown in Tables 2-3. 

2.2. Summary of previous leach testing and results 

To investigate the geometallurgical behavior of the sampled ores, 
they were leached in stirred beakers at pH < 2 using 10 g/L H2SO4 as a 
lixiviant and 1 g/L NaClO3 as an oxidant, mimicking a current industrial 
process (Radwany, 2021). The oxidant kept the Eh between 600 and 
800 mV vs. Ag/AgCl. The experiments were done with 5 wt% solids at 
room temperature and agitated with a magnetic stir bar. Samples of the 
lixiviant solution were taken during the leach tests after 10, 20, 30, 60, 
120, and 180 min of active leaching time using a syringe equipped with 
a 1 μm filter (Radwany, 2021). Leach recovery typically reached a 
plateau around 100–120 min, indicating that this time was sufficient to 
achieve ultimate room-temperature recovery. Residues from the exper
iments (leached tails) were filtered, rinsed in deionized water, dried, and 
epoxy mounted for electron microprobe observation. After a 1:150,000 
dilution, the solutions were analyzed at the University of Arizona Eco
nomic Geology and Geometallurgy lab using a ThermoFisher Element2 
ICP-MS respectively and compared to the unleached head. 

For sample LS01, 53% of V leached in the acidic beaker test, 
compared to 14% for sample LS04 (Radwany, 2021). Electron micro
probe analysis of the unleached heads and leached tails showed that 

Table 1 
Calculation of nominal V bond strengths based on the possible coordination and 
valence of V in phyllosilicates, following Pauling’s rules.  

V Redox 
State 

V Coordination 
Number 

Nominal Electrostatic Bond 
Strength 

V3+ 6  0.50 
V3+ 4  0.75 
V4+ 6  0.33 
V4+ 4  1.0  

Table 2 
Select whole-rock elemental assays of the six ore samples. b.d. = below detection 
limit. ACT = acid consumption (Radwany, 2021).  

Sample LS01 LS04 

Al (%) 0.65 1.97 
C (%) b.d. b.d. 
Ca (%) 0.06 0.09 
Fe (%) 0.40 0.86 
K (%) 0.31 0.34 
Mg (%) 0.10 0.86 
Na (%) b.d. 0.08 
P (%) 0.01 0.01 
S (%) 0.13 0.13 
Ti (%) 0.02 0.15 
U (%) 0.05 0.19 
V (%) 1.95 1.87 
Total ACT (lb/t) 114 87 
V/U 37.6 10.1  

Table 3 
Semiquantitative modal mineralogy as determined by Tescan TIMA. Average 
and one standard deviation are among three replicates for each sample. Dash 
indicates the phase occurs as <1% by volume. Phases detected at <1% in all 
samples are not listed (Radwany, 2021).  

Phase LS01 LS01 σ LS04 LS04 σ 

Quartz (%)  89.1  0.56  81.6  0.46 
V-phyllosilicates (%)  8.9  0.50  14.8  0.37 
V-hydroxide (%)  1.8  0.04  1.2  0.08 
U minerals (%)  –  –  –  – 
K-feldspar (%)  –  –  1.1  0.09 
All other minerals (%)  0.19  0.01  1.23  0.04  

M. Drexler et al.                                                                                                                                                                                                                                
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liberated V-(hydr)oxides dissolved under the experimental conditions, 
but V-bearing phyllosilicates were present in the tails and showed var
iably poor V extraction. In the LS01 sample, about 36% of the V was 
extracted from the phyllosilicates, the highest of the samples tested. 
Extractions of V from other V-illites in samples LS02, LS03, and LS05 
ranged from only 2–18%, for reasons that were not clear in that study 
(Radwany, 2021). Extraction of V from the V-chlorites in LS04 was 
negligible. Table 4 gives the EPMA compositions of the V-phyllosilicates 
in LS01 and LS04 before and after leaching from select grains. 

2.3. Analytical methods in this study 

A benchtop JEOL 6010LA SEM in the University of Arizona Eco
nomic Geology and Geometallurgy laboratory was used to select phyl
losilicate grains appropriate for S/TEM analysis. Operating conditions 
were 20 kV accelerating voltage and 10 mm working distance. Grains 
were imaged using a backscattered electron dectector and selected based 
on EDS analysis of Al, Si, K, Mg, Fe, and V contents in ratios corre
sponding to V-phyllosilicates, combined with morphological features 
such as obvious sheet structures. 

This study applied two methods of preparing grains for S/TEM work. 
Grains for general analyses were prepared by dispersion. Samples of 
unleached heads and residues from previous leach tests (Radwany, 
2021) were crushed in dry conditions in a mortar and pestle and 
sprinkled onto lacey-carbon films supported by Cu-mesh TEM grids. The 
grid was then inverted to release large and poorly adhered particles, 
leaving the smallest particles behind. These typically included enough 

submicron-sized particles for successful STEM analysis, and most were 
electron-transparent (<50–100 nm) in at least some areas. 

To target specific grains and preserve their mineralogical context in 
the sample, the authors additionally created TEM lamellae using an FEI 
Helios dual-beam Nanolab 660 focused ion beam (FIB) SEM located in 
the Kuiper Materials Imaging and Characterization Facility (KMICF) at 
the Lunar and Planetary Laboratory, University of Arizona. To protect 
the sample lamellae from ion beam damage during ion milling, a carbon 
capping layer of thickness near 500 nm was first deposited with the 
electron beam at a voltage of 2 kV and current of 3.2nA. Then, a second 
carbon capping layer of 2–3 µm thickness was deposited using the ion 
beam under an accelerating voltage of 30 kV and current of 0.32nA. 
After extraction, each lamella was welded to a copper TEM grid with Pt 
deposition and thinned with the ion beam under an accelerating voltage 
of 30 kV and current of 2.5nA to reach a thickness around 100 nm. Final 
thinning steps to achieve thickness < 100 nm, used progressively 
decreasing currents and voltages to assure that the lamella remained 
free of beam damage that could amorphized areas of the sample. Final 
thinning passes were done with an accelerating voltage of 8 kV and 
current from 25 to 40 pA. 

The thinned lamellae and the samples sprinkled onto lacey-carbon 
films were measured using a 200 keV aberration-corrected Hitachi 
HF5000 scanning TEM (S/TEM) located in the Kuiper Materials Imaging 
and Characterization Facility at the Lunar and Planetary Laboratory, 
University of Arizona. The HF5000 is equipped with a cold-field emis
sion gun, a third-order spherical aberration corrector, bright-field (BF) 
and high angular anular dark-field (HAADF) detectors, and two 

Table 4 
Comparative head and residue analyses (Wt%) of V-phyllosilicates leached in this study. Modified from Radwany (2021).  

V-chlorite 

Sample # Material Phase Na Mg Al Si K Ti Ca V Fe U O (calc) Total 

LS04 Head V-chlorite 0 5.9 12 16.5 0.7 0 0 8.9 5 0 39.2 88.5 
LS04 Head V-chlorite 0 4.7 10.6 16.9 1.8 0.1 0.1 10.2 4.1 1.7 38.5 88.7 
LS04 Head V-chlorite 0.1 4 10 14.2 0.9 0.1 0.1 16.6 8 1.2 38.3 93.6 
LS04 Head V-chlorite 0.2 3.7 8 11.7 1.1 0.6 0 20.5 6.6 2.8 35.5 90.6 
LS04 Tail V-chlorite 0 6 11.9 15.9 0.8 0.2 0 7.8 4.6 0 38 85.5  

V-illite 
Sample # Material Phase Na Mg Al Si K Ti Ca V Fe U O (calc) Total 
LS01 Head V-illite 0.2 0.7 9.8 17.7 6.2 0.1 0 17.7 1.3 0 39.4 93 
LS01 Head V-illite 0.1 1.5 11.2 20 5.7 0.1 0 11.6 1.4 0 40.9 92.6 
LS01 Head V-illite 0.1 0.6 9.1 18.5 6 0 0 16.9 1.5 0.1 39.2 92.3 
LS01 Head V-illite 0.5 0.6 8.5 17.1 5 0.1 0 20.2 1.8 0 38.7 92.5 
LS01 Tail V-illite 0 0.5 7.7 19 5.7 0 0 10.5 1 0 39.9 84.3 
LS01 Tail V-illite 0 0.5 9.1 20.3 6.3 0 0 11.4 0.8 0 39.7 88.1 
LS01 Tail V-illite 0.1 1.5 10.1 22.8 5.1 0.1 0.1 6.4 2.4 0 40.8 89.4  

Fig. 2. A: EELS spectra for three V standards, processed as described above. Spectra are normalized to the L2 peak height. B: L3 Peak height vs. V oxidation state of 
V2O3, V2O4, and V2O5 standards after normalization of the individual spectra to their maximum L2 peak height as described by Zanetta et al. (2023). 
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spectrometers: (1) an Oxford Instruments X-Max 100 TLE EDS system 
including twin, 100-mm2 silicon-drift detectors and (2) a Gatan GIF 
Quantum ER (model 965) electron energy-loss spectrometer (EELS). The 
Quantum ER is a Gatan Imaging Filter equipped with a CCD detector and 
dual EELS capabilities, allowing low-loss and high-loss spectra to be 
acquired simultaneously. 

For EELS, an entrance aperture of 2.5 mm and dispersion of 0.25 eV/ 
channel provided acceptable resolution and a good signal-to-noise ratio. 
A series of standards (synthetic V2O3, V2O4, and V2O5) was measured to 
establish a relationship between the V oxidation state and EELS V L2,3 
features. A nearly stoichiometric natural roscoelite from the Omega 
mine dumps near Placerville, CO was also measured to compare V EELS 
spectra in silicates to those in oxides. Spectra were processed using the 
HyperSpy open-source Python library (de la Pena et al., 2021; Zanetta 
et al., 2023). Zero loss peak centering was use to calibrate the energy of 
the low loss and high loss spectra from different pixels and background 
signal was removed. The intensities of each spectrum were normalized 

to the L3 peak intensity to remove the contribution of the thickness and 
of V concentration. The plural scattering contributions due to sample 
thickness were removed by Fourier-ratio deconvolution. 

Processing methods to relate EELS L2,3 features into V oxidation 
states are described by Zanetta et al. (2023) and are summarized here. 
The L2 peak maximum intensity, normalized to the L3 peak intensity, 
increase as the oxidation state increase (Fig. 2A). This result is used to 
establish the calibration curve shown in Fig. 2B. The application of the 
same procedure on LS01 and LS04 samples allow to determine their 
oxidation states once projected on the calibration curve. 

3. Results 

3.1. V-bearing illites 

The V-illite in the LS01 unleached head samples turned out to be 
composites consisting of multiple, variably oriented phyllosilicate 

Fig. 3. Comparison of the EDS mapping and corresponding dark field electron images of the illite LS01 heads (A-B) and tails (D-E). A,B)high-V areas or edge phases 
(red on EDS map) are observed and correlated to lower Al and Si concentrations. High-magnification TEM imaging of a high-V area, shown in Fig. 4, was done within 
the yellow box. C,D) The particle do not show high V areas. Some regions show higher intensity in Si.Most of the material is homogeneous. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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lattices (Fig. 3A-B). Compositions averaged 29.6 wt% V2O3 (Table 5), 
but EDS mapping showed a heterogeneous distribution of Fe, V, Si, and 
Al. Generally, areas of higher V and Fe concentration occur in proximity 
to void spaces in the lamella and correlate inversely with areas of higher 
Si and Al concentration (Fig. 3A). 

The extent of compositional heterogeneity suggests that the high-V- 
Fe, low-Al-Si areas (termed “high-V edge phases“) could represent either 
a separate mineral phase, probably a V(-Fe) oxide, or extreme degrees of 
coupled substitution in the illite lattice. One possible candidate for a 
separate phase is nanoscale V(-Fe) oxides, which would be consistent 
with the results of TEM work on Cu in illites (Ahn, 1997). Similar V(-Fe) 
oxides are observed at multiple scales in tabular U-V deposits of this 
type, including La Sal (Barton et al., 2018a,b; Radwany and Barton, 
2022). A second possible cause could be extreme degrees of substitution 
of metals for each other within the phyllosilicate crystal lattice. To 
investige the nature of the high-V edge phases in the LS01 illite, the 
authors used higher-resolution TEM imaging in the area shown inside 

the yellow box in Fig. 3A. The results (Fig. 4) show a strongly layered 
lattice texture to the high-V edge phases (the beam is oriented perpen
dicular to the c-axis). The results did not support identifying distinctly 
separate phases interlayered with the phyllosilicate lattice in the style of 
native copper inclusions observed by Ahn et al. (1997). 

Electron imaging and EDS analysis of illite tail grains dispersed on 
lacey carbon film from LS01 leaching revealed that V contents were 
significantly lower than in the head sample at 16.1 to 20.7 wt% V2O3 
(Fig. 3 C,D and Table 5). Distribution of metals is also much less het
erogeneous than in the head samples, with variability limited to about 
±5 wt% V. Overall, the tail grains retain much of their original content 
of crystallographically bound metals, including V. The principal differ
ence between heads (Fig. 3A-B) and tails (Fig. 3C-D) is that the tails 
contain no observed examples of the high-V edge phases. This likely 
accounts for the difference in V content. Si enrichment is observed, but 
most of the grain is homogeneous in composition. 

The STEM-EDS map of the LS01 head sample at the atomic scale 
(Fig. 5) shows that most of the V is associated with Fe as a separate 
oxide, likely a montroseite with approximate formula (V3+

0.5Fe3+
0.3V4+

0.1)O 
(OH). It has a mixed valence and is embedded in the phyllosilicate at the 
nanoscale. TEM-EELS results support identification of this phase as an 
oxide distinct from the phyllosilicate (see section 5.3 below). In addition 
to this separate oxide, some of the V is also in the crystallographic lattice 
and shows corresponding peaks in the Fig. 5 profile. A Si-rich and V and 
Al depleted roscoelite (blue areas in the composite image Fig. 5) is also 
interlayered with the V-rich roscoelite (red areas, Fig. 5). 

3.2. V-bearing chlorites 

Three LS04 tail V-chlorite grains dispersed on the lacey carbon film 
were analyzed by electron imaging and EDS (Fig. 6). Separate phases 
observed include quartz, pyrite, and a Ti-V oxide. Anomalously high-V 
zones of the sample correlate only with Ti, suggesting discrete Ti-V 
oxides rather than the V-Fe edge phase found in the V-illites. Notably, 
the high-V edge phases identified in the LS01 V-illites (Fig. 3A-B) were 
not found in any of the chlorite heads (Fig. 6). STEM-EDS quantification 
of the three grains from the LS04 head sample show the chlorites contain 
more Fe and Mg, and less V, than the LS01 illites. 

3.3. Electron energy loss spectroscopy (EELS) results 

To determine the oxidation state and its possible correlation with the 
geometallurgical behavior of the sample during leaching processes, we 

Table 5 
EDS results for all samples analyzed on the Hitachi HF-5000 S/TEM expressed as oxide weight percentages.  

Sample LS01Illite 
Head 

LS01Illite 
Tail 1 

LS01Illite 
Tail 2 

LS04 Chlorite 
Head 1 

LS04Chlorite 
Head 2 

LS04*Chlorite 
Head 3 

LS04Chlorite 
Tail 1 

LS04*Chlorite 
Tail 2 

LS04Chlorite 
Tail 3 

Oxide (wt%) 
SiO2  41.2  53.8  51.4  34.0  43.4  65.3  54.8  41.7  40.5 
Al2O3  17.4  18.9  16.6  27.4  22.2  15.5  20.9  25.0  23.8 
V2O3  29.6  16.1  20.7  14.1  17.1  6.7  9.4  10.8  14.0 
K2O  7.9  8.2  7.7  –  3.2  0.5  3.2  1.3  0.7 
MgO  1.0  1.0  0.8  15.7  7.9  6.6  6.7  11.5  10.5 
TiO2  –  0.5  0.5  –  –  0.9  0.4  –  2.9 
FeO  2.9  1.5  2.3  7.3  6.2  4.4  4.6  9.0  7.6 
S  –  –  –  –  –  –  –  0.7   

Sigma (wt%) 
SiO2  0.07  0.14  0.13  0.12  0.44  0.26  0.19  0.2  0.11 
Al2O3  0.06  0.11  0.10  0.11  0.39  0.20  0.15  0.18  0.1 
V2O3  0.07  0.11  0.11  0.04  0.36  0.15  0.12  0.15  0.09 
K2O  0.05  0.09  0.08  0.04  0.19  0.07  0.08  0.07  0.03 
MgO  0.02  0.05  0.04  0.09  0.29  0.15  0.11  0.15  0.07 
TiO2  –  0.04  0.04  –  –  0.07  0.05  –  0.05 
FeO  0.04  0.05  0.06  0.09  0.28  0.14  0.10  0.15  0.07 
S  –  –  –  –  –  –  –  0.07  – 

* Chlorite Head 3 contains a quartz grain, and Chlorite Tail 2 contains a pyrite grain. 

Fig. 4. High-V edge phases in the LS01 illite, in 120kX magnification bright- 
field image in TEM mode (parallel beam). In areas where the sample orienta
tion is favorable, the layered lattice can be seen running approximately E-W 
across the image. For location of this inset image see Fig. 3A-B. 

M. Drexler et al.                                                                                                                                                                                                                                



Minerals Engineering 201 (2023) 108205

7

measured the oxidation state of V in our samples using EELS (see section 
3.3). Results are summarized in Tables 6-7 and Fig. 7. All samples plot as 
a mixture of V(iii) and V(iv). The V-chlorites (LS04) are the most 
reduced with an average V oxidation state of + 3.23. The V-illites (LS01) 
are the most oxidized at + 3.83 on average, and the Placerville roscoelite 
plots in between at + 3.61 (Table 7). The standard deviation of the data 
was measured at 0.28, approximately equal to the difference between 
the average oxidation states in V-illite and V-chlorite. 

The EELS data also show that the spectra of the high-V edge phases 
present in the LS01 Illite 1 Tail sample are distinct from those of the V- 
phyllosilicates. This suggests that the high-V edge phases are oxides 
rather than high-V zones in the phyllosilicates. This is supported by 
Fig. 8, which shows that the spectrum of the edge phase does not show 
an oxygen K peak as intense as in the roscoelite. 

4. Discussion 

4.1. Occurrence of V in phyllosilicates 

The scanty literature on V in phyllosilicates generally concludes or 
assumes that phyllosilicates contain V as crystal lattice substitutions, 
primarily or entirely as V(iii) in the octahedral layer (Fig. 1) (Foster, 
1959; Meunier, 1994; Thorson, 2018; Zheng et al., 2019a, 2022). The 
data presented here indicate that this is an oversimplification. In fact V 
exists in phyllosilicates as both distinct V oxide phases and as crystal 
lattice substitutions. In both cases the V is clearly a mix of V(iii) and V 
(iv) (Table 6). 

The authors are aware of no previous work documenting nanoscale V 
(-Fe) oxides in phyllosilicates, and thus there is little to compare these 
results to. However, the results for valence of lattice-substituted V are 
consistent with the previous analytical data on V in phyllosilicates, 
though these consist entirely of bulk chemical studies. Foster’s (1959) 
chemical study of mineralized clays from the Colorado Plateau, using 
acid digestion and titration, found V in eight clay samples as mostly V 
(iv), with one sample containing a mix of V(iii) and V(iv). This is sup
ported by Wanty and Goldhaber (1985), who developed a colorimetric 
method to measure V(iii)/V(tot) ratios of two samples from Utah, one of 
a roscoelite and a second of a V-oxide mineral. Results indicated a V(iii)/ 
V(tot) ratio of 0.85 in the roscoelite and 0.37 for the V oxide. Zanetta 
et al. (2023) further document a Placerville (CO) roscoelite with a V 
oxidation state averaging 3.6, from a deposit type and geologic setting 
similar to those of La Sal. Taken together, these sets of results and our 
new data strongly suggest that phyllosilicates routinely host a mix of 
trivalent and tetravalent V. 

The location of V in the crystal structure remains unresolved, though 

Fig. 5 suggests that the tetrahedral as well as the octahedral sites could 
host significant V as lattice substitutions. This would be consistent with 
Foster’s (1959) observation that both Al and Si contents decrease with 
increasing V in clays. The remainder of the existing literature is some
what ambiguous and generally tends to assume substitution on a single 
site. Meunier (1994) analyzed electron microprobe results showing an 
inverse Al-V correlation and concluded that V in illites, chlorites, and 
micas is octahedral; its valence was assumed to be V(iii). Peacor et al. 
(2000) studied a V-bearing shale from a quarry in Velpen, Indiana with 
SEM and TEM to characterize V occurrence in the rock. The authors 
found that V occurred in illite and an illite–smectite solid solution with 
an overall V content of 1.65 wt% V and a composition of 
K0.8(Al2.8Mg0.5Fe0.4V0.3)(Si7.2Al0.8)O20(OH)4. This formula was derived 
from EDS data and assumed an ideal dioctahedral structure with 
normalization to 12 tetrahedral plus octahedral cations, with the 
concomitant assumption that all V existed as octahedral V(iii) (Peacor 
et al., 2000). This assumption is questionable in view of the points 
previously discussed. To conclude, the literature clearly indicates that V 
in phyllosilicates exists between trivalent and tetravelent states and is 
probably involved in complex multi-site substitions with Si, Al, Mg, and 
Fe cations. 

4.2. Correlation of occurrence with leaching behavior 

The discovery of a nanoscale high-V oxide edge phase (Fig. 3A-B), 
with different bonding (Figs. 4 and 5) and metallurgical behavior from 
the illite, is new information that helps explain why the extraction of V 
from phyllosilicates is so variable. Tentatively, the results of this study 
suggest that such nanoscale V-oxide phases provide most of the V re
covery from what appear, on a microprobe and larger scale, to be pure V- 
phyllosilicates. Only grains of the V edge phase that are physically 
locked in insoluble phyllosilicates, such as the edge phase in Illite Tail 1, 
do not dissolve. Likewise, the data suggest that V-phyllosilicates with 
low recoveries are those where these high-V edge phases are scarce to 
absent and all V is contained in crystallographic sites. The leached res
idue samples still contain abundant crystallographic V, but lack most or 
all of the V(-Fe) oxide edge phases in the corresponding unleached 
heads. 

It is not clear from this study’s results that either the valence or siting 
of V substituted on the phyllosilicate lattice has any discernible effect on 
leaching. EELS results show that V in chlorites is more reduced than V in 
the illites (Fig. 7, Table 6), which in theory should mean that V in 
chlorites is slightly more sensitive to oxidation. However, comparisons 
of STEM-EDS from heads and tails indicate that similarly negligible 
amounts of crystallographic V were extracted from both illites and 

Fig. 5. STEM-EDS map of the LS01 illite head sample atomic lattice and the high-V edge phase (Fig. 4). Most of the V is associate with Fe as a separate oxide. The 
white rectangle represents the profile that is vertically integrated to produce the spectra on the right plot. 
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Fig. 6. V-Si-Al EDS maps and corresponding electron imaging of V-chlorite (LS04) samples, including heads (A-D) and tails (E-F). * indicates that brightness and 
contrast have been adjusted for greater legibility in Oxford’s AZtec software. 
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chlorites. Thus there is no clear evidence that V oxidation state or crystal 
siting affects leaching results. 

This contrasts somewhat with the accepted model of silicate disso
lution, in which trivalent metals in the octahedral site should leach 
much faster than lower-coordinated and/or higher-valent metals (Terry, 
1983a,b). There is considerable empirical and modeling evidence to 
support this model at least at the bulk scale (e.g. Brindley and Youell, 
1951; Osthaus, 1953; Rozalen et al., 2009), although potential alterna
tive explanations of silicate dissolution exist (reviewed by Crundwell, 
2014). The apparent contrast between this conventional model and the 
results here may be due to several factors. One is the lack of nanoscale 
characterization accompanying most of the dissolution experiments in 
the conventional model. Any role played by inclusions of metals or metal 

oxides in leaching would have gone unnoticed and the metal in solution 
would have been assumed to come from the phyllosilicate lattice. A 
second is the strength of the acids used. Chemical dissolution experi
ments typically use acid concentrations well in excess of the range usual 
in hydrometallurgy, and favor halide-based over sulfuric acids. The 10 
g/L H2SO4 used to leach the samples examined here was probably far 
less capable of breaking the stronger chemical bonds in a phyllosilicate 
(Table 1) than the strong HCl common in dissolution experiments. Thus, 
while crystal siting of V and other metals likely does affect leaching rates 
in acids that can break the stronger silicate bonds, it is not clear that this 
is relevant to the conditions of hydrometallurgical extraction. 

One clear conclusion from this study is that a full understanding of 
process mineralogy and geometallurgy may sometimes require analysis 
down to the nanoscale. Two ore minerals may look identical at larger 
scales except for leaching behavior. The case examined here shows that 
the differences in leachability can relate to differences in mineralogy 
that are only visible on the nanoscale. Obviously, this complicates re
covery predictions. This is particularly the case for complex minerals 
like phyllosilicates, which can accommodate metal ions in three 
different ways on the nanoscale, with very different implications for 
overall recovery. 

4.3. Implications for the geometallurgy of other V deposits 

Phyllosilicates are a significant world V resource, occurring in some 
sandstone-hosted vanadium (SSV) deposits and in black shale or stone 
coal deposits (Kelley et al., 2017). These two deposit types between 
them account for most V resources in the USA and China (Zhang et al., 
2011; Kelley et al., 2017). Much to most of the resource is hosted in V- 
phyllosilicates, though whether as crystallographic V or edge-phase 
oxides has not been examined. 

The extractive metallurgy of the black shale deposits has been a 
recent focus of investigation (Li et al., 2009; Zhang et al., 2011; Zheng 
et al., 2019a,b). Studies usually identify the V-bearing silicate as 
“muscovite,” which is the mineral roscoelite or a muscovite with sig
nificant V in theory substituting for Al(iii) (Li et al., 2009; Zheng et al., 
2019b). Unfortunately, most characterization is not detailed enough to 
resolve the detailed mineralogy or occurrence of the recovered V (Li 
et al., 2009; Zheng et al., 2019b). While diagnostic leaching indicates 
nearly equal components of V(iii), V(iv), and V(v) in some of the black 
shales, it is unclear how this valence state determination was made or 

Table 6 
V oxidation state results determined by EELS.  

Sample L2 Peak 
Max 
Height 

L2/L3 

Peak 
Height 

V Oxidation 
State 

%V3+ %V4+ %V5+

V2O3 

standard  
0.9267  0.926  3.0  100.0  –  – 

VO2 standard  0.9876  0.987  4.0  –  100.0  – 
V2O5 

standard  
1.0359  1.036  5.0  –  –  100.0 

Chlorite Tail 
Grain 3 
(LS04)  

0.9422  0.942  3.25  74.5  25.5  – 

Chlorite 
Head 1 
(LS04)  

0.9473  0.947  3.34  65.1  34.9  – 

Chlorite 
Head 2 
(LS04)  

0.9496  0.952  3.38  60.9  39.1  – 

Roscoelite  0.9621  0.962  3.61  39.0  61.0  – 
Illite Tail 1 

(LS01)  
0.9663  0.966  3.69  30.3  69.7  – 

Illite Head 1 
(LS01)  

0.9761  0.976  3.87  12.4  87.6  – 

Illite Tail 2 
(LS01)  

0.9792  0.979  3.92  6.7  93.3  – 

Illite Tail 1V 
Edge Phase  

0.9794  0.979  3.93  6.3  93.7  – 

Head V- 
Oxide 
(LS04)  

0.9804  0.980  3.95  4.5  95.5  –  

Fig. 7. Plot of maximum L2 peak height vs. oxidation state for known V valence V2O3, VO2, and V2O5 standards, Placerville roscoelite, and illite and chlorite samples 
(see section 4.4.3). Illites are from LS01, chlorites from LS04. Trend line is for standards. 
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what mineral(s) it represents (Li et al., 2009). Detailed modeling and 
experiments were performed by Zheng et al. (2019a), but though they 
modeled V crystal chemistry as octahedral V(iii) in a muscovite struc
ture, their leaching experiments indicate that this was not the miner
alogy of the sample (SEM-EDS analysis measured almost 18% Mg and <
1% K, more likely a clinochlore than muscovite or roscoelite) (Zheng 
et al., 2019a,b). 

These uncertainties over the mineralogy, V occurrence, and corre
lation with leachability of V in phyllosilicates in black shale deposits 
make it difficult to apply our results to them. This study’s principal 
conclusion is that the wide range of reported recoveries and mineral 
types suggests that those ores, too, could benefit from a closer exami
nation of V occurrence type in the ores. 

Whether these results point the way to improved recoveries is un
certain. The unleached V in residues consists of locked V-oxide phases 
and V bound on the silicate lattice. Practical options for extracting either 
of these are limited. The ultrafine grinding required to liberate locked V- 
oxides is prohibitively expensive. Leaching V from the crystal structure 
would require fluorinated additives that can dissolve the silicate lattice. 
Although tested in the laboratory (Zheng et al., 2019a), this is unlikely 
to work in industrial settings. The additives are nonselective and would 
react with all silicate lattices irrespective of their V content; in sandstone 
ores, this could include the mainly quartz gangue. The possible creation 
of hydrofluoric acid from the additives complicates the question further. 
In some ores it may be possible to increase the temperature or acid 
concentration during leaching, which might produce incremental 
improvements. 

4.4. Implications for other commodities 

In addition to hosting major V resources, phyllosilicates are signifi
cant in the geometallurgy of other commodities. Phyllosilicate gangue 
minerals are major long-term reagent consumers in acid leaching of 
other commodities, like copper (Baum, 1999; Chetty, 2018). Most cur
rent practice uses empirical acid consumption testing for predictions, 
but there are numerous attempts in the literature to develop predictions 
based on assigning a molar acid consumption value to different mineral 
types (e.g. Chetty, 2018). As this study shows, this approach, though 
useful, is an oversimplification. A change in the crystal chemistry can 
significantly affect metal recovery, it may also apply to metals 
exchanged for acid in more typical phyllosilicate gangue as well. For 

instance, the acid consumption of a biotite or chlorite might vary 
depending on how much of its Fe content is crystallographic and how 
much consists of nanoscale grains of Fe oxide. The same mineralogical 
complexities that complicate V recovery are probably just as applicable 
to the unwanted exchange of metals for leaching reagent in gangue acid 
consumption. 

4.5. Conclusion 

Metals in phyllosilicates may occur as adsorbed ions, as ions in the 
crystallographic lattice, or as nanoscopic but discrete grains of metals or 
metal oxides, and these variations in siting likely affect leaching re
coveries. In this case study, the occurrence and valence of V in phyllo
silicate ores was examined and correlated with leachability. 

The results show that V occurs as (1) crystallographic V(iii) and V(iv) 
and (2) zones of V oxide or hydroxide on the edges of phyllosilicate 
grains. These latter are present in some illites but not chlorites, and 
correlate positively with higher V recovery. They are absent from 
leached tails, suggesting that the higher V recovery observed in some 
illite samples is due to the presence of these relatively soluble oxide 
minerals. In contrast, crystallographic V showed poor extraction in both 
chlorites and illites without any noticeable effect from either V valence 
or crystal siting as far as it could be determined. In chlorites V is much 
more reduced than in V-illites, but this does not correlate with extrac
tion. All V observed in oxides, including the edge phases in phyllosili
cates, were relatively oxidized compared to the V hosted in the 
phyllosilicate lattice proper. 

Beyond V extraction, this study indicates that metal leaching from 
phyllosilicates – whether as targeted ores or in gangue acid consumption 
– is complex down to a very small scale. Where what appears to be the 
same mineral phase yields very different metallurgical results, it may be 
necessary to analyze it on the nanoscale to understand the causes of 
variability. In addition, this suggests that the common metallurgical 
practice of assigning a single value to gangue acid consumption based on 
mineral stoichiometry is overly simplistic and may or may not yield 
reliable results. The actual metal extracted and acid consumed will vary 
depending on parameters such as the prevalence of metal and metal 
oxide phases, their solubility, their location at grain centers or edges, 
and possibly the coordination and valence state of the crystallographic 
fraction of the metals. Further work is required to fully understand the 
prevalence of microscopic metals and metal oxides within phyllosilicate 

Fig. 8. EELS results for the V2O4 standard, V2O5 standard, roscoelite, and the high-V edge phase of an illite sample, showing the similarity in O-K edge between the 
edge phase and the oxides. 
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minerals and the role of metal valence state in determining leachability. 
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