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ABSTRACT

Shales and mudstones are fine-grained rocks formed in sedimentary basins throughout Earth’s his-
tory. These lithologies are increasingly important targets for mineral deposit exploration since they can
have economic resources of critical minerals, including vanadium (V), an essential component of
redox-flux batteries in solar cells. However, many Paleozoic, shale-hosted V deposits are metamor-
phosed and deformed. This commonly obscures primary features, including V-bearing host phases
and the original composition of organic material.

In this study, we present geochemical and mineralogical data from the Paleozoic Van Property
deposit, Northwest Territories, Canada, to show that V can be released from organic matter during
metamorphism and incorporated in clay phases such as illite. The siliceous argillites at the Van Property
host up to 0.69% V05 and were metamorphosed to (sub-)greenschist facies. Their mineralogy is
dominated by quartz with minor graphite, illite, muscovite, pyrite, sphalerite, rutile, and carbonates.
Although some illite (i.e., high-V illite) can have up to 13 wt% V;03 and rutile can have up to
4.4 wt% V03, mass-balance calculations are insufficient to explain V enrichment at the Van Property
utilizing only illite and rutile. The third V host is inferred to be carbonaceous matter in which
V accumulated syn-deposition on the seafloor. Subsequent metamorphism led to the demetallation
of V-bearing geoporphyrins and the release of vanadyl ions (VO?>*), some of which were then incor-
porated into high-V illite and rutile. This process of V enrichment highlights the role of organic matter
in scavenging V from superficial reservoirs and the importance of metamorphism on subsequent
V release and its incorporation into inorganic phases. The geochemistry of siliceous, V-rich argillites
at the Van Property is also compared to other V-enriched shale and mudstone deposits, highlighting the
diversity of shale-hosted V deposits and emphasizing the need for further research to close the knowl-

edge gaps related to variations in composition, mineralogy, and V enrichment processes.
Keywords: Vanadium, shale-hosted V deposits, Van Property, illite, carbonaceous matter,
V-bearing geoporphyrins, vanadyl ion, metamorphism, Critical Minerals for a Sustainable Future

INTRODUCTION

The demand for critical metals has significantly increased
over the last decade due to advancements in the environmental
needs of low-carbon energy technologies [e.g., the development
of electric car batteries for mass production, batteries for energy
storage (Schulz et al. 2017; Jowitt et al. 2018; Simandl et al.
2023)]. Many governments and agencies have published lists
of critical metals (Schulz et al. 2017; European Commission
2020; Natural Resources Canada 2020; Su and Hu 2022; USGS
2022), highlighting both the economic importance and vulnera-
bility in the supply chain of critical metals. Among these critical
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metals, the element vanadium (V) has yet to be in the spotlight of
both research and economy despite its increasing importance,
especially in the redox-flux batteries used in solar cells for
energy storage (Kelley et al. 2017; Jowitt et al. 2018; Elbokl
2022; Simandl and Paradis 2022).

Most of the global V production is currently mined as a
by-product from magmatic vanadiferous titanomagnetite deposits
[e.g., Bushveld complex: Maier et al. (2012), Viljoen (2016),
Boni et al. (2023); Lac Dore, Quebec, Canada: Fischer (1975),
Longridge and Martinez (2020); Panzhihua layered intrusion,
China: Zhou et al. (2005)] and to a lesser extent from sedimentary
sandstone-hosted deposits that are enriched in other critical
elements such as uranium [e.g., Colorado Plateau; Slick Rock
district, Colorado: Shawe (2011); Pandora deposit, Utah: Fischer
(1968)]. The third important type of V deposit is the shale-hosted
V deposits [e.g., Green Giant, Madagascar: Di Cecco et al. (2018);
several deposits in Mozambique: Boni et al. (2023 ) and references
therein]; however, no currently active shale deposits are being
mined for V, despite the relatively large abundance of black shales
and mudstones on and near the surface. The reasons for this are
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economic (e.g., lower average V content compared to titano-mag-
neto-ferrous deposits and relatively low V prices currently) and
geological, such as the lack of exploration in sedimentary basins
specifically for V, ignorance of V-enrichment processes in black
shales, and beneficiation of black shales at profitable recovery
rates for V (Vitolo et al. 2000; Li et al. 2021; Simandl and Paradis
2022). Closing the geological knowledge gap by developing a
holistic deposit model that addresses both the mineralogy of
shale-hosted V deposits and their formation is important to sup-
port exploration efforts and increase chances of success.

This study focuses on the metamorphosed Van Property in the
Mackenzie Mountains, Northwest Territories, and utilizes litho-
geochemistry and mineral compositions to describe how host
lithology and mineralogy impact V enrichment and the role that
metamorphism plays in epigenetic V remobilization. Detailed
scanning electron microscopy, electron microprobe analyses,
and X-ray diffraction focused on V-bearing phases highlight that
the enrichment of V occurs syngenetically with metamorphic
alteration of the V host phases. The chemical composition of
the Van Property is compared to other Paleozoic shale-hosted
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V deposits, highlighting variations in host lithology, geochemis-
try, and V-hosting mineralogy among this deposit type. The
results of this study contribute to filling knowledge gaps within
this yet understudied deposit class and provide a better under-
standing of the compositional and mineralogical variety among
shale-hosted V deposits, which has important implications for
V-enrichment processes. Hence, results from this study have
direct impacts on our understanding of ore-forming processes
in shale-hosted V deposits and their exploration.

GEOLOGICAL SETTING
Regional setting

The Mackenzie Mountains comprise the western part of the
Mackenzie Platform and the eastern part of the Selwyn Moun-
tains; they are part of Ancestral North America, located on the
western part of Laurentia (Nelson et al. 2013). There, they form
the most northeastern extension of the Cordillera (Gordey and
Roots 2011; Ootes et al. 2013; Fig. 1). Stratigraphically, rocks
from the Neo-Proterozoic to the Cretaceous are preserved in the
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Ficure 1. Simplified geologic maps of (a) the Selwyn Basin with Mackenzie carbonate platform and Mackenzie Mountains, and major mineral
deposits (Goodfellow and Lydon 2007; Slack et al. 2016); and (b) the Mackenzie Mountains (Ootes et al. 2013 and references therein) with the Van
Property (yellow star) of which a detailed geologic map is provided in Figure 2.
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Mackenzie Mountains. The Neo-Proterozoic strata include the
older Mackenzie Mountains Supergroup (<1.05 and >0.78 Ga;
Turner 2010; Gordey and Roots 2011; Long and Turner 2012)
and the younger Windermere Supergroup (=755 to 550 Ma; Nar-
bonne and Aitken 1995; Gordey and Roots 2011; Ootes et al.
2013). The former consists of carbonate and clastic strata of 4
to 6 km thickness formed in deltaic, fluvial, and shelf settings
of a large epicratonic basin (Rainbird et al. 1996; Long et al.
2008; Turner and Long 2008). After the breakup of Rodinia,
sedimentation on Laurentia’s western margin started as early as
755 Ma, forming the carbonate, shallow to deep-marine clastic,
and glacially influenced clastic strata of the Windermere Super-
group, which is 5 to 7 km thick and deposited in a rift-related set-
ting (Narbonne and Aitken 1995; Gordey and Roots 2011; Ootes
etal. 2013). Sedimentation continued into the Paleozoic with shal-
low-water carbonates deposited on the Mackenzie Platform to the
northeast and coeval deeper-water marine strata deposited in the
Selwyn Basin to the southwest (Fig. 1a and 1b). Although no
structurally controlled boundary on the platform margins is evi-
dent on the surface, deeper crustal features may have contributed
to subsidence and the different depositional environments (Cecile
1982; Gordey and Roots 2011).

Paleozoic strata of the carbonate platform include basal Edi-
acaran to Cambrian shallow-marine to fluvial quartz sandstone
and minor carbonate rocks that are overlain by Cambrian to
Devonian formations dominated by dolostone with minor lime-
stone and siliciclastic rocks; open-marine Devonian carbonate
rocks complete the succession (e.g., Gordey and Roots 2011;
Turner et al. 2011; Ootes et al. 2013). Coeval Paleozoic strata
of the Selwyn Basin are dominated by fine-grained deep-water
marine sediments. The simplified stratigraphy of the south-cen-
tral Selwyn Basin is shown in Figure 2. The Vampire, Sekwi,
and Rabbitkettle formations, and the Road River Group are
all exposed in the study area (Fig. 3); more detailed descriptions
of these units are provided below.

During the Late Devonian, depositional regimes changed in
the Mackenzie Mountains siliciclastic dominated the strata mak-
ing up the Lower Devonian to Middle Mississippian Earn
Group. Siliceous mudstones and carbonaceous cherts of this unit
are present both in the south-central Selwyn Basin and study area
(Figs. 2 and 3) and received their detritus from western sources
that included elevated fault blocks of older Selwyn Basin strata
(Gordey 1988; Gorey and Anderson 1993). Although sedimen-
tation continued during the Early Carboniferous and Permian,
the stratigraphic record is fragmented throughout the Mackenzie
Mountains and absent in the study area. Cretaceous shale and
sandstone, pebble and cobble conglomerate, and localized coal
streams are restricted to the Mackenzie Platform in the northern
Mackenzie Mountains (Fig. 1b).

Mid-Cretaceous plutonism is common throughout the
Mackenzie Mountains (Gordey and Roots 2011; Ootes et al.
2013). However, plutons intruded in Selwyn Basin strata
are typically of Jurassic age and are composed of alkaline,
calc-alkaline, and two-mica granite (Woodsworth et al. 1991;
Gordey and Roots 2011).

Strata of the Selwyn Basin underwent low-grade metamor-
phism of sub-greenschist to greenschist facies during the Jurassic
in relation to the formation of the Cordillera in the west (Gordey

and Roots 2011). In the aureoles of Cretaceous plutons, contact
metamorphism is reported throughout the Mackenzie Mountains
(Gordey and Anderson 1993). Dominant faults in the Mackenzie
Mountains are northwest-southeast trending (Fig. 1b) and are
either syn-sedimentary extensional faults developed dominantly
during the Paleozoic (Aitken and Cook 1974; Eisbacher 1981;
Turner and Long 2008; Pyle and Jones 2009; Gordey et al. 2011)
or Cretaceous-Tertiary folds and thrust faults (Morris and Nesbitt
1998; Mair et al. 2006; Pyle and Jones 2009; Gordey and
Roots 2011).

Mineralization is common in the Mackenzie Platform and
Selwyn Basin strata of the Mackenzie Mountains (Fig. 1b) with
over 300 known mineral occurrences (Ootes et al. 2013). Most
of these occurrences are clastic-dominated (a.k.a., sedimentary
exhalative) Zn-Pb deposits in the Selwyn Basin (e.g., Howard’s
Pass) or carbonate-hosted Zn-Pb deposits (e.g., Prairie Creek,
Gayna River) in the Mackenzie Platform; these deposits formed
during the Paleozoic (Fig. 2; (Ootes et al. 2013). Tungsten-skarn
deposits (e.g., Cantung and Mactung deposits) related to
Cretaceous intrusions occur in the Selwyn Basin close to the
Van Property study area (Fig. 1b).

Phanerozoic

AGE south-central

TERTIARY
— TOMBSTONE-
j‘? TUNGSTEN
CRETACEOUS SUITE
=

JURASSIC

Simplified Lithology

Cl Granitoids
E shale

E Shale with
Sandstone
Sandstone/
Conglomerate
Evaporite
E Limestone
@ Dolostone A

TRIASSIC

PERMIAN

MOUNT CHRISTIE FM

MATTSON
TSICHU GROUP ) 4™

CARBON-
IFEROUS

UPPER [

FORT SIMPSON
FORMATION

HORN RIVER
FORMATION

Mineralization

z
<
Coal £ | MDDLE [ NAHANNI FM
5 [ | #eapiess
4 z 1 FM
* Intrusion-related e
UNERALS L ANDRY FM
Carbonate-hosted e ARNICA
Zn-Pb S
- > o EM \ ROCK FM
SOMBRE
Y SEDEX zn-Pb = 8 “H
1o = CAMSELL- N3
® CADILLAC. (5
1o DELORME LT
1 v FMS 4
SILURIAN
WHIT- 'OUNT KINDLE Fi
TAKER FM,

Little Doctor SS

SUNBLOOD
ORDOVICIAN % FORMATION

\ RABBIT- \ BROKEN
KETTLE / SKULL FM

FRANKUN
MT FM

[ ROCKSLIDE FM

CAMBRIAN
SEKWIFM ﬁ

VAMPIRE FM
>

BACKBONE
RANGES FM

S INGTAFM

Ficure 2. Simplified Phanerozoic stratigraphy of the Mackenzie and
eastern Selwyn Mountains with mineral occurrences after Ootes et al.
(2013) (modified and simplified after Dixon 1999; Dewing et al.
2006; Pyle and Jones 2009; Martel et al. 2011 and references therein).
Note: Gray shade represents regions where no rock record is preserved.
Highlighted Earn and Road River Group were sampled for this study.
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hf05-36 ®
Sample name and location

Lower Devonian to Middle Mississippian

Prevost Formation: Brown weathering, laminated carbonaceous mudstone with minor black chert and
baritic mudstone

Portrait Lake Formation: Thin bedded carbonaceous chert with minor intercalated siliceous mudstone;
- large (1-3m) limestone concretions

Lower Ordovician to Devonian: Duo Lake Formation (OSD)
Upper Siliceous Mudstone Member: Thin bedded, carbonaceous, siliceous mudstone with abundant
black, coarse crystalline, fetid limestone concretions up to 3 m; distinct graptolite (Monograptus) zone at top

Lower Cherty Mudstone Member: Thick bedded, blocky fracturing siliceous mudstone
Calcareous Mudstone Member: Thin bedded, laminated, calcareous, carbonaceous, graptolitic mudstone

Siliceous Mudstone Member: Pyritic, siliceous mudstone

Road River Group Earn Group

Transition Member: Laminated mudstone with minor intercalated, trilobite-bearing limestone

Upper Cambrian and Lower Ordovician
Rabbitkettle Formation: Interbedded grey weathering platy limestone and light brown weathering silty
dolomite

Lower Cambrian
- Sekwi Formation: Orange weathering dolomite and grey weathering limestone

Upper Proterozoic and Lower Cambrian
- Vampire Formation: Grey to brown siltstone and green phyllite with local limestone interbeds

Ficure 3. Detailed geological map of the Van Property with sample locations. Descriptions of stratigraphic units are from Carne and Gish (1999).
Map modified after Flavelle (2013). A summary of samples is provided in Table 1.
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Local geological setting

The Van Property is located in the Flat Lakes area, southwest-
ern Northwest Territories (Fig. 1). Stratigraphically, the Van
Property occurs in Paleozoic strata of the Selwyn Basin, which
form a large-scale, northwest-trending, upright syncline with near
vertical limbs; no large-scale regional faults are observed (Carne
and Gish 1999). At the Van Property, Upper Proterozoic to
Middle Mississippian strata occur (Fig. 2), which are summarized
here after Carne and Gish (1999) and Flavelle (2013).

The oldest unit, Upper Proterozoic to Lower Cambrian
Vampire Formation, comprises gray to brown siltstone and
green phyllite with local limestone interbeds and is conformably
overlain by the Lower Cambrian Sekwi Formation. At the Van
Property, the latter only occurs in the northeast (Fig. 2) and
consists of dolostone and distinctively orange-weathered lime-
stone. Both lithologies are common throughout the Selwyn
Basin, with reported thicknesses of 390 and 700 m for the
Vampire and Sekwi formations, respectively (Gordey and
Roots 2011). However, the thickness of each formation is not
reported from the Van Property. The Upper Cambrian to Lower
Ordovician Rabbitkettle Formation sharply overlays the Sekwi
Formation and is the most visually distinctive unit in the study
area due to the differential weathering of more competent fine-
grained dolomite beds with less-weather-resistant, silty lime-
stone lenses. At the Van Property, this unit is 65 to 75 m thick,
much less than the reported thickness of 435 to 840 m in other
parts of the Selwyn Basin (Gordey and Roots 2011). Carne
and Gish (1999) interpreted the sharp transition between the
Rabbitkettle Formation and overlying Road River Group as
an unconformable or a disconformable contact. None of the
afore-described units (Vampire, Sekwi, Rabbitkettle formations)
show mineralization, including V, in the study area.

The Lower Ordovician to Devonian Road River Group is
widespread in the Selwyn Basin, although its nomenclature is
problematic (Cecile 1982; Gordey and Roots 2011; Turner et al.
2011). Atthe Van Property, the Road River Group is represented
by the shale-dominated, recessive Duo Lake Formation (OSD).
In the study area, the OSD, which apparently formed in a deep-
marine setting below the carbonate compensation depth (Turner
et al. 2011), is divided into five members (Fig. 2). The bottom
unit, the Transition Member, comprises a thin-bedded limestone
and phyllite sequence that becomes more pelitic and carbona-
ceous up section, grading into dark gray, non-calcareous phyllite
and phyllitic siltstone toward the top. This unit is overlain by the
Siliceous Mudstone Member consisting of up to 50 m of pyritic,
black siliceous mudstone in which pyrite is present as thin
laminae, ovoid concretions, and disseminations. In sharp contact
above occurs finely to thickly bedded gray to black, graptolite-
bearing, recessive carbonaceous limestone and calcareous mud-
stone of the Calcareous Mudstone Member, which can reach a
thickness of several hundred meters and has a sharp contact to
the overlying unit. The Lower Cherty Mudstone Member is the
primary V-bearing horizon at the Van Property, with reported
grades of about 0.6% V05 over 50 m vertically and 700 m along
strike. This unit is characterized by blocky fracturing, gray-black
to black weathering, and uniform bedding of 3 to 15 cm occurring
in cherty mudstone or siliceous argillite with an elevated siliceous

content. Despite the relatively high silica content, the carbon con-
tent is higher than in the adjacent and, especially, underlying units.
On weathered surfaces, secondary blue zinc and yellow vanadium
minerals are reported. The unit is up to 100 m thick at the Van
Property. It sharply changes into the last member of the OSD,
the Upper Siliceous Mudstone Member, consisting of poorly
laminated, well-cleaved, carbonaceous, and siliceous mudstone
with abundant limestone concretions and can exceed 600 m thick-
ness. The top of the unit is graptolite-bearing, constraining the age
to Lower Devonian. An anomalous V-rich horizon ofupto 21.5m
at 0.6% V705 occurs at the top of the unit. The contact with the
overlying Earn Group is gradational.

The Lower Devonian to Middle Mississippian Earn Group, a
turbiditic sequence, comprises the Portrait Lake and Prevost for-
mations at the Van Property, of which the latter is the youngest
unit preserved in the study area. The Portrait Lake Formation, 70
to 100 m thick, consists of carbonaceous chert and cherty argil-
lite with limestone concretions and does not show cleavage. The
Prevost Formation has non-siliceous to siliceous distal turbidites
with a basal cross-laminated to parallel-laminated siltstone
base that grades upward into a thicker, fine-grained argillite.
Barite is common, and cleavage is well developed in the unit.

Although the study area did not undergo excessive deforma-
tion, relatively low-grade (sub-)greenschist metamorphism
occurred during the Jurassic (e.g., Gordey and Roots 2011).
The recent study by McGill et al. (2024) revealed metamorphic
temperatures of 345-361 °C for the Van Property. Additionally,
cleavage is common in all Paleozoic units at the Van Property.
However, the Rabbitkettle Formation has two cleavages and
small-scale open folds with east-trending axes, which are absent
in the overlying Road River Group. This led to the assumption
that the area underwent a period of deformation following the
deposition of the Rabbitkettle Formation prior to the onset of
Road River Group deposition (Carne and Gish 1999). Hence,
more than one deformation event occurred.

MATERIALS AND METHODS

A total of six samples were collected in the summer of 2005 at the Van Property
by geologists of the Northwest Territories Geological Survey to characterize the com-
position and mineralogy of the prospect, with special attention paid to V-enriched
horizons (Fig. 3; Table 1). Samples are from three stratigraphic levels listed from
oldest to youngest: (1) Lower Cherty Mudstone Member, OSD (hf05-33 to -36;
Figs. 3, 4a, and 4b); (2) Upper Siliceous Mudstone Member, OSD (hf05-37; Figs. 3
and 4c); and (3) Prevost Formation, Earn Group (hf05-38; Figs. 3 and 4d).

Various methods were applied to constrain the composition and mineralogy of
the V-bearing siliceous argillite and siliceous mudstone at the Van Property.
Details on whole-rock lithogeochemistry, X-ray diffraction (XRD), scanning
electron microscopy (SEM), and electron microprobe analysis (EMPA) can be
found in the Online Materials'.

RESuULTS
Petrography

The siliceous argillite samples of the OSD are very fine-grained
(<20 pm) with varying degrees of thickness and carbon content;
the latter is especially prominent in samples with a sooty appear-
ance. Some samples are cross-cut by millimeter- to centimeter-
thick calciteveinlets (Fig. 4a). Yellow (e.g., secondary V minerals;
Carne and Gish 1999) to brown weathering (i.e., gossan made of
apparently secondary goethite) is common (Figs. 4b and 4c). The
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TasLe 1. Summary of sample information and applied methods

Sample No. Easting  Northing _ Stratigraphy Comment TS WR SEM EMPA
hf05-33 2181774 6895523.9 0OSDcm Argillite with high-carbon content. Slicken-sided surface X X X X
is highly glossy and fracture surface is coated with a crystalline film.
hf05-34 2181774 6895523.9 OSDcm Argillite with high-carbon content cut by calcite/barite veins. X X - -
hf05-35 2181774 6895523.9 0OSDcm Argillite chip sample through the section. - X - -
hf05-36 217780.3 6895927.3 OSDcm Argillite bearing a pale brown alteration along space cleavage. The rock contains  x  x -
minor veins of carbonate/barite parallel to cleavage. Pale white stylolites.
hf05-37 2177738 6895019.4 OSDsm Argillite with minor pale carbonate fractures. Pale white to gossanous coating X X X X
on fracture surfaces.
hf05-38 218102.1 6894049.2 DPcm Mudstone finely laminates with pale gray interbeds. The main cleavage is at X X X -

an obtuse angle to the bedding. Similar appearance to the Active member.

Notes: Easting and Northing are based UTM NAD83 Zone 10. Abbreviations: DPcm = Prevost Formation, Earn Group; EMPA = electron microprobe analyses;
OSDcm = Lower Cherty Mudstone Member, Duo Lake Formation; OSDsm = Upper Siliceous Mudstone Member, Duo Lake Formation; SEM = scanning
electron microscopy; TS = thin section; WR = whole-rock lithogeochemistry; x =analyzed, “-" = not analyzed.

«—

FiGure 4. Samples from the Van Property. (a and b) Lower Cherty Mudstone Member, Duo Lake Formation; (¢) Upper Siliceous Mudstone
Member, Duo Lake Formation; and (d) Prevost Formation. (a) Thinly bedded siliceous argillite with high-carbon content cut by centimeter-thick
calcite vein at angle to bedding (hf05-34); (b) thinly bedded, siliceous argillite with pale brown alteration, supposedly secondary V minerals, along
space cleavage (hf05-36); (¢) thinly bedded siliceous argillite and gossanous coating on fracture surfaces (hf05-37); (d) siliceous mudstone finely
laminated with sub-millimeter, pale gray interbeds of barite. The main cleavage is at an obtuse angle to the bedding (hf05-38). Mineral abbreviations:
Ba = barite; Cc = calcite; Goss = gossaneous. All scale bars are 2 cm.
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sample from the Prevost Formation (hf05-38) is gray, fine-grained
with millimeter-thick barite interbeds, yellow weathered surfaces,
and prominent cleavage (Fig. 4d).

Mineralogy

The samples from the OSD were examined in more detail due
to the V enrichment reported for these strata in Carne and Gish
(1999) and Flavelle (2013), and the V concentration was deter-
mined by whole-rock analysis (see below). Their major mineral
is quartz with minor to trace amounts of carbonaceous matter
and traces of muscovite, illite, apatite, rutile, calcite, dolomite,
and sulfides (i.e., pyrite, sphalerite; Fig. 5). Fine, aligned quartz
schlieren with trace amounts of silicates alternate with black
carbonaceous material (Fig. 5a), whereas carbonates, sulfides,
and rutile are commonly disseminated in the quartz-rich matrix
with no preferred orientation (Figs. Sb—5Sh).

Quartz (Figs. Sc and 5e) is the dominant phase and occurs as
very fine-grained (<10 pm), sub-angular to sub-rounded grains

of which the long axis is commonly aligned parallel to bedding.
Convex-concave grain boundaries and triple junctions of ~120°
between adjacent grains (Fig. Sh) are indicative of pressure
solution and recrystallization at (sub-)greenschist facies meta-
morphism (e.g., Becker 1995; Wenk et al. 2022). Carbonaceous
matter (Figs. Sb—5h) is the second most abundant phase in
the OSD samples. It is very fine-grained (<20 pm), flaky
with amoeboid shapes, and is commonly found in occurrences
between quartz grains and adjacent to illite, rutile, and sulfides.
Although X-ray diffraction identified graphite, based on reflec-
tance and the assumed P-T conditions [i.e., (sub-)greenschist
facies], additional carbonaceous phases could not be unam-
biguously identified but are assumed to be present. Illite
(Figs. 5¢—5e) occurs as prismatic single grains within the quartz
matrix and is commonly at an obtuse angle to the long axis of
quartz grains; instead, it shows alignment parallel to cleavage
than to bedding. Grains are up to 30 pm long, can show internal
cleavage planes, can be kinked due to deformation, and rarely
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Ficure 5. Transmitted and reflected light and backscattered electron (BSE) images of siliceous argillite, Duo Lake Formation. (a) Finely laminate

siliceous argillite with alternating beds of very finely grained quartz and trace silicate phases with carbonaceous matter (transmitted light, parallel Nichols).
(b) Finely disseminated pyrite in matrix of quartz with trace silicate phases and carbonaceous matter (reflected light). (¢) Quartz-rich matrix with interstitial
carbonaceous matter—illite—disseminated pyrite, sphalerite, rutile—apatite—calcite. Prismatic illite aligned parallel lamination and surrounded by graphite.
Sphalerite is rimmed by rutile and surrounded by graphite-quartz. Quartz is sub-angular to sub-roundish with the long axis aligned parallel to bedding
and recrystallized with convex-concave grain boundaries caused by pressure solution (BSE). (d) Quartz-rich matrix with interstitial carbonaceous matter—
illite—rutile—prismatic and framboidal pyrite. Framboidal pyrite occurring as single disseminated grains or with prismatic pyrite in matrix. Both illite and
pyrite are partly in contact with carbonaceous matter (BSE). (e) Pyrite with rutile and dolomite in quartz-rich matrix with interstitial carbonaceous matter—
illite. Illite is aligned parallel to bedding, partly weakly kinked (upper left) and with pyrite inclusion (right). Quartz is sub-angular to sub-roundish with the
long axis aligned parallel to bedding and recrystallized with convex-concave grain boundaries caused by pressure solution (BSE). (f) Pyrite with marginal
rutile in quartz-rich matrix with interstitial carbonaceous matter—illite—apatite. Both carbonaceous matter and illite are partly in contact with pyrite and
rutile. Rutile has inclusions of pyrite (BSE). (g) Sphalerite with rutile in quartz-rich matrix with calcite and interstitial graphite. Rutile has sphalerite
inclusions (BSE). (h) Sphalerite with marginal rutile and in contact with carbonaceous matter in quartz-rich matrix (BSE). Quartz is sub-roundish
and recrystallized with convex-concave grain boundaries and triple junctions of ~#120° between three adjacent grains (BSE). Mineral abbreviations after
Whitney and Evans (2010): Ap = apatite; Cal = calcite; CM = carbonaceous matter; Dol = dolomite; Ilt =illite; Py = pyrite; Pygamboidal = framboidal
pyrite; Qz = quartz; Rt = rutile; Sp = sphalerite. (FiGUrRe CONTINOUS ON NEXT PAGE.)
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TasLe 2. Geochemical summary of major and minor elements for the Van Property (Prevost Formation and Duo Lake Formation), other

metalliferous shales and cherts from literature and non-metalliferous black shale SDO-1

Location Mecca Quarry Shale Van Property
Stratigraphy Linton Fm Prevost Fm Duo Lake Fm

(non-)calcareous black
Lithology (Herron 1988) shale non-calcareous siliceous shale (non-)calcareous argillaceous chert
Relative metal content? metalliferous non-metalliferous metalliferous
Age Pennsylvanian Lower Devonian to Middle Mississippian Lower Ordovician to Devonian

Coveney and Martin

Source (1983) This study Carne and Gish (1999)

Av Std  Min  Max Av Av Std  Min  Max Av Std  Min Max
n 5 5 5 5 1 5 5 5 5 19 19 19 19
SiO; (wt%) 352 126 253 570 824 806 9.17 681 940
Al,03 1.1 367 731 174 10.6 232 052 152 285 160 066 0.51 3.06
Fe,Ost 466 083 350 542 0.37 1.03 025 065 133 112 038 079 247
Ca0 164 120 059 358 0.12 282 427 009 103 516 530 0.16 1835
MgO 137 023 112 165 0.33 043 0.17 024 069 146 213 017 6.75
Na,O 061 007 054 0.69 0.11 0.03 0.01 0.01 0.04
K0 229 083 159 374 244 068 0.14 047 084 040 013 017 0.61
Cr,03 0.01 0.01 0.00 0.01 0.02
TiO, 049 0.7 031 077 0.46 0.12 003 0.08 0.15 0.03 0.03 0.01 0.08
MnO 0.01 0.00 0.01 0.02 0.1 0.01 0.00 0.02
P,0s 138 135 020 340 0.02 049 066 004 166 052 059 0.08 2.09
BaO 1.21 0.05 0.02 0.03 0.07
LOI 394 142 140 569 3.70 115 385 482 142
Total 102 100 1.05 993 102
C 1.08 824 281 352 110 805 175 453 1020
S 0.04 082 049 016 142 058 037 0.20 1.26
TOC 288 139 380 465 0.99 785 321 333 109 689 159 3.80 9.35
Cinorg 1.28 151 0.05 5.00
Cgraphite 0.11 396 206 096 540
V,05 080 053 0.6 1.80 0.12 053 017 025 069 048 0.18 0.19 0.72
log(SiO,/Al;03) 050 004 043 054 0.89 155 015 140 179
log(Fe,05t/K;0) 032 016 0.04 042 -0.82 0.18 0.08 0.05 0.23
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have minute sulfide inclusions. Illite is in contact with carbona-
ceous matter on at least one surface and can occur spatially close
to sulfides and rutile. Rutile (Figs. 5¢ and 5e—5h) is amoeboid,
<10 pm in size, and occurs most commonly in direct contact
with either pyrite or sphalerite, forming rutile-sulfide aggre-
gates; rutile can have minute, round sulfide inclusions. Rutile-
sulfide aggregates have no preferred orientation, are randomly
disseminated, and occur adjacent to carbonaceous matter. Dis-
seminated rutile occurs rarely as isolated grains within the
quartz-rich matrix. Pyrite and sphalerite are of similar abun-
dance and occur as disseminated grains within the quartz-rich
matrix with no preferred orientation. Pyrite (Figs. Sc—5f) is com-
monly amoeboid in shape, less commonly prismatic, and rarely
framboidal. Sphalerite (Figs. 5c, S5g, and 5h) has amoeboid
shapes, is intergrown with rutile, and forms in direct contact
with carbonaceous matter. Other trace phases such as muscovite,
calcite, dolomite, and apatite (Figs. Sc and Se—5g) occur as very
small (<15 pm), disseminated, subhedral to anhedral, single
grains in the quartz-rich matrix. Calcite and dolomite are also
observed in close contact with rutile-sulfide aggregates.
Deformation is most prominently developed in recrystallized
quartz grains and kinked illite (Figs. Se and 5h). Pyrite and sphal-
erite can show cataclastic cracks formed under brittle conditions.

Whole-rock lithogeochemistry

Results from major, minor, and trace element composition
of siliceous argillite (OSD) and siliceous mudstone (Prevost

TaBLE 2. (CONTINUED)
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Formation) at the Van Property are summarized in Tables 2
and 3, and the complete data set is found in the Online
Materials'.

The compositions of the analyzed samples differ between
those from the OSD (hf05-33 to -37) and the younger Prevost
Formation (hf05-38). Although samples from the OSD are from
different stratigraphic members (i.e., hf05-37: Upper Siliceous
Mudstone Member; hf05-33 to -36: Lower Cherty Mudstone
Member), their major to trace element compositions are similar
(Online Materials').

Using the chemical classification of Herron (1988) to
distinguish between shales and sands by utilizing log ratios
of Si0,/Al,03 and Fe,O3t/K,0, samples from the OSD cannot
be defined as (black) shales (Fig. 6a). Instead, they are referred
to as siliceous argillite here due to their relatively high
SiO; content and log(Si0,/Al;03) ratio (Fig. 6a). This is also
in accordance with the nomenclature used in the previous study
at the Van Property by Carne and Gish (1999). Additionally,
these siliceous argillites vary in CaO concentration (Herron
1988), with most samples being non-calcareous (CaO < 2.8

wt%) and only one sample classifying as calcareous (CaO
=2.8-10.7 wt%, Fig. 6b). The sample from the Prevost Formation
classifies as non-calcareous siliceous mudstone (Fig. 6). In
the OSD siliceous argillites, the AlLO3 (2.32+0.52 wt%),
KO (0.68+0.14 wt%), NayO (0.03+0.01 wt%), TiO;
(0.12 £ 0.03 wt%), and BaO (0.05 = 0.02 wt%) contents are lower
relative to the younger siliceous mudstone (Figs. 7a—7b;

Location Moss

Storsjon-Myrvikken

Zhongcun SDO-1

Road River Group

Alum Shale Formation

Shuigouku Formation

Stratigraphy
(non-)calcareous black

Lithology (after Herron 1988) shale and siliceous shale

siliceous shale

(non-)calcareous siliceous

shale and argillaceous chert non-calcareous black shale

Relative metal content? metalliferous

metalliferous

metalliferous non-metalliferous

Late Cambrian to Middle
Devonian

Cambrian

Cambrian

Age Devonian
Source Gadd et al. (2019) Leventhal (1991) Fu et al. (2023) Huyck (1991), GeoReM (2023)
Av Std Min  Max Av Std Min  Max Av Std Min Max Av
n 9 9 9 9 5 5 5 5 13 13 13 13 1
SiOy (Wt%) 593 112 423 739 508 1.84 488 528 758 137 555 94.8 493
Al,03 140 200 117 175 658 042 630 730 387 283 040 7.54 123
Fe,Ost 222 1.59 1.00 440 426 083 340 560 225 172 0.28 5.00 9.34
Ca0 207 293 005 784 137 186 0.03 5.97 1.05
MgO 197 160 083 512 053 048 0.08 1.87 1.54
Na,O 030 028 006 0.70 0.02 0.01 0.01 0.04 0.38
K20 327 045 249 393 348 026 320 380 170 152 0.3 4.06 335
Cry03 010 0.12 0.01 0.39
TiO, 073 014 048 094 0.14 0.10 0.01 0.26 0.71
MnO 002 002 000 006 006 001 005 007 0.01 000 0.01 0.01 0.04
P,0s 0.14 010 002 0.28 050 0.89 0.01 2.99 0.1
BaO 057 060 0.06 227
LOI 886 226 7.26 10.5 1.1 6.39 1.40 21.2 21.7
Total 99.1 0.5 98.7 994 995 045 99.1 100.90
C 3.02 127 212 392 9.95
S 214 169 068 586 470 101 360 630 0.11 033 0.00 1.21 5.35
TOC 271 063 170 390 129 085 118 138 747 478 0.17 15.80 9.68
Cinorg
Cgraphite
V105 023 005 016 032 036 011 027 055 128 144 0.23 4.52 0.03
log(SiO,/Al;03) 1.09 050 065 231 056 0.19 0.29 0.88 1.13
log(Fe;05t/K,0) 183 232 147 220 572 441 055 11.60 16.71

Notes: Av=average; Cinorg=inorganic carbon; LOI=loss on ignition; Max =maximum value; Min=minimum value; n=number of samples; Std = standard

deviation; TOC = total organic carbon.

2 Relative metal content follows the definition after Huyck (1991) in which a metalliferous shale is a “shale that is enriched in any given metal by a factor of 2x
(except beryllium, cobalt, molybdenum, and uranium, for which 1x is sufficient) relative to the U.S. Geological Survey Standard SDO-1.” Non-metalliferous implies

that there is no significant metal enrichment relative to SDO-1.
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TasLe 3. Geochemical summary of trace elements, including rare earth elements for the Van Property (Prevost Formation and Duo Lake
Formation), other metalliferous shales and cherts from literature and non-metalliferous black shale SDO-1

Mecca Quarry Shale

Van Property

Location

Stratigraphy Linton Formation
(non-)calcareous black

Lithology (Herron 1988) shale

Relative metal content®

metalliferous

Prevost Formation

calcareous siliceous shale
non-metalliferous

argillaceous chert

metalliferous

Duo Lake Formation
(non-)calcareous

Age Pennsylvanian Lower Devonian to Middle Mississippian Lower Ordovician to Devonian
Source Coveney and Martin (1983) Carne and Gish (1999)

Av Std  Min  Max Av Av Std  Min  Max Av Std Min Max
n 5 5 5 5 1 5 5 5 5 19 19 19 19
Ba (ppm) 504 126 313 644 211 858 90.0 370
Cr 70.0 96.5 289 500 130 114 413 220 178
Cs 4.53 140 034 104 19 056 017 050 1.00
Ga 15.8 452 082 320 520
Ge
Hf 2.30 086 021 060 1.10
Nb 740 226 053 170 3.00
Rb 119 241 474 168 289
Sn 1.00
Sr 354 429 490 920 127 7321 7644 5.00 304
Ta 0.50 0.16 0.05 0.10 0.20
Th 5.56 176 048 1.16 240
U 120 63.0 700 230 3.29 815 281 400 1190 1000 0.00 10.00 10.00
\Y 4500 2950 900 10 100 675 2943 978 1380 3870 2704 1036 1045 4040
w 1.00 095 0.10 0.80 1.00
Zr 82,0 423 105 260 55.0
As 2.00 452 220 970 67.1 680 342 220 146
Bi 0.14 0.04 0.01 0.03 0.5
Hg 0.06 092 036 035 1.28 0.78 044 0.2 1.00
In 0.01 0.00 0.01 0.01
Re 0.02 012 0.06 0.03 0.15
Sb 1.64 215 114 464 337 27.1 494 2.00 216.00
Se 242 976 110 400 1.10 490 266 660 760
Te 0.02 009 0.03 0.04 0.11
Tl 0.19 067 046 0.12 140
Ag 205 093 130 340 126 085 020 320
Cd 608 614 450 130 412 289 150 11450
Co 0.50 0.72 049 050 1.60 5.53 1734 050 77.00
Cu 236 170 750 500 2.00 103 108 160 282 849 566 051 240.00
Li 20.0 100 000 100 100 268 095 1.00 4.00
Mo 707 486 200 1550 2.00 417 197 170 673 539 234 180 97.0
Ni 404 258 350 800 3.00 160 108 320 285 11274 5877 260 243.00
Pb 178 139 100 500 11.0 173 370 3.00 835 678 401 200 160
Sc 9.00 340 089 200 4.00
Zn 4481 4454 500 14300 19.0 3665 3637 335 7870 2169 1492 146 5860
La 218 104 483 570 180 890 330 0.09 100
Ce 41.0 103 495 700 189
Pr 5.02 290 1.17 138 451
Nd 18.4 129 532 540 195
Sm 3.04 294 132 097 430
Eu 0.48 071 036 021 1.10
Gd 1.90 325 147 099 466
Tb 0.29 053 026 0.16 0.83
Dy 1.94 331 164 095 4.89
Ho 0.40 075 035 021 1.05
Er 1.30 222 105 066 3.21
Tm 0.18 034 015 011 046
Yb 1.24 222 1.00 069 3.3
Lu 0.21 038 0.17 0.13 0.55
Ce/Ce*? 0.93 049 010 037 061
Ce/Ce** 0.90 044 010 033 057
Eu/Eu*d 0.93 1.05 0.10 092 1.16
REE+Y 110 837 372 332 130
Y/Ho 323 405 1.80 378 427
Lan/Smy 1.28 068 022 050 1.05
Smn/Yby 1.23 0.67 0.07 058 0.76

Notes: Abbreviations: Av = average; Max = maximum value; Min = minimum value; n = number of samples; Std = standard deviation.? Relative metal content fol-
lows the definition after Huyck (1991) in which a metalliferous shale is a “shale that is enriched in any given metal by a factor of 2x (except beryllium, cobalt,
molybdenum, and uranium, for which 1x is sufficient) relative to the U.S. Geological Survey Standard SDO-1.” Non-metalliferous implies that there is no significant
metal enrichment relative to SDO-1.° Ce anomaly after Lawrence et al. (2006): Ce/Ce* = Cen/(Pr¥/Nd)y.C Ce anomaly after Nozaki (2008): Ce/Ce* = 2Cen/(Lan +
PrN).UI Eu anomaly after McLennan (1989): Eu/Eu* = Eupn/(Sm x Gd)NVZ; N is normalization to PAAS (McLennan 1989).
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TABLE 3.—EXTENDED
Location Moss Storsjgn-Myrvikken Zhongcun SDO-1
Stratigraphy Road River Group Alum Shale Formation Shuigouku Formation

(non-)calcareous black shale and
Lithology (Herron 1988) siliceous shale
Relative metal content® metalliferous

Late Cambrian to Middle

siliceous shale
metalliferous

(non-)calcareous siliceous
shale and argillaceous chert

metalliferous

non-calcareous black shale
non-metalliferous

Age Devonian Cambrian Cambrian Devonian
Source Gadd et al. (2019) Leventhal (1991) Fu et al. (2023) Huyck (1991), GeoReM (2023)
Av Std Min Max Av Std Min  Max Av Std Mi Max Av
n 9 9 9 9 5 5 5 5
Ba (ppm) 25831 54459 1745 170000 1620 694 1000 2600 4153 3023 533 9580 397
Cr 87.8 37.0 36.0 140 111 553 85.0 210 742 874  90.0 2950 66.4
Cs 9.50 2.26 7.90 11.1 6.90
Ga 17.7 403 148 20.5 16.8
Ge 0.20 0.00 0.20 0.20 1.30
Hf 3.46 0.75 240 440 4.70
Nb 8.70 071 820 920 1.4
Rb 143 237 113 178 126
Sn 3.00 0.00 3.00 3.00 3.70
Sr 280 221 470 630 75.1
Ta 1.19 0.55 0.69 2.10 1.10
Th 8.67 1.49 6.56 10.00 56.1 40.7 1.88 127 105
u 9.39 373 402 15.0 201 3982 134 240 329 222 041 637 4838
Vv 1274 285 890 1787 2020 630 1500 3100 7178 8088 1270 25300 160
w 1.30 0.71 0.80 1.80 3.30
Zr 100 0.00 100 100
As 46.6 39.6 19.2 126 68.5
Bi 0.25 0.04 0.22 0.27
Hg 290 707 240 340 0.19
In 0.07 0.03 0.03 0.11
Re 0.11 0.09 0.04 0.17 0.09
Sb 19.6 400 136 240
Se 48.1 39.8 12.0 123
Te 0.23 0.09 0.10 0.40
Tl 7.81 6.83 140 20.0
Ag 1.07 1.09 0.10 2.80 0.16
Cd 6.82 9.76 0.20 23.0 0.31
Co 5.98 363  1.00 110 228 084 220 240 906 664 040 222 46.8
Cu 245 26.7 1.00 66.0 132 13.0 120 150 60.2
Li 28.6
Mo 469 311 160 110 312 444 250 350 134
Ni 134 110 34 390 470 40.5 415 510 257 233 137 816 99.5
Pb 143 3.89 6.00 199 550 232 350 850 279
Sc 124 167 100 15.0 13.2
Zn 318 421 12 990 440 110 320 565 64.1
La 40.7 18.1 20.0 83.0 241 140 330 471 385
Ce 65.7 251 390 123 256 161 350 525 79.3
Pr 9.12 4.37 5.30 19.0 561 327 075 11.2 8.90
Nd 324 14.7 19.0 65.0 244 149 3.20 53.7 36.6
Sm 465 203 239 830 541 342 059 126 7.70
Eu 0.82 0.44 0.34 1.50 130 087 013 298 1.60
Gd 333 1.69 141 6.20 769 538 064 176 740
Tb 0.50 020 025 0.86 119 082 010 245 1.20
Dy 3.08 1.10 1.63 5.00 8.16 576 0.66 179 6.00
Ho 0.64 0.21 0.36 1.00 202 150 0417 4.66 1.20
Er 1.84 053  1.23 2.70 632 49 048 157 3.60
Tm 0.32 0.08 0.20 043 090 0.71 0.08 2.29 045
Yb 215 042 146 270 547 434 043 142 3.40
Lu 0.35 007 023 0.43 084 066 007 214 0.54
Y 221 8.18 123 350 838 645 5380 205 40.6
Ce/Ce*® 0.82 0.08 0.69 0.93 063 0.17 031 0.90 1.13
Ce/Ce** 0.80 005 071 0.87 053 015 023 078 0.98
Eu/Eu*® 0.94 0.13 0.75 1.10 094 0.05 0.82 1.00 0.99
REE+Y 188 63.4 120 326 203 123 199 378 237
Y/Ho 341 256 294 374 407 516 327 510 338
Lan/Smp 1.65 0.47 091 229 082 0.21 0.51 1.10 0.89
Smnp/Ybn 1.09 0.50 0.65 231 056 0.19 0.29 0.88 1.13
Table 2). In contrast, SiO; (80.6+9.17 wt%), Fep,Ost The trace element concentrations between the different strat-

(1.03 +£0.25 wt%), total organic carbon (TOC; 7.9 3.2 wt%),
and S (0.82+0.49 wt%) contents are higher relative to the
siliceous mudstone from the younger Prevost Formation
(Figs. 7c-7d; Table 2).

igraphic horizons at the Van Property also vary (Figs. 7e—7h and
8; Table 3). Samples from the OSD show enrichments in some
metals exceeding twice the concentration of SDO-1, the refer-
ence black shale of the U.S. Geological Survey (Huyck 1991;
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FiGure 6. Geochemical classification of sand and shale after Herron (1988). (a) log(SiO2/Al,03) vs. log(Fe,03t/K,0) distinguishing clay-rich
rocks (shale) from silica-rich rocks (wacke, arenite, arkose, quartz sand). (b) log(SiO2/Al,03) vs. CaO [wt%] defining Ca content of sedimentary
rocks. Non-calcareous: CaO <2.8 wt% (Ca <4 wt%); calcareous: CaO=2.8-10.7 wt% (Ca=4-15 wt%); and carbonate: CaO > 10.7 wt%
(Ca> 15 wt%). Note: Highlighted fields distinguishing between (black) shale (dark brown), siliceous mudstone (medium brown), and siliceous
argillite (light brown) are based on log(SiO,/Al,03) projected to log(Fe;O3t/K,0)=0 with (black) shale=10g(Si0,2/A1,03) < 0.71, siliceous
shale=0.71 < log(Si0,/Al,03) < 1.05, and siliceous argillite = 1og(Si02/A1,03) > 1.05. Data source: [1] Mecca Quarry shale: Coveney and Martin
(1983); [2] Van Property: this study; [3] Moss: Gadd et al. (2019); [4] Storsjen-Myrvikken: Leventhal (1991); [5] Zhongcun deposit: Fu et al. (2023);
[6] SDO-1: Huyck (1991) and Jochum et al. (2005). SDO-1 is non-metalliferous black shale. Abbreviation: Fm = Formation.

Jochum et al. 2005), defining the investigated samples as met-
alliferous following Huyck (1991). In contrast, the siliceous
mudstone of the Prevost Formation is non-metalliferous. In par-
ticular, V and Zn are strongly enriched in the OSD with average
concentrations of 2943 +978 ppm and 3665+3637 ppm,
respectively, compared to 675 ppm V and 19 ppm Zn in
the Prevost Formation. Furthermore, the siliceous argillites
of the OSD have higher contents of U (8.15+2.81 ppm vs.
3.29 ppm, Fig. 7f), Ni (160 + 108 ppm vs. 3 ppm, Fig. 7g),
Mo (41.7£19.7 ppm vs. 2 ppm, Fig. 7h), Cu (103 £ 108 ppm
vs. 2 ppm, Fig. 8), and As (45.2 £ 22 ppm vs. 2 ppm). In contrast,
concentrations of Cr, W, and Co are similar between lithologies
of both stratigraphic levels (Table 3). The (non-)calcareous sili-
ceous argillites from the OSD show weak-to-strong positive cor-
relations of 'V with various elements, including Al,0O3 (R2 =(0.74,
Fig. 8a), K,0 (R?=0.62, Fig. 8b), TiO, (R*=0.53, Fig. 8c¢),
S (R?=0.89, Fig. 8d), TOC (R?>=0.85, Fig. 8¢), U (R>=0.58,
Fig. 8f), Ni (R>=0.92, Fig. 8g), Mo (R>=0.54, Fig. 8h), Zn
(R?=0.45, Fig. 8i), and Cu (R?=0.28, Fig. 8j).

Rare earth elements + Y (REE+Y) have relatively low total
concentrations in both the OSD and Prevost Formation with
sums of 83.7+32.7 ppm and 110 ppm, respectively (Table 3).
In samples from the OSD, the REE+Y pattern normalized
to Post-Archean Australian Shale (PAAS; McLennan 1989)
shows a strong Ce anomaly [Ce/Ce* =0.49£0.1 and 0.44 + 0.1
after Lawrence et al. (2006) and Nozaki (2008), respectively]
and no Eu anomaly [Euw/Eu*=1.05+0.1 after McLennan
(1989); Fig. 9; Table 3]. The REE pattern increases slightly
from light to heavy REE and Y. The REE pattern of the Prevost
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Formation sample is characterized by neither a significant Ce
[Ce/Ce* =0.93 and 0.9 after Lawrence et al. (2006) and Nozaki
(2008), respectively] nor Eu anomaly [Eu/Eu*=0.93 after
McLennan (1989)], with a relatively flat pattern that shows a
weak decrease from light to heavy REEs and Y (Fig. 9).

X-ray diffraction (XRD)

Results from XRD are provided in Table 4. Although sam-
ples from both the OSD and Prevost Formation are dominated by
quartz (OSD: 82.1%, Prevost: 73.4%), their mineralogy varies
(Fig. 10), consistent with their differing geochemistry. In the
OSD samples, the second most common phase is carbonaceous
matter (identified as graphite), followed by muscovite. How-
ever, based on reflectance studies using reflected light micros-
copy at the University of Manitoba, kerogen or bitumen likely
are present as well. Hydrocarbon speciation done by SGS
Canada Inc. did not reveal the composition of carbonaceous
matter. The results from both methods were inconclusive. Addi-
tional mineral phases that occur commonly in the siliceous
argillite, albeit at trace (<2%) levels, are illite, pyrite, sphalerite,
calcite, dolomite, fluor-apatite, and rutile (Fig. 5). Most illite is
of the 2M polytype based on XRD spectra with the presence
of characteristic peaks at d=4.48 A (021) and 2.42 A (117).
The ¢ parameter of unit cells of the best-fitting illite also is
~20 A, confirming the presence of the 2M polytype [personal
communication A. Zhang (2023)]. Biotite, gypsum, and goethite
are not observed microscopically but by XRD, totaling <2% on
average. The most prominent differences between siliceous
argillite (OSD) and siliceous mudstone (Prevost Formation)
are the enrichment in muscovite and the occurrence of barite,
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FiGure 7. Selected major, minor, and trace elements vs. log(SiO2/A1,03). (a) TiO; [wt%)]. (b) K20 [wt%]. (¢) Total organic carbon (TOC) [wt%].
(d) S [wt%]. (e) V [ppm]. (f) U [ppm]. (g) Ni [ppm]. (h) Mo [ppm]. Note: Highlighted fields distinguishing between (black) shale (dark brown),
siliceous mudstone (medium brown), and siliceous argillite (light brown) are based on log(SiO»/Al,03) projected to log(FeoO3t/K,0) = 0 with (black)
shale =10g(Si0»/A1,03) < 0.71, siliceous shale =0.71 < log(SiO2/A1,03) < 1.05, and siliceous argillite =log(Si02/Al,03) > 1.05. Data source: [1]
Mecca Quarry shale: Coveney and Martin (1983); [2] Van Property: this study; [3] Moss: Gadd et al. (2019); [4] Storsjen-Myrvikken: Leventhal
(1991); [5] Zhongcun deposit: Fu et al. (2023); [6] SDO-1: Huyck (1991) and Jochum et al. (2005). SDO-1 is non-metalliferous black shale.

Abbreviation: Fm = Formation.
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Abbreviation: Fm = Formation.
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TasLe 4. Summary of semiquantitative XRD results for analyzed
samples from the Van Property

Mineral Hf05-33  Hf05-34 Hf05-36  Hf05-37 Hf05-38  Hf05-39
Quartz (Wt%) 77.0 784 90.8 81.5 734 25
Calcite 0.8 25 - - - 90.2
Muscovite 5.6 46 26 39 20.7 -
Graphite 9.3 8.0 36 103 1.0 -
Pyrite 14 1.0 0.2 0.9 - 0.1
Dolomite 0.8 0.5 - - 04 1.5
Albite - - - - - 3.2
Gypsum 1.0 1.0 0.3 0.4 - 03
Biotite 0.6 0.2 04 0.8 - -
Sphalerite 1.2 1.1 0.1 - - -
Fluorapatite 03 04 - 03 - 03
Gibbsite - - - - 1.6 0.2
Phlogopite - - - - 0.1 1.2
Goethite - 0.1 0.1 - - 0.3
Rutile 0.4 0.4 04 04 0.5 -
Barite - - - - 0.3 -
lllite 1.7 1.7 1.5 1.6 2.1 0.1
Total 100 100 100 100 100 100

gibbsite, and phlogopite in the latter. Moreover, sulfides are
absent, and graphite is a trace phase in the Prevost Formation.

Mineral phases with V as a major component reported from
other shale-hosted V deposits [e.g., roscoelite and mannardite
(Fuetal. 2023; Yang et al. 2023)] and Jim and Janice Creeks near
the study location, NWT (Carne and Gish 1999), were not identi-
fied by XRD or SEM; V is only present in minor or trace concen-
trations in some identified phases. Secondary V-bearing phases
(e.g., corvusite) or V-bearing sulfides (e.g., sulvanite), as reported
by Carne and Gish (1999), were not identified via XRD or SEM in
the studied samples. Common minerals hosting minor V in shale
deposits are illite, oxides, and potentially carbonaceous matter
(Fester etal. 1927; Fischer et al. 1968; Peacor et al. 2000; Di Cecco
etal. 2018; Luetal. 2021; Veselovsky etal. 2021). To further con-
strain the V host(s) in siliceous argillite at the Van Property, SEM
and EMPA were applied to the V-rich samples of the OSD.

Scanning electron microscopy (SEM) and electron
microprobe analysis (EMPA)

Mapping by SEM and EMPA. All phases of interest (i.e., illite,
rutile, carbonaceous matter) are very fine-grained (<30 pm), and
detailed elemental maps done both via energy-dispersive

spectrometry (EDS) on SEM and wavelength-dispersive spec-
trometry (WDS) on EMPA were utilized to determine the spatial
distribution of V (Fig. 11). The most prominent V counts are
observed both in rutile and some illite (Fig. 11) that have been
in close contact with carbonaceous matter; sulfides occur with
V-bearing rutile as well but do not show any V counts (Figs. 11a
and 11h). In general, V signals recorded by EDS are strongest in
rutile (Figs. 11b and 11i); the presence of V in this oxide was
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FiGure 10. Results from XRD analyses on samples from OSD and
Prevost Formation. Non-quartz fraction is shown for siliceous argillite of
older OSD and siliceous mudstone of Prevost Formation.
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Ficure 11.BSE images of
selected rutile and illite grains with
EDS and WDS elemental maps of
siliceous argillite (OSD). (a—d).
Rutile with sphalerite and adjacent
low-V illite in quartz-rich matrix with
carbonaceous matter. (a) BSE image,

5
which is a close-up of Figure Sc. The 0.31% V,0, .

. 2L 0.39% V.0,
green rectangle in the upper left refers . : 258
to part e. (b) EDS elemental map of a O Rutile
showing the occurrence of V. Data Low-V illite High-V illite
represent V concentration of illite O rim O ri
and rutile done by EMPA. (¢) EDS coe_Rell

elemental map of a showing K and
highlighting the occurrence of illite.
Vanadium content in illite analyzed
by EMPA is also shown. (d) EDS
elemental map of a showing Ti and
highlighting the occurrence of rutile.
Vanadium content in rutile ana-
lyzed by EMPA is also shown. (e-g)
High-V illite with sphalerite in the
quartz-rich matrix and in contact with
carbonaceous matter. (¢) BSE image,
which is a close-up of Figure Sc and
part a (green rectangle). (f) WDS
elemental map of illite showing V
counts. Zoning with high counts in
core and lower counts at rim is due
to overlap of 1 pm beam spots on a
small area. Individual data represent
V content analyzed by EMPA. (g)
WDS elemental map of illite showing
Ti counts. Individual data represent
Ticontent analyzed by EMPA. (h-k)
Rutile between pyrite and dolomite
in the quartz-rich matrix. Illite is
partly kinked and in contact with car-
bonaceous matter. (h) BSE image,
which is a close-up of Figure Se. (i)
EDS elemental map of h showing
the occurrence of V. Data represent
V concentration of illite and rutile
done by EMPA. Circle refers to anal-
yses with V content below detection
limit or none detected. (j) EDS ele-
mental map of h showing K and
highlighting the occurrence of illite.
Vanadium content in illite analyzed
by EMPA is also shown. The circle
refers to analyses with V content
below detection limit or none
detected. (k) EDS elemental map
of h showing Ti and highlighting
the occurrence of rutile. Vanadium
content in rutile analyzed by EMPA
is also shown. Abbreviations: bdl =
below detection limit; Ilt=illite;
nd = not detected; Rt =rutile.

confirmed by observing spectra on the Kp peak that do not inter-
fere with Ti emission lines. Vanadium signals were recorded in
carbonaceous matter (Figs. 11b and 11i) by EDS; however, the
signal is weak and may represent background. It was not possible
to confirm the occurrence of V in this phase, most likely due to
relatively low abundance and hardness contrast to neighboring

American Mineralogist, vol. 110, 2025
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phases impacting the polishing of carbonaceous matter and hence
its analyses by X-rays. Since neither mapping method allowed
for quantitative assessment of V in illite and rutile, EMPA was
utilized on selected grains in siliceous argillite.

EMPA. Electron microprobe analyses were utilized to quan-
tify the V content in both illite and rutile identified as V-bearing
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TasLe 5. Summary of EMPA results on low-V illite, high-V illite, and rutile and their calculated mineral formula based on 11 O atoms and two

O atom:s for illite and rutile, respectively

Mineral Low-V illite (n=23) High-V illite (n=9) Rutile (n=6)
Av Std Min Max Av Std Min Max Av Std Min Max
Al,03 (Wt%) 30.2 3.28 23.1 35 237 1.27 218 258 0.1 0.01 0.10 0.1
MgO 1.75 0.92 0.47 5.29 236 0.69 1.79 4.11 0.09 0.09 0.09
Na O 0.46 0.24 0.16 1.05 0.12 0.01 0.12 0.13
Cao 0.35 0.07 0.28 0.47
SiOy 49.2 2.39 455 574 49.7 3.56 45.7 554 1.00 0.25 0.68 1.31
K,0 9.60 0.80 7.21 10.6 5.88 0.31 542 6.30
TiO; 0.30 0.13 0.13 0.66 032 0.14 0.18 0.60 93.8 2.22 90.2 954
FeO 244 1.57 0.62 6.47 0.75 0.03 0.73 0.77
V,03 0.78 0.59 03 1.91 103 2.32 7.3 13.1 1.66 1.75 0.31 429
H,0 5.55 1.66 294 10.8 735 1.60 5.44 10.7
Total 99.9 0.08 99.7 100 99.8 0.18 99.6 100 97.1 0.35 96.6 97.5
Total_no water 94.4 1.66 89.1 97.1 925 1.56 89.3 94.2
Mineral calculations, 0=11 Mineral calculations, 0 =2
Al (apfu) 2.39 0.23 1.83 2.75 1.90 0.12 1.69 2.08 0.00 0.00 0.00 0.00
Mg 0.18 0.09 0.05 0.53 0.24 0.07 0.18 0.41 0.01 0.01 0.01
Na 0.05 0.03 0.00 0.14 0.01 0.01 0.00 0.02
Ca 0.02 0.00 0.01 0.02
Si 3.30 0.13 3.1 3.71 3.38 0.18 3.15 3.64 0.04 0.01 0.03 0.05
K 0.82 0.08 0.59 0.95 0.51 0.03 0.45 0.56
Ti 0.02 0.01 0.01 0.03 0.02 0.01 0.01 0.03 291 0.03 2.86 295
Fe 0.14 0.09 0.03 0.40 0.01 0.02 0.00 0.05
\Y 0.02 0.03 0.00 0.10 0.56 0.13 0.38 0.73 0.03 0.03 0.01 0.07
Total 6.92 0.10 6.58 7.07 6.63 0.08 6.48 6.72 3.00 0.00 3.00 3.00
OH 2.00 0.00 2.00 2.00 2.00 0.00 2.00 2.00
Total+OH 8.92 0.10 8.58 9.07 8.63 0.08 8.48 8.72
Siv 3.30 0.13 3.11 3.71 3.38 0.18 3.15 3.64
AV 0.70 0.13 0.29 0.89 0.62 0.18 0.36 0.85
Sum_Tetrahedral 4.00 0.00 4.00 4.00 4.00 0.00 4.00 4.00
Al 1.69 0.14 137 1.86 1.29 0.08 1.16 1.40
Fe"' ) 0.14 0.09 0.03 0.40 0.01 0.02 0.00 0.05
Mg"' 0.18 0.09 0.05 0.53 0.24 0.07 0.18 041
TV 0.02 0.01 0.01 0.03 0.02 0.01 0.01 0.03
Sum_Octahedral 2.02 0.04 1.89 2.08 1.55 0.10 1.42 1.70
\Y 0.02 0.03 0.00 0.10 0.56 0.13 0.38 0.73
Sum_Octahedral+V 2.04 0.04 191 2.12 2.11 0.05 2.02 217
Na 0.05 0.03 0.00 0.14 0.01 0.01 0.00 0.02
K 0.82 0.08 0.59 0.95 0.51 0.03 0.45 0.56
Sum_Interlayer 0.88 0.07 0.66 0.95 0.52 0.04 0.45 0.57
4si@ 0.83 0.03 0.78 0.93 0.85 0.04 0.79 0.91
m*e 0.88 0.07 0.66 0.95 0.52 0.04 0.45 0.57
3R% 0.10 0.05 0.05 0.23 0.08 0.02 0.06 0.14

Notes: Av = average; Max = maximum value; Min =minimum value; n=number of samples; Std = standard deviation.
@ Clay composition was calculated using Newman and Brown (1987) and is displayed in Figure 12.
45i=Si/4, M* =K 4 Na 4 2Ca, 3R*= (Fe’" 4+ Mg?* + Mn?*)/3, all elements in apfu

by both EDS and WDS mapping. The results for both phases are
provided in Table 5 and the Online Materials'.

Based on V-content, two illite compositions are identified:
(1) low-V illite with <2 wt% V03 (Figs. 11a-11c and 11h-
11j) and (2) high-V illite with >7 wt% V,03 (Figs. 11e and
11f) of which the former is more common. Both variations
are, however, similar in texture (Fig. 11), with the most promi-
nent difference being that low-V illite commonly has cleavage
developed and can be kinked (Figs. 11a—11c and 11h—11j). Both
low-V and high-V illite are in contact with carbonaceous matter
(Fig. 11). The composition of illite based on interlayer occu-
pancy [i.e., illite-smectite with K =0.5-0.69 atoms per formula
unit (apfu) after Aja 1989 and Rosenberg 2002; illite end-mem-
ber with K =0.88 apfu after Meunier and Velde (1989); Srodon
etal. (1992); Yates and Rosenberg (1997); Aja (2020)] was fur-
ther constrained using the ternary plot after Newman and Brown
(1987) and Aja (2020) (Fig. 12). This plot employs the silica
content in the tetrahedral position (4Si), the sum of interlayer
cations (M ™), and the sum of mafic elements on the octahedral
site 3R?) to distinguish between different clay end-members

(Fig. 12a). Low-V illite is close to end-member composition of illite
(K=0.88 apfu; Fig. 12b) with a calculated average (n=23) for-
mula Ko g (A11A69F60A14Mg0.1xTi352V352)§io4 (Si3,30A10A70)§;Y00010
(OH), (H,0) (Table 5; Online Materialsl). In contrast, high-V
illite is much closer to the illite-smectite composition (K =0.50—
0.69 apfu) and has strong deficits on the interlayer site (Fig. 12b)
with an average (n=7) formula of K s; (Al »9Feq o Mgp .24
Tig o Vo'se)y 11 (Siz3sAl0.62)500010(OH),  (HO)  (Table  5;
Online Materials'). Besides V content, low-V and high-V illite
also have significantly different concentrations of Al,O3, FeO,
K»0, and NayO; low-V illite is enriched in all these elements
relative to high-V illite (Fig. 13; Table 5). Vanadium also
shows different element associations in each type of illite. In
low-V illite, V is <0.17 apfu and is negatively correlated with
AP in the octahedral site; other correlations of V with elements
in different sites are not observed (Figs. 13a—13e). In contrast,
in high-V illite, the V correlates with several elements
(Figs. 13a—13c and 13e), including Si and Al in the tetrahedral
site, Al on the octahedral site, and Ti. When the size of the illite
grains permitted, analyses close to the rim and core were
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Ficure 12. Composition of analyzed illite displayed in the 48i-M*-3R? ternary plot after Newman and Brown (1987) and Aja (2020).
End-member composition of selected clay minerals are given for comparison (Rieder et al. 1998; Brigatti et al. 2003; IMA 2021) (a) Analyzed low-
V illite (yellow) plots close to illite composition with interlayer charges of 0.88 (Ilt sg), whereas high-V illite (orange) plots near illite with interlayer
charges of 0.6 (Iltg 60), 0.65 (Iltg 65), and smectite montmorillonite (Mtm). (b) Close-up of a showing the distribution of low-V illite close to end-member
illite composition (Ilty gg) and high-V illite close to illite-smectite (I/S) composition. None of the analyzed illite grains is of roscoelite composition. The
partial overlap between low-V illite from the Van Property and roscoelite is due to similar interlayer charges. Vanadium content is not considered in the plot.

performed, but no significant differences in composition were
observed (Figs. 11 and 13; Online Materials').

The small size of rutile grains made it difficult to avoid
analyzing neighboring phases. Of the nine spots that were
initially analyzed, only six analyses with totals of >97.3 wt%
were used. Although these totals are relatively low for oxides
and rutile, analyses showed trace concentrations of SiO;
(1.00 £ 0.25 wt%) and CaO (0.35 +0.07 wt%), most likely due
to overlaps with adjacent quartz and/or calcite, the composition
of the analyzed rutile grains was stoichiometrically homoge-
neous with an average (n = 6) formula of (Ti.93V¢.03)2.91. Defi-
ciencies in Ti** were attributed to the minute grain size and
contamination with SiO; and CaO from neighboring grains.
After TiOy (93.8+£2.22 wt%), V203 (1.66 +1.75 wt%) was
the second most abundant element in rutile. Similar to illite,
V concentrations in rutile were variable, with some spots having
less than 0.80 wt% V,03 (Figs. 11b and 11d) and other spots
with 3.48 wt% V,03 (Figs. 11i and 11k).

American Mineralogist, vol. 110, 2025

Discussion
Comparison to other shale-hosted V deposits

Shale-hosted V deposits are one of four major sub-classes
of V deposits [i.e., vanadiferous titanomagnetite deposits, sand-
stone-hosted deposits, shale-hosted deposits, and vanadate deposits,
e.g., Fischer and Stewart (1961); Fischer (1968, 1975); Fischer et al.
(1968); Kelley et al. (2017)]. None of the approximately 20 globally
known shale-hosted V deposits (Kelley et al. 2017; Elbokl 2022; Fu
et al. 2023; Yang et al. 2023) are currently in production. Reasons
include current limits on the effective beneficiation of V due to the
fine-grained nature of host lithology and potential occurrence of V
with organic matter (Vitolo et al. 2000; Li et al. 2021; Simandl and
Paradis 2022) as well as a poorly developed deposit model. The
deposit model does not account for variations in host lithology,
V-bearing mineralogy, type and maturity of carbonaceous matter
(i.e., kerogen, bitumen, or graphite), metamorphic grade, or what
these characteristics imply for V enrichment process(es).
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FIGURE 13. Binary plots displaying the composition of analyzed low-V and high-V illite (core and rim) in siliceous argillite of the OSD. All elements
are in atoms per formula unit [apfu]. (a) V vs. Si'V. (b) V vs. A1V, (¢) V vs. Al". (d) V vs. Fe"". (¢) V vs. Ti. (f) Ti vs. Al". (g) Ti vs. Fe". (h) Tivs. Mg"".

To highlight variations in shale-hosted V deposits and contrib-
ute to a more holistic deposit model, the geochemistry of the Van
Property is compared to other shale-hosted V deposits (Figs. 6 to 9),
which were selected based on V grade (>0.15 V,0s wt%) and their
reported major, minor, and trace element composition (Tables 2

and 3). The selected deposits are, from youngest to oldest: (1)
Mecca Quarry Shale from Indiana and Illinois, U.S.A. (Coveney
and Martin 1983; Peacor et al. 2000); (2) historical data from
the Duo Lake Formation at the Van Property, Flat Lakes, NWT,
Canada (Carne and Gish 1999); (3) Moss prospect, Yukon, Canada
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Time and Temperature

»

»
Sedimentation Diagenesis Metamorphism
Recrystallization

Mineral Phase

Quartz
Muscovite
Low-V lllite
Apatite

Primary

PYiramboical

Graphite =~ = 0 oA———mm e m— oo
High-V illite

Calcite

Dolomite

Pyrite ~ emm e m———
Sphalerite

Rutile

Secondary

Ficure 14. Paragenetic sequence based on mineralogical observa-
tions and analyses. See text for details.

(Gadd et al. 2019); (4) Storsjen-Myrvikken in Jamtland, Sweden
(Leventhal 1991); and (5) Zhongcun deposit, southern China (Fu
etal. 2023). All these deposits are of Paleozoic age (early Cambrian
to Pennsylvanian) and vary in host lithology, metamorphic grade,
TOC and S concentrations, V-hosting minerals, and the reported
process(es) responsible for V enrichment (Table 6 with listed refer-
ences). Some of these features (e.g., age) are common for most
known shale-hosted V deposits. In contrast, other characteristics
(e.g., host lithology, content of TOC and S content, mineralogy)
are much more variable than summarized in Kelley et al. (2017).

Within the selected deposits, host lithology is not restricted
to black shales, marls, or mudstones (Kelley et al. 2017) and
rather includes silica-rich, very fine-grained sedimentary rocks
with a minor clay component such as the siliceous argillites
observed at both the Van Property and Zhongcun deposits
(Fig. 6a). Therefore, deposits show similar or higher than aver-
age V grades of the black shales and mudstones from the Mecca
Quarry Shale, Moss prospect, and Storsjon-Myrvikken (Fig. 7e;
Tables 2-3). Hence, clay minerals, whose abundance exceeds
55% in shales (Shaw and Weaver 1965), are not solely respon-
sible for scavenging and retaining V, although authigenic illite is
commonly referred to as the dominant V host in shale-hosted V
deposits (Coveney and Martin 1983; Meunier 1994; Peacor et al.
2000). Therefore, it seems, phases other than illite can contribute
to the V budget of shale-hosted V deposits. Recent studies from
Fu et al. (2023) and Yang et al. (2023) showed that V is also
hosted in hydrothermally formed, V-rich micas (roscoelite,
mannardite), anatase, and secondary goethite.

Most shale-hosted V deposits have average TOC contents
exceeding 5 wt% (Kelley et al. 2017), with the exception of
Moss (2.14+1.69 wt%; Fig. 7c; Table 2). Although there is
a positive linear correlation between TOC and V (Fig. 8e),
suggesting organic matter plays a critical role in V enrichment
(Lewan and Maynard 1982; Breit and Wanty 1991; Leventhal
1991), a direct relationship between high-TOC content and V
enrichment is ambiguous because organic-rich shales such as
the reference Devonian Ohio shale SDO-1 (Fig. 8e; Table 2)
has relatively low metal, especially V, concentrations. Lu et al.
(2021) showed that dissolved organic matter, V availability
in seawater, and the redox state of bottom waters control V
enrichment over time since V concentrations varied in strati-
graphic horizons of the lower Cambrian Nuititang Formation,
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TasLe 6. Summary of shale-hosted V deposits in comparison to data presented in this study from the Van Property

Lithology using

log(SiO>/Al,03)

V-bearing

Metamorphic

after
Herron (1988)

Process of metal enrichment
Organic matter originated both from terrestrial (peat) and marine (algae?)

minerals

0.80+0.53 28.8+13.9 Authigenic illite,

V205 (Wt%) TOC (wt%)

grade

Age
Pennsylvanian,

Stratigraphy

Deposit

none

Black shale

Mecca Quarry Shale, Linton Formation,

lllinois and Indiana,

USA.[1, 2]

source; V enrichment from low-T brines circulating through shales during

minor kerogen

Upper
Carboniferous

Van Property, NWT  Duo Lake Forma- Lower Ordovician Siliceous argillite

Carbondale Group

diagenesis forming V-rich illite and adding V to kerogen

(Sub-)greenschist 0.53+0.17 7.85+3.21 High-V illite, rutile, V enrichment of carbonaceous matter during deposition in open system by

metalation and formation of geoporphyrins; enrichment of V in high-V illite

carbonaceous

to Devonian

tion, Road River

[31

and rutile during late-stage metamorphism due to release of V as V3* and

matter

Group

VO?* from degrading geoporphyrins

(Sub-)greenschist 0.48+0.18 6.89+1.59 V-rich mica (ros- V enrichment by hydrocarbon-rich, SEDEX-like hydrothermal fluid, whereas

Van Property, NWT  Duo Lake Forma- Lower Ordovician Siliceous argillite

V was transported as organo-metallic complex; illite and organic matter

coelite?), poten-

to Devonian

tion, Road River

[4]

tially asphaltene, became enriched in V upon contact of hydrothermal fluids with muds on

sulvanite, corvu-

Group

seafloor; later diagenesis transformed V-rich illite to V-rich mica

site (secondary)

NA

NA

0.23+0.05 2.71+0.63

Road River Group Late Cambrian to Black shale to sili-

Moss, YK [5]

ceous mudstone

Middle Devonian

Secondary enrichment of V by metamorphically induced hydrothermal
fluids originated from the basement; organic matter and pyrite acted as

lllite and/or
organic matter

036+0.11 129+0.85

Low grade

Siliceous
mudstone

Cambrian

Alum Shale
Formation

Storsjen-Myrvikken,
Jamtland, SWE [6]

reductant
Scavenging of V from ambient seawater

nardite, V-bearing
goethite, sulva-

1.28+1.44 747+478 Roscoelite, man-

NA

Siliceous mud-
iceous

stone to

Early Cambrian

Shuigouku
Formation

Zhongcun, CHI [7]

o
g

©
2
©

nite, anatase

Note: [1] Coveney and Martin (1983); [2] Peacor et al. (2000); [3] This study; [4] Carne and Gish (1999); [5] Gadd et al. (2019); [6] Leventhal (1991); [7] Fu et al. (2023).
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South China. Hence, the occurrence of shale-hosted V deposits
may not only be a function of TOC content but also how
much V was dissolved in seawater at any given time in the
geologic record.

The relationship between reduced S and V in shale-hosted V
deposits is even less straightforward (Fig. 8d); S exceeds 1 wt%
in most shale-hosted V deposits (Kelley et al. 2017). However,
both the Van Property and Zhongcun deposits have S < 1 wt%
(Table 2). It has long been assumed that H;S is an effective
reductant in shales converting oxidized, mobile V3+ to reduced,
less mobile V** or V3T (Breit and Wanty 1991; Wanty and
Goldhaber 1992). However, the lack of correlation between S
and the occurrence of V enrichment in deposits such as the
Van Property with relatively low S indicates: (1) S does not play
a critical role in V enrichment in shale-hosted deposits with
S <1 wt%, and (2) S is most likely introduced into shale-hosted
deposits independently from V, for instance by an oxidized
brine similar to fluids forming sedimentary exhalative deposits
(e.g., Emsbo et al. 2016; Goodfellow and Lydon 2007).
Although bacteria in mudstones and shales are common S pro-
ducers via bacterial sulfate reduction of seawater (e.g., Canfield
2001) forming framboidal pyrite, this S source is interpreted to
be minimal at the Van Property. Here, prismatic pyrite and
sphalerite are not authigenic (Fig. 14) and show evidence that
they were formed by a hydrothermal fluid that encountered
the siliceous argillite of the OSD after diagenesis since sulfides
have random orientation, occur with rutile (also secondary;
Fig. 14), and overgrow the quartz-rich matrix (Figs. 5 and 11).

The positive correlations of V with other metals such as
Mo, Ni, Zn, and Cu (Figs. 8¢ and 8g—8j) emphasize that V
enrichment could be related to several processes: (1) synge-
netic scavenging from seawater and enrichment in authigenic
material coevally with Mo (e.g., Algeo and Maynard 2004;
Tribovillard et al. 2012) and (2) (epigenetic) enrichment involving
hydrothermal brines that also add Zn and/or Cu (e.g., Goodfellow
and Lydon 2007; Hitzman et al. 2012; Brown 2014; Emsbo et al.
2016). The enrichment of V during sedimentation, diagenesis, or
metamorphism in the selected deposits (Table 6 and cited refer-
ences therein) is a function of host lithology, geologic setting,
and most likely the metamorphic grade. McGill et al. (2024)
showed that the depositional regime in which the V-enriched
siliceous argillites formed was both anoxic and euxinic. The poten-
tial impact, especially of the latter, has so far not been sufficiently
addressed in literature. It is, however, strongly assumed that meta-
morphism can contribute to V enrichment by liberation of V from
carbonaceous matter due to the destruction of geoporphyrins in
crude oils with increasing temperature (Lewan and Maynard
1982; Lewan 1984; Filby 1994; Greenwood et al. 2013). The
role of metamorphism on V-bearing phases at the Van Property
is discussed below in more detail.

Mineral hosts of vanadium

The mineralogy of V-hosting phases has been studied in
organic-rich sedimentary rocks. Many workers identified inor-
ganic phases as hosts, which are clays illite, mannardite, and
roscoelite, and/or oxides rutile or anatase, karelianite, eskolaite,
schreyerite, oxyvanite, unknown V-Ti-bearing oxides, and
rare sulfides such sulvanite (Coveney and Martin 1983; Carne

and Gish 1999; Peacor et al. 2000; Di Cecco et al. 2018; Lu et al.
2021; Veselovsky et al. 2021; Fu et al. 2023; Yang et al.
2023). Additionally, organic matter has long been known to
hold substantial amounts of V since crude oil and the kerogen
and bitumen fractions of sedimentary rocks can be enriched
in V (Fester et al. 1927; Hodgson 1954; Krauskopf 1955; Fischer
et al. 1968; Vine and Tourtelot 1970; Mercer et al. 1992,
1993; Filby 1994).

The current study at the Van Property identified two inor-
ganic phases hosting relatively high amounts of V: (1) high-V
illite with up to 13 wt% V03, and (2) rutile with up to
4.4 wt% V;,0s (Fig. 11; Table 5). Although illite is a common
V-host in shale-hosted deposits, two types occur at the Van
Property (Figs. 11 and 12), of which only high-V illite is rela-
tively enriched in vanadium (average = 10.26 = 2.32 wt% V03,
Fig. 13), has a composition close to I/S (i.e., K=0.51+ 0.03
apfu, Fig. 12), is apparently the 1M polytype (personal
communication A. Zhang 2023), is closely associated with car-
bonaceous matter, and does not show any indication of deforma-
tion (i.e., kinking). This is similar to the study by Lu et al. (2021),
who identified V-enriched illite as 1M/1My polytype, closely
associated with pyrite and organic matter. However, in contrast
to the study of Lu et al. (2021), the high-V illite at the Van Prop-
erty does not show pyrite inclusions and a formation involving
dissolved organic matter and illitization during diagenesis can-
not be assumed. The correlation of V with several elements on
various crystallographic sites (Fig. 13) rather indicates that V
occurs in more than one oxidation state in high-V illite. The neg-
ative correlation of V3% with AI** on the octahedral site is com-
mon in high-V illite and also observed both in low-V illite at the
Van Property and in V-bearing authigenic illite from the Mecca
Quarry shale, Indiana (Coveney and Martin 1983; Peacor et al.
2000). Vanadium on the tetrahedral site negatively correlates
with Si** and positively with AI>* (Figs. 13a and 13b). This
could either be due to coupled substitution (i.e., V> +
AT & ZSi4+) or the occurrence of a vanadyl ion VO** on
the tetrahedral site. Coupled substitution with V in the highly
oxidized mobile state of V3* (Breit and Wanty 1991; Wanty and
Goldhaber 1992) has only been reported from synthetic illite in a
hydrated environment (Wei et al. 1999) and is not seen as viable
option due to the charge imbalance and ionic radii difference
between Si** and V' of 0.26 and 0.355 A, respectively
(Shannon 1976), on the tetrahedral site. These charge and size
differences would hinder effective substitution according to
Goldschmidt’s rules of cation substitution (Goldschmidt 1937).
In contrast, the vanadyl ion is a common component in organic-
rich shales and mudstones since it is formed by the process of
metalation of organic matter (i.e., formation of metallo-organic
complexes such as geoporphyrins) and which occurs in uncon-
solidated sediments prior to diagenesis (Lewan and Maynard
1982). During maturation of carbonaceous matter by diagenesis
and/or metamorphism, geoporphyrins demetallate, releasing
VOt (Lewan and Maynard 1982; Lewan 1984; Filby 1994),
which then can be introduced into inorganic minerals. Yang et al.
(2023) described the occurrence of VO>* and V3% in mannar-
dite that formed in strongly reduced, euxinic shales. Although
the origin of V3T and VO** cannot be constrained in this study
at the Van Property, a hydrothermal origin for V3T and VO?* is
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where g, b, and c are the decimal proportions of low-V illite, high-V illite, and rutile for each sample based on XRD results, and P1, P2, P3 are the

axPi+bxPy+cxPy+ ...

-balance calculation using Equation 1: V

€V content reported from crude oils and bitumen as potential third host for V: Heavy bio-degraded marine oil; Boscan, Venezuela (Cretaceous) with 1200 ppm (Mercer et al. 1992), Bitumen, New Albany shale, Indiana (marine,

Mississippi-Devonian) with 2700 ppm (Mercer et al. 1992) and Crude oil, Boscan, Venezuela (Cretaceous) with 4958 ppm (Chirinos et al. 2013).

average V content in low-V illite, high-V illite, and rutile in ppm based on EMPA results.

b Mass
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/4 Oxidation state of V in rutile
\/3* Oxidation state of V in illite
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Metamorphism (Jurassic)

Zn-bearing, oxidized,
realtively low T, acidic,
hydrothermal fluid

359

Metalation of V in carbonaceous
matter forming geoporphyrins

Diagenesis
(Devonian to Carboniferous)

V-bearing geoporphyrins
in carbonaceous matter

Siliceous argillite

De-metalation of V-bearing
geoporphyrins releasing VO#

Ficure 15. Simplified genetic model of V enrichment at the Van Property. (a) Sedimentation during Lower Devonian, (b) diagenesis during

Devonian-Carboniferous, (¢) metamorphism during Jurassic.

is present and to determine if it hosts V, the V concentration of
crude oil, bitumen, and kerogen can reach several thousands of
parts per million (Mercer et al. 1992; Chirinos et al. 2013). Fur-
thermore, the positive correlation between V and TOC for
siliceous argillites from the Van Property (Fig. 8c) indicates a
strong role of total organic carbon in vanadium uptake. Although
XRD identified graphite (Fig. 10) as the only carbonaceous

phase, which is consistent with the degradation of organic matter
under metamorphic conditions (Buseck and Huang 1985),
Costantinides et al. (1959) and Lewan (1980, 1984) stated that
V-bearing geoporphyrins in kerogen and bitumen do not fully
demetallate (e.g., lose V-bearing organo-metallic complexes
and form inorganic complexes such as VO**) at temperatures
in excess of 300-350 °C in crude oils. Peacor et al. (2000)
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showed that kerogen is an important host of V in the weekly
metamorphosed black shales of the Mecca Quarry, Indiana. This
finding supports the occurrence of V with carbonaceous matter
at siliceous argillite (OSD) at the Van Property.

Process of vanadium enrichment at the Van Property

The model for the enrichment of V in shales or siliceous argil-
lites must consider the age, depositional environment, lithological
composition, mineralogy of V-hosted phases, amount of carbona-
ceous matter, and metamorphic grade. Currently, there are several
explanations of how V is enriched in shale-hosted V deposits: (1)
oxidized V7t is scavenged from ambient seawater by organic
matter or clays in anoxic or euxinic basins and incorporated in
illite as reduced V3* and/or in organic matter as V** (Breit
and Wanty 1991) upon deposition or during late diagenesis, form-
ing the additional V-bearing phases roscoelite, mannardite, or
anatase (Fu et al. 2023); (2) V is scavenged directly from ambient
seawater by dissolved organic matter of nano-size that then accu-
mulated in shale and was taken up by smectite forming V-bearing
smectite-nano-composites. During diagenesis, illitization of
smectite and pyrolysis (i.e., maturation of organic matter) of
organic matter results in V release and uptake of V3+ into illite
(Lu et al. 2021); (3) low-T, hydrothermal brines circulated
through sediments during deposition and early diagenesis forming
V-rich, authigenic illite and V-rich organic matter (Peacor et al.
2000); (4) hydrothermal fluids containing immiscible, V-bearing
petroleum droplets circulated through unconsolidated, organic-
rich seafloor sediments and V3T was incorporated into illite
and organic matter. Diagenesis transferred V-bearing illite into
roscoelite (Carne and Gish 1999). Alternatively, a petroleum
ore fluid was the preferred transport medium for metals including
V in shale-hosted deposits (Emsbo et al. 2009); and (5) secondary,
supergene enrichment may further upgrade the V content in shales
due to the circulation of meteoric fluids through V-enriched
shales, forming V-rich goethite (Fu et al. 2023).

At the Van Property, processes 2 to 5 are dismissed as the
dominant explanations of V enrichment. Fu et al. (2023)
described the occurrence of micro-sized pyrite inclusions in
illite-organic nanocomposites formed by dissolved organic mat-
ter that scavenged V from ambient seawater, were incorporated
into smectite upon deposition and then into illite upon subse-
quent illitization of smectite. Although pyrite inclusions were
observed in some illite, they only occur in low-V illite (Figs. Se
and 11h). Formation by syn-genetic and syn-diagenetic hydro-
thermal fluids that carried V either in a hydrothermal fluid
(Peacor et al. 2000) or in immiscible petroleum droplets (Carne
and Gish 1999; Emsbo et al. 2009) is also excluded for these
reasons: (1) solubility of V in hydrothermal fluids is very low
and cannot explain the amount of V present at the Van Property
(Breit and Wanty 1991); (2) the amount of V held in the carbo-
naceous fraction is at least 40% (Table 7) and cannot be
explained by minor petroleum droplets in a hydrothermal fluid.
Although the source of the carbonaceous matter (e.g., primary:
source rock or secondary: trap; Filby 1994, and references
therein) cannot be constrained in this study, it is a major V source
in which V became enriched either upon deposition and/or dia-
genesis in the two upper members of the OSD; (3) the occurrence
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of V is stratigraphically limited to the Lower Cherty Mudstone
Member and the upper part of the Upper Siliceous Mudstone
Member (Fig. 3). Any petroleum fluid flow also should have
impacted the underlying members of the OSD (i.e., Calcareous
Mudstone Member, Siliceous Mudstone Member, Transition
Member) if there were a permeable pathway for petroleum
fluids. However, these units are several tens to hundreds of
meters thick and consist of less permeable, fine-grained
siliciclastic lithologies (Carne and Gish 1999).

Additionally, only the upper part of the Upper Cherty
Mudstone Member shows V enrichment (Carne and Gish
1999), whereas the remaining member has low-V content. This
selective enrichment within the same stratigraphic horizon is
difficult to explain by a circulating petroleum ore fluid that also
enriched the older, conformably underlain Lower Siliceous
Mudstone Member; (4) high-V illite and rutile formed during
or after low-grade metamorphism and incorporated V either
as V3*, V4, or VO?* in their crystal structure. Vanadium most
likely originated from the degradation of carbonaceous matter
and demetallation of geoporphyrins. Furthermore, the close spa-
tial occurrence of high-V illite and rutile with randomly oriented
pyrite and sphalerite and the strong positive correlation of V
with Zn suggest that a low-T, Zn-bearing hydrothermal fluid
circulated through the argillite; and (5) although Carne and Gish
(1999) described the occurrence of secondary corvusite on
weathered surfaces at the Janice and James Creek showings, this
was not observed in the studied samples and hence, the role of
supergene processes is minimal or even absent.

Based on the lithogeochemical and mineralogical results in
this study, the enrichment and incorporation of V in various
mineral phases in the siliceous argillite of the OSD at the
Van Property occurred via different processes (Fig. 15). First,
upon the deposition of quartz-rich, fine-grained sediments and
organic matter under anoxic conditions and beneath the calcite
compensation depth (Turner et al. 2011) in the Lower Devo-
nian, V was incorporated as a trace component into low-V
illite and formed geoporphyrins via metalation in carbonaceous
matter during early diagenesis (Figs. 15a and 15b). The likely
source of V was V°F or V** scavenged either from ambient
seawater [illite formation (Breit and Wanty 1991)] or pore
water interacting with carbonaceous matter (Lewan 1980;
Lewan and Maynard 1982; Filby 1994) where an open system
was crucial for effective large-scale V scavenging (Lewan
and Maynard 1982). During diagenesis, lithification of argillite
occurred, as well as maturation of low-V illite to illite end-
member composition (i.e., illite with K=0.80-0.88 apfu)
and maturation of carbonaceous matter (Fig. 15b). Further-
more, during (sub-)greenschist metamorphism, quartz and
low-V illite deformed, the carbonaceous material transformed
to graphite, and geoporphyrins demetallated (Fig. 15¢). Lastly,
a low-T, Zn-rich hydrothermal fluid circulated through sili-
ceous argillite forming hydrothermal illite of I/S composition
in which V was enriched (Fig. 15¢). Due to the two oxidation
states of V present in high-V illite (i.e., V3t and V** in VO?™),
we propose that vanadyl ions formed by demetallation of geopor-
phyrins were incorporated into a later generation of high-V illite
during metamorphism. Further studies on high-V illite using
transmission electron microscopy and atom probe tomography
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will be utilized to confirm this. The timing of the Zn-rich hydro-
thermal fluid is unknown and may be related to metamorphism
during the Jurassic (i.e., a late metamorphic fluid) or intrusive
activity that formed the nearby Cantung tungsten deposit in the
Cretaceous (Ootes et al. 2013).

IMPLICATIONS

This study investigated the enrichment of V at the Van
Property, Northwest Territories, using lithogeochemistry, SEM,
XRD, and EMPA. The results show that: (1) V enrichment is
not restricted to shale; (2) high-V illite, rutile, and assumingly
carbonaceous matter are the predominant V hosts; and (3) the
genesis is a complex interplay of syngenetic (e.g., V scavenging
from seawater), diagenetic (e.g., metalation of V forming
organo-complexes), and metamorphic (e.g., release of V due
to de-metalation; hydrothermal fluid interaction) processes.
These results have implications on both the role of metamor-
phism regarding V enrichment and exploration for shale-hosted
V deposits. The former is not well constrained yet, and this study
provides insight into how metamorphism can refine metal
enrichment and the relationship of V uptake by both inorganic
and organic phases during syngenetic, diagenetic, and metamor-
phic conditions. Vanadium has an increasing demand, and
shale-hosted deposits are a viable yet under-exploited option.
Results from this study aid in refining the current deposit model
by incorporating variations in host lithogeochemistry and
mineralogy and the role of metamorphism and, hence, target
potential V prospects in metamorphosed Paleozoic sedimentary
basins that have not yet been considered for exploration.
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