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Abstract

Iron skarns commonly contain Co along with base and precious metals. Vancouver Island, Texada Island, and Haida Gwaii in southern
Wrangel have the largest concentrations of Co-bearing iron skarns in British Columbia. Here we present scanning electron microscopy-mineral
liberation analysis (SEM-MLA) data showing the distribution and mineralogy of Co and Te in magnetite skarn, massive magnetite-calcite,
podiform sulphide, and massive sulphide mineralization and associated alteration from iron skarns on Vancouver Island and Texada Island.
Cobalt occurs primarily as cobaltite and is most commonly observed with sulphide-bearing quartz-carbonate-hornblende that crystallized after
massive magnetite. In most cases, massive magnetite and sulphide-bearing orebodies are surrounded by proximal andradite-rich skarn and
distal sodic-calcic alteration surrounding feldspar-scapolite veins. Bismuth-Ag-Hg telluride, electrum, and native bismuth are also commonly
intergrown with cobaltite mineralization and occur as inclusions in primary pyrite-pyrrhotite-chalcopyrite.

Keywords: Skarn, iron skarn, cobalt, tellurium, bismuth, critical minerals, Wrangel terrane

1. Introduction

Cobalt is an essential component of rechargeable batteries
and superalloys and cannot be substituted in most industrial
applications (Dehaine et al., 2021). Similarly, tellurium is a
key material for photovoltaic cells and thermoelectric devices
(Goldfarb, 2015) and cannot be substituted without significant
loss of efficiency and product performance (USGS, 2024).
Therefore, disruptions in the availability of Co and Te represent
risks to manufacturing supply chains and the global economy.
Canada and most of its trading partners identify these elements
as critical minerals (Nassar et al., 2022; Hickin et al., 2024;
NRCan, 2024), and there is an ongoing effort to locate and
develop domestic Co and Te resources.

Iron skarns (e.g., Cox, 1986) commonly contain primary Fe,
Cu, and Au-Ag mineralization (Slack et al., 2017) with minor
amounts of Co that can be refined as a co-product or by-product
of base-metal refining (Mudd et al., 2013) such as at Cornwall,
Pennsylvania (Lapham, 1968). The southern part of Wrangel
terrane on Vancouver Island and Texada Island (Fig. 1;
Hancock, 1988; Ray, 2013), an area that includes territories of
many Indigenous Nations, hosts the largest concentration of iron
skarns in British Columbia. Many of these occurrences were
mined and prospected for base and precious-metal resources
(Ray, 2013) but might also contain previously unrecognized Co
mineralization.

Minerals containing Co and Te commonly constitute only
a trace volume of base- and precious-metal mineralization
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Fig. 1. Location of iron skarn clusters on Vancouver Island and Texada
Island. Terranes modified from Colpron (2020).

(Hickin et al., 2024), and robust mineralogical data are
commonly lacking at the deposit scale. This is partly due to the
relative rarity of minerals in which these elements are major
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constituents and identifying these minerals using conventional
petrography. Automated scanning electron microscope-mineral
liberation analysis (SEM-MLA) can be used to systematically
identify micro-scale mineralogy and textural features in
thin sections (e.g., Wang et al., 2022a, b; Liang et al., 2023;
Shan et al., 2023). In this paper, we present SEM-MLA data
documenting the occurrence of minerals containing Co and
Te and describe their association with ore and alteration types
in iron skarns from southwestern British Columbia (Fig. 1;
Table 1).

2. Iron skarns

Skarns are generally classified as garnet- and pyroxene-rich
calc-silicate rocks that replace or overprint host rocks adjacent
to intrusions, within shear zones, or along faults. Skarns always
have a genetic association with a source of heat (e.g., magmatic,
tectonic) or fluids (e.g., hydrothermal, metamorphic) and can
form in any rock type, but are most commonly associated with
carbonate-rich sedimentary sequences (Meinert et al., 2005).

Skarns form via a continuum of metamorphic and
metasomatic processes. Initially, skarn formation involves
thermal isochemical metamorphism with no external mass
transfer or exchange (Meinert et al., 2005). This results in
the conversion of impure carbonate rocks to fine-grained,
biotite-bearing calc-silicate hornfels and micro-scale exchange
reactions between carbonate and interbedded silt and shale to
produce reaction skarn (Zarayskiy et al., 1987). At this stage,
the chemical character of the host rock is the primary control
on the composition of skarn minerals, with magnesium- and
calcium-rich host rocks producing magnesian and calcic skarn
varieties.

The onset of mass transfer via magmatic or metamorphic
fluid flux marks the transition from isochemical metamorphism
to metasomatism (Meinert et al., 2005). Though host rock
composition is still a primary control on skarn mineralogy at this
stage, fluid composition and path of egress are the predominant
constraints of the distribution and composition of skarn formed
via metasomatic processes (Meinert et al., 2005). This initially
produces skarnoid rocks via the coarsening of early-formed
calc-silicates (Zharikov, 1970a, b). Subsequent fluid flux
and mass transfer results in the wholesale conversion of host
rocks into prograde anhydrous skarn assemblages of garnet
and pyroxene and the transfer of metals and other elements
to the skarn aurcole from an external source (Newberry,
1991). Late-stage thermal collapse of the hydrothermal
system and the influx of groundwater result in the retrograde
formation of hydrous mineral assemblages rich in amphibole,
epidote, chlorite, clays, carbonate, and quartz that overprint
the anhydrous prograde assemblages (Newberry, 1991;
Meinert et al., 2005). This retrograde stage is also commonly
associated with the precipitation of sulphides introduced in the
prograde phase (Ray, 2013). This pattern is consistent with a
hydrothermal genetic model and applies well to most skarn
varieties (e.g., Cu, Zn-Pb, W-Sn, Au-Ag; Einaudi et al., 1981;
Dawson and Kirkham, 1996).
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Like all skarns, iron skarn deposits have abundant calc-
silicate alteration and commonly have a spatial relationship
with a sources of heat such as an intrusion. However, iron
skarns are distinguished by their magnetite-rich and silicate-
poor character, their common spatial relationship with mafic
intrusions and volcanic rocks, (Meinert et al., 2005; Ray and
Webster, 2007), and their association with Co mineralization
(Cox, 1986; Slack et al., 2017). Iron skarns are among the
largest skarn deposit type and are typically mined for Fe, but
can also contain significant Cu, Ni, and Au-Ag (Kesler, 1968;
Vidal et al., 1990; Meinert et al., 2005).

3. Background
3.1. Geologic setting

Paleozoic-Mesozoic rocks of Wrangel terrane on Vancouver
Island and Texada Island (Fig. 1) consist of arc-related
intrusions, marine sedimentary rocks, and volcanic rocks
(Fig. 2; e.g., Greene et al., 2006; Nixon and Orr, 2007; Canil
and Morris, 2024). These rocks were accreted onto the western
margin of North America during the late Jurassic or Early
Cretaceous (e.g., Greene et al., 2006; Canil and Morris, 2024).

Basement rocks on Vancouver Island include the
Paleozoic island arc volcanic and sedimentary rocks of
the Nanoose complex and the Sicker and Buttle Lake
groups (Sutherland Brown et al., 1986; Massey, 1995a-c).
These rocks are overlain by Karmutsen Formation basalts,
Quatsino Formation limestone, and other sedimentary
units of the Vancouver Group (Middle to Late Triassic;
Sutherland Brown et al., 1986; Nixon and Orr, 2007; Figs. 2, 3).
The Bonanza Group overlies the Vancouver Group and includes
the Parson Bay Formation (Upper Triassic to Middle Jurassic;
DeBari et al., 1999; Nixon and Orr, 2007) which consists of
siliciclastic and carbonate sedimentary rocks and arc-related
volcanic rocks. The gabbroic to granodioritic intrusions of the
Westcoast crystalline complex (ca. 190-174 Ma; DeBari et al.,
1999; Canil et al., 2010) and diorite to granite intrusions of
the Island Plutonic suite (ca. 201-166 Ma; Nixon et al., 2011a-
d) were emplaced contemporaneously with, and in some areas
overlain by, the Bonanza Group (Fig. 3; Canil et al., 2010).
Bonanza Group rocks are overlain by, or are in fault contact
with, the Coal Harbor Group, Longarm Formation (Lower
Cretaceous), and Queen Charlotte and Nanaimo groups (Upper
Cretaceous).

Similar geological relationships are preserved on
Texada Island (Fig. 2b) where basement rocks include the
Sicker and Buttle Lake groups (Paleozoic). These are overlain
by lateral equivalents of the Karmutsen Formation and the
Quatsino Formation. This stratigraphic sequence is intruded
by diorite and quartz monzonite stocks associated with the
Island Plutonic suite (Ettlinger and Ray, 1989; Webster and
Ray, 1990a, b) and is overlain by the sedimentary rocks of the
Nanaimo group (Cretaceous).

3.2. Deposit geology
Iron skarns on Vancouver Island and Texada Island,
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Table 1. Orebodies in major iron skarn deposits on Vancouver Island and Texada Island.
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Cluster, orebody Lat./Long. Description of the mineralization Relationship with host rocks
Merry Widow cluster: 50.3553, Massive magnetite-calcite with sulphide- Mineralization adjacent to the Coast
Merry Widow-Kingfisher- -127.2536 bearing calcite-hornblende-quartz pods/ Copper pluton (197.4-197.1 Ma), along
Raven (Magnetite-calcite lenses. the Kingfisher fault, and either replaces
+podiform sulphides) Bonanza Group volcanic rocks or forms
pipe-like bodies that crosscut coarsely
crystalline limestone.
Merry Widow cluster: 50.3789, Massive magnetite and garnet-epidote Mineralization pervasively replaces host
Old sport (Magnetite -127.2378 skarn overprinted with chalcopyrite- rock along diorite sill that follows the
skarn, podiform pyrrhotite-pyrite. brecciated contact between Karmutsen
sulphides) Formation volcanic rocks and Quatsino
Formation limestones and likely extends
down dip to the contact with the Coast
Copper intrusion.
Merry Widow cluster: 50.3553, Massive pyrite-chalcopyrite-pyrrhotite Mineralization along sharp contacts with
Marten, Copper Knob, -127.2536 surrounded by coarse calcite and open- coarse crystalline limestone immediately
Bluebird, Snowline, space filling amphibole and quartz. adjacent to mafic dikes of unknown age.
North Notch, Dry Hill,
B3 (Massive sulphides)
Argonaut cluster: 49.9219, Massive magnetite with sulphide-bearing Mineralization ~0.5-1 km from a small
Iron River (Magnetite -125.4375 pods of quartz-hornblende-calcite-garnet. granodiorite intrusion associated with
skarn +podiform Sulphides are typically chalcopyrite-pyrite.  the Quinsam intrusion (177 Ma; Island
sulphides) Plutonic suite) and primarily in epidote-
chlorite altered volcanic rocks and
interbedded sedimentary rocks of the
Karmutsen Formation or Bonanza Group.
Quatsino Formation limestones north of
the main magnetite showing contains only
minor magnetite mineralization.
Argonaut cluster: 49.8622, Coarsely crystalline massive magnetite Mineralization occurs within a hinge of
Argonaut/Iron Hill -125.5458 with garnet skarn gangue. Chalcopyrite an overturned syncline along a highly
(Magnetite skarn mineralization is variable and contains deformed contact between folded
+podiform sulphides) minor Co. Karmutsen volcanic rocks and Quatsino
Limestone near contact with the Quinsam
granodiorite intrusion (177 Ma; IPS) that
crosscuts both. Mineralization primarily
replaces Karmutsen volcanic rocks near
sharp contacts with crystalline limestone.
Argonaut cluster: 49.9662, Podiform magnetite and pyrrhotite- Mineralization localized to pods of
Bacon Lake (Magnetite -125.6265 pyrite-chalcopyrite in garnet-hornblende- limestone and volcanic rock that are
skarn, podiform clinopyroxene-epidote gangue. Sulphides surrounded by apophyses of intrusive
sulphides) host sporadic Co and Au-Ag. rock associated with nearby Island
Plutonic Suite intrusions. Podiform
orebodies occur along the irregular
contacts between the volcanic and
sedimentary rocks.
Iron Mike cluster: 50.3083, Podiform bodies of massive magnetite Mineralization focused along one or more
Iron Mike, TDH -125.9789 separated by pods of garnet-epidote skarn.  bands (1-200 m thick) of crystalline,

(Magnetite skarn
+podiform sulphides)

Little to no sulphides or other impurities
other than calc-silicate gangue.
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intravolcanic limestone within Karmutsen
Formation pillowed basalt flows.
Mineralization occurs ~0.5-1.5 km from
the Adams River batholith (162.7 Ma,
Island Plutonic suite).
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Table 1. Continued.

Texada cluster: 49.7443, Small bodies of massive magnetite
Volunteer, Spratt Bay -124.5123 minor chalcopyrite-pyrite-pyrrhotite and
(Magnetite skarn, abundant garnet-pyroxene gangue. Locally
podiform sulphides) enriched in Co and Au-Ag.

Texada cluster: 49.7047, Massive magnetite with abundant garnet-
Prescott, Lake, YKD, -124.5489

Paxton (Magnetite skarn,
podiform and massive
sulphides)

are primarily calcic in composition and form clusters of
occurrences with the same general geology, host rocks, and
cross-cutting relationships (Ray, 2013; Table 1). The upper part
of the Karmutsen Formation represents the oldest rocks in every
deposit and consists of green-black, fine-grained, massive,
amygdaloidal basalt flows and pillowed volcanic rocks. In many
areas, the upper part of the Karmutsen Formation contains one
or more 1-200 m thick beds of inter-volcanic limestone (Fig. 3).
These volcanic rocks and the limestone beds are common hosts
for iron skarn mineralization (Fig. 3; Table 1). Karmutsen
Formation-hosted iron skarns include those in the Iron Mike,
Texada, and Argonaut clusters (Table 1; Fig. 2).

The structural contact between the Karmutsen Formation
and overlying Quatsino Formation rocks is a common
location for iron skarn formation (e.g., Prescott, Paxton, YKD,
Lake; Table 1). This contact is deformed and brecciated and
pervasively altered to magnetite skarn and overprinted with
secondary sulphides (Sangster, 1969; Ray and Webster, 1991).
This deformation and overprinting is commonly so pervasive
that the host-rock protolith is obscured (e.g., Old Sport,
Table 1). In contrast, iron skarns in the massive limestones
in the upper and middle parts of the Quatsino Formation are
rare. These skarns typically form discrete pipe-like bodies
with minor sulphides (e.g., Kingfisher in the Merry Widow
cluster; Ray and Webster, 1991; Nixon et al., 2011d; Morris
and Canil, 2020, 2024; Bain and Waugh, 2024). In all cases,
calc-silicate alteration in the Quatsino is minor relative to
Karmutsen or Bonanza Group rocks (e.g., Old Sport, Prescot,
Paxton; Bain and Waugh, 2024).

The massive to thinly bedded volcaniclastic rocks and marine
sedimentary rocks of the Parson Bay Formation at the base
of the Bonanza Group (Nixon and Orr, 2007; Figs. 2, 3) also
host significant iron skarn mineralization (e.g., Merry Widow,
Raven, Iron River; Table 1). These rocks are commonly in
unconformable contact with the underlying Quatsino Formation
limestone and are overprinted by pale-green albite alteration
(Bain and Waugh, 2024). As with the Karmutsen Formation,

pyroxene-hornblende skarn and minor
pyrite-chalcopyrite-pyrrhotite (podiform
and massive sulphides).
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Mineralization occurs in 1-10 m thick
bands of intervolcanic limestone
within variably pillowed, amygdaloidal
basalt flows (Karmutsen Formation).
Mineralization is 1-3 km from a
Cretaceous (?) granodiorite stock.

In epidote-chlorite-altered Karmutsen
Formation along a highly deformed
contact between bleached white Quatsino
Formation limestone and the Gillies Bay
quartz monzonite stock (169 Ma; Island
Plutonic suite) immediately to the east.
Massive sulphides in coarse limestone
and calcite pods immediately adjacent to
mafic dikes.

calc-silicate alteration is more pervasive in Bonanza Group
rocks than the underlying limestone (Bain and Waugh, 2024).

Iron skarns on Vancouver Island and Texada Island are
all spatially associated with Island Plutonic suite intrusions
(e.g., the Coast Copper, Quinsam, Adams River, and Gillies Bay
intrusions). These intrusions range from gabbro to granodiorite
and have U-Pb zircon ages between 201 and 166 Ma
(Nixon et al., 2011a-d). Phlogopite from the Merry Widow
deposit has a K-Ar date of 197.9 +1.3 Ma (Nixon et al., 2011d)
that overlaps the zircon U-Pb date of ca. 197.4 +0.5 Ma to
ca. 197.1 0.3 Ma for the adjacent Coast Copper intrusion.
These data, along with the common spatial association of Island
Plutonic suite intrusions with iron skarns across the Wrangel
Terrane, suggests a genetic relationship between the Island
Plutonic intrusions and the associated skarns. However, Island
Plutonic suite intrusions generally lack significant endoskarn
mineralization and, where present, endoskarn commonly lacks
clear continuity with exoskarn formed in adjacent volcanic and
sedimentary rocks.

Multiple generations of fine-grained, sulphide-bearing
mafic dikes and sills with well-defined chilled margins occur
in and around the iron skarns (Bain and Waugh, 2024). These
dikes commonly host Cu-Au-bearing massive sulphide
mineralization, where they crosscut recrystallized limestone
strata (Bain and Waugh, 2024). These massive sulphide bodies
typically lack abundant skarn alteration like that observed in
and around the massive magnetite orebodies. The associated
dikes are likely coeval with or post-date Island Plutonic suite
intrusions, but this relationship is typically unclear (Ray and
Webster, 1991).

4. Methods
4.1. Sample selection

Forty-two samples from seven iron skarns were selected for
this study (Table 2). These samples were taken from outcrops
and drill cores that show characteristic ore and alteration
minerals and their textures, associations, and cross-cutting
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relationships. The sample suite includes volcanic host rocks
overprinted with calc-silicate and sodic-calcic alteration
and mineralized rocks (i.e., massive calc-silicate, massive
sulphides, magnetite skarn, magnetite-calcite, and podiform
sulphide mineralization styles).

4.2. Methods: scanning electron microscopy-mineral
liberation analysis (SEM-MLA)

Quantitative mineral studies of 42 thin sections (30-100 pum)
were conducted at CREAIT Microanalysis Facility at Memorial
University using a FEI Quanta field emission gun 650 scanning
electron microscope (SEM) equipped with mineral liberation
analysis (MLA) software version 3.14 (Sylvester, 2012;
Grant et al., 2018; Beranek et al., 2023). Instrument conditions
included a 25 kV accelerating voltage, 13.5 mm working
distance, and 10nA beam current. The MLA frames were 1.5 by
1.5 mm with a resolution of 500 by 500 pixels. Backscatter
electron (BSE) images (Fig. 4b) of each frame were used to
identify features to a resolution of 30 pm or less, depending
on the contrast in BSE signal across mineral grain boundaries.
MLA maps (Fig. 4c) were created using GXMAP mode by
acquiring energy-dispersive X-ray spectra in a grid every
10 pixels, with a spectral dwell time of 12 ms, and comparing
these against an in-house library of mineral reference spectra.
The accuracy of mineral identification was verified using in
situ imaging and point analysis. Each MLA dataset was first
rendered with unique colours representing every mineral phase
(Fig. 4c). A custom colour scheme that groups or subdivides
mineral groups based on their composition and paragenesis
(Figs. 4d, 5) was then chosen to highlight textural features and
cross-cutting relationships.

Subsequent processing of MLA data in Adobe Photoshop
isolated pixel groups (i.e., minerals) in each MLA scene to
evaluate the paragenesis of the mineral phases they represent.
Isolated pixels were grouped and rendered in colour (Fig. 4e)
and black and white panels (Fig. 4f) to show the distribution
of paragenetic assemblages within the analyzed samples.
Mineral phases containing elements identified on the 2024
version of the Canadian critical mineral list (NRCan, 2024)
were highlighted to show their distribution in the paragenetic
assemblages (Fig. 4g).

5. Results

The mineralogy, textures, and distribution of critical minerals
was evaluated on a pixel-by-pixel basis and yielded similar
results across all the studied deposits.

5.1. Mineralization

On the metre scale, mineralization is variable and commonly
includes three styles: 1) magnetite skarn, 2) massive magnetite-
calcite, and 3) sulphide. These styles vary in abundance
between deposits and were often transitional between one
another. For instance, magnetite skarn and massive magnetite-
calcite commonly grade into each other and both styles contain
variable podiform sulphides.
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5.1.2. Magnetite skarn mineralization

Magnetite skarn is the most common mineralization style
across all deposits and occurs as zones of intergrown calc-
silicate minerals and magnetite that replace host rocks. This
style is primarily developed in fragmental volcanic rocks
(i.e., the Karmutsen and Parson Bay formations) and composed
of prograde clinopyroxene-garnet and magnetite overprinted
with prograde carbonate-hornblende, all of which replace host
rocks (Fig. 6a). The prograde clinopyroxene (i.e., diopside-
hedenbergite; Ray, 2013) pervasively replaces the cores of
host rock fragments that are surrounded by coarse magnetite
and garnet along their outer edges (Figs. 6b, ¢). The garnets
are typically euhedral with well-developed growth zones
(Figs. 6c¢, 7a, c) defined by intergrown amphibole-carbonate
(i.e., hornblende, actinolite, and calcite; Figs. 6c, d, f). Garnets
are primarily andradite-grossular but are most commonly
andradite-rich in sulphide-rich samples (Figs. 6¢-¢, 7). Chlorite-
epidote commonly overprint the clinopyroxene, garnet, and
magnetite that replace host rock fragments and are likely part
of a retrograde assemblage (Fig. 6b)

Sulphide minerals are almost always intergrown with
retrograde quartz-carbonate-hornblende +clinopyroxene
+magnetite (Figs. 6d-g). The sulphides comprise aggregates of
coarse pyrite-pyrrhotite-chalcopyrite with minor amounts of
bornite-cuprite-cobaltite-pentlandite-arsenopyrite (Figs. 6f, g).
Minor amounts of sulphides are also intergrown with fine-
grained, prograde magnetite, but this is rare.

Minerals containing Co and Te are generally in low abundance
in magnetite skarn mineralization. However, sporadic zones of
course primary cobaltite intergrown with garnet and magnetite
are in limestone beds in the upper part of the Karmutsen
Formation on Texada Island (Fig. 7).

5.1.3. Massive magnetite-calcite mineralization

Massive magnetite-calcite (Table 1) comprise orebodies
of pure magnetite and interstitial calcite with abundant
open space-filling textures (Bain and Waugh, 2024). These
orebodies are surrounded by skarn developed in volcanic rocks
(e.g., Merry Widow orebody) and form pipe-like bodies with
minor abundances of calc-silicate minerals and sharp contacts
with host rock when formed in limestone (e.g., Kingfisher
orebody; Bain and Waugh, 2024).

Primary magnetite in magnetite-calcite orebodies occurs
as masses of fine-grained crystals surrounded by coarse
euhedral crystals with open space-filling, botryoidal textures
(Fig. 8). Open space-filling magnetite is enveloped by
1-5 cm thick masses of retrograde carbonate-hornblende-
quartztchloritetepidote and variable orthopyroxene and
orthoclase intergrown with the retrograde minerology. This
retrograde assemblage fills interstitial space and fractures in
magnetite and is the most common context for pyrite-pyrrhotite-
chalcopyrite-arsenopyrite and other sulphides (Figs. 8c, b) in
mineralized rocks across all deposits.

Cobalt sulpharsenides and telluride minerals occur in massive
magnetite-calcite orebodies and are always associated with Fe-
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Island Plutonic
suite: Diorite to
granite intrusions
(ca. 201-166 Ma')

Volcanic and
volcaniclastic
rocks, minor
siliciclastic and
carbonate rocks

Parson Bay
Formation:
Laminated to
bedded limestone,
siltstone, and shale
with interbedded,
fine-grained,
volcanic and
tuffaceous rocks

Bonanza Group

Quatsino
Formation: Massive
to bedded
limestone

\i/
7 S

Iron skarn
mineralization

Upper part of
Karmutsen
Formation:
Subaerial basalt
flows with
interbedded
limestone

Vancouver Group

Lower part of
Karmutsen
Formation:
Subaqueous
pillowed flows with
picritic intervals
and minor breccias

Fig. 3. Schematic stratigraphy of Vancouver Island showing the
stratigraphic context of iron skarns. Modified from Nixon and
Orr (2007) and Canil et al. (2010). ' Ages from Nixon et al. (2011a-d).
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and Cu-sulphides and retrograde calcite-hornblende-quartz
(Figs. 8c, d) that crosscut massive magnetite (Figs. 9a-c).
Cobaltite is the most common sulpharsenide and is commonly
intergrown with pyrite, pyrrhotite and calcite (Figs. 8, 9).
Silver-bismuth tellurides are commonly intergrown with
cobaltite (Fig. 9d) or form inclusions in pyrrhotite and pyrite
along with native bismuth and electrum.

5.1.4. Sulphide mineralization

Sulphide mineralization varies from podiform to massive
(Bain and Waugh, 2024). These morphological styles have
similar bulk sulphide mineralogy but form in distinct settings
and have different trace metal contents.

Podiform sulphide ores comprise aggregates of euhedral to
anhedral pyrite-chalcopyrite-pyrrhotite (Fig. 10) with minor
magnetite, arsenopyrite, pentlandite, sphalerite, galena, and rare
bornite-chalcocite-cuprite. This morphological variant occurs
within massive magnetite skarn and magnetite-calcite orebodies
and is always intergrown with or crosscut by coarse retrograde
carbonate-hornblende-quartz-chlorite-epidotetmagnetite and
minor amounts of intergrown orthopyroxene (Figs. 10a-c).
Podiform sulphides resemble the sulphide-bearing carbonate-
hornblende-quartz masses associated with open space-filling
magnetite in the magnetite-calcite orebodies but are more
sulphide-rich (>25 vol.% sulphides) and larger (>1 m wide).

Massive sulphide ores are >60 vol.% sulphides, which form
veins and discrete masses with minor silicate-oxide gangue
along the margins of mafic dikes (Ray and Webster, 1991;
Travis et al., 2022; Bird, 2023; Bain and Waugh, 2024). This
mineralization style lacks replacement textures and occurs
exclusively along the contact between crystalline limestone and
mafic dikes. The dikes associated with this style are gabbro to
monzogabbro, 0.5-4 m wide in cross section, and overprinted
with epidote-chlorite+orthoclase alteration (Bain and Waugh,
2024). The sulphide assemblage generally consists of pyrite-
chalcopyrite-pyrrhotite-arsenopyrite-bornite-chalcocite ~ and
minor cuprite, pentlandite, and sphalerite (e.g., Marten and
Copper Knob; Table 1), but some are predominantly pyrite-
chalcopyrite (Figs. 11a, b) and others 30-50% arsenopyrite
(e.g., B3; Figs. 1lc, d). Due to their lack of replacement
textures, massive texture, general lack of abundant calc-silicate
minerals, and occurrence outside of massive magnetite or skarn
bodies, the paragenesis of the massive sulphide ores is unclear.

Primary pyrite and pyrrhotite in podiform sulphides
contain Ag-Bi tellurides and electrum inclusions. Cobaltite,
cobalt-arsenic hydroxide (erythrite), and native Bi are also
common and occur with secondary fracture-filling carbonate-
hornblende-quartz ~ and  chlorite-orthopyroxene-limonite
veinlets that crosscut primary sulphides (Figs. 10c-e).

Primary  pyrite-pyrrhotite-chalcopyrite-arsenopyrite  in
massive sulphide bodies contain inclusions of Ag-Bi-Hg
tellurides and minor electrum. Electrum and Ag-Bi tellurides
are also common with secondary weathering products of
massive sulphides (e.g., scorodite, Fig. 11). In this setting, Ag-
Bi tellurides are restricted to secondary chalcopyrite-bornite-
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Table 2. Samples analyzed and minerals identified by MLA in this study.

Sample Type Sample ID Deposit Eiifle Lat. Long. Cu Au-Ag Co Te Bi
Alteration Skarn 24WBA-158-019D Bacon Lake c; 19 4997  -125.63 Co

Alteration Skarn S23WBA-008-a-7 Iron River c 49.92  -125.44

Alteration Skarn S23WBA-021-a-4 Iron River c 4992 -12544 Cu Co

Alteration Skarn S23WBA-085-g Spratt Bay b; 85 49.74  -124.51 Co

Alteration Skarn S23WBA-094-b Spratt Bay b; 94 49.74  -124.51

Alteration Na-Ca S23WBA-059-d-2 Merry Widow a 50.36  -127.25 Au-Ag

Alteration Na-Ca D23WBA-048-004 MW21-009 a 5036  -127.25

Alteration Na-Ca D23WBA-048-017a MW21-009 a 50.36 -127.25 Co

Alteration Na-Ca D23WBA-048-030 MW21-009 a 5036  -127.25 Co

Alteration Na-Ca D23WBA-047-049 MW21-014 a 5036 -127.25

Magnetite skarn 24WBA-156-008A-4 Argonaut c 49.86 -125.54 Cu Co

Magnetite skarn 24WBA-158-019G Bacon Lake c; 19 4997  -125.63 Ag Co Te Bi
Magnetite skarn 24WBA-158-019L Bacon Lake c; 19 4997  -125.63 Te Bi
Magnetite skarn 24WBA-160-024B-3 Iron Mike d; 24 50.31  -125.98 Co

Magnetite skarn S23WBA-021-a-6 Iron River c 49.92  -125.44

Magnetite skarn S23WBA-032-a-1 Old Sport a 50.37  -127.24 Au-Ag

Magnetite skarn S23WBA-078-f Paxton b; 78 49.70  -124.54 Cu

Magnetite skarn S23WBA-083-d Prescott b; 83 49.70  -12455 Cu Au-Ag Te
Magnetite skarn S23WBA-085-c Spratt Bay b; 85 49.74  -124.51 Co

Magnetite skarn S23WBA-082-d YKD b; 82 49.70  -12455 Cu

Host Bonanza Gp S23WBA-059-g Merry Widow a 50.36  -127.25

Host Karmutsen Fm 24WBA-160-023A-2 Iron Steve d; 23 50.31 -125.99 Co

Host Mafic Dike D23WBA-048-017b MW21-009 a 5036  -127.25

Magnetite-calcite 24WBA-156-006A-3 Argonaut c 49.86 -12554 Cu Ag

Magnetite-calcite 24WBA-157-012A-4 Bacon Lake c; 12 49.97  -125.63 Au-Ag Co Te Bi
Magnetite-calcite 24WBA-157-013A-3 Bacon Lake c; 12 4997  -125.63 Au-Ag Co Te Bi
Magnetite-calcite 24WBA-158-020E Bacon Lake c; 20 4997  -125.62 Co
Magnetite-calcite D23WBA-047-020 MW21-014 a 5036  -127.25 Cu Au-Ag Co
Magnetite-calcite D23WBA-047-025 MW21-014 a 5036 -12725 Cu Ag Co Te Bi
Massive sulfide S23WBA-031-a-1 B3 a 5035 -127.25 Cu Au-Ag Te Bi
Massive sulfide S23WBA-079-¢ Lafarge b; 79 49.71 -12456 Cu Ag Te Bi
Massive sulfide 24WBA-162-027B-3 Marten a 5035  -127.25 Te Bi
Podiform sulphides 24WBA-156-011A-2 Argonaut c 49.86  -125.54 Bi
Podiform sulphides 24WBA-158-020C Bacon Lake c; 20 4997 -125.62 Cu Ag Co Te Bi
Podiform sulphides 24WBA-158-020D Bacon Lake c; 20 49.97  -125.62 Cu Co

Podiform sulphides 24WBA-160-025A-3 Iron Mike d; 25 5031  -125.98

Podiform sulphides S23WBA-069-a-2 Iron Mike d; 69 50.31 -125.98 Co Bi
Podiform sulphides D23WBA-047-029 MW21-014 a 5036 -12725 Cu Au-Ag Bi
Podiform sulphides D23WBA-047-032 MW21-014 a 5036 -127.25 Cu Au-Ag Te Bi
Podiform sulphides D23WBA-047-038 MW21-014 a 5036 -12725 Cu Au-Ag Co Te Bi
Podiform sulphides S23WBA-032-b-1 Old Sport a 5037 -12724 Cu Co
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¢ Crystaline

Fig. 4. Example of the workflow used to collect and process MLA data. This sample (S23WBA-48-17a) shows the contact between carbonate
host rock and the sulphide-bearing chilled margin of a mafic dike from the Merry Widow deposit. a) Thin section in plain polarized light (PPL).
b) BSE mosaic of the same thin section. A red square denotes the footprint of individual mosaic tiles. ¢) MLA map with each mineral represented
as a unique colour. This image is generated using grain boundaries recognized in the BSE mosaic and a grid of energy-dispersive spectroscopy
point data. d) MLA data rendered with a custom colour scheme (Fig. 5). e) Panels showing isolated pixel groups representing the mineral
assemblages of the host carbonate, chilled margin, and transitional zone between the chilled margin and core of the mafic dike (Left: carbonate-
clinopyroxene; Centre: albite-hornblende-chlorite-epidote; Right: intermediate plagioclase-orthoclase-sulphides). f) The same panels showing
each mineral assemblage in uniform, monochromatic black. g) Inset image of the sulphide-rich area from the transitional zone illustrating the
distribution of cobaltite (circled in red). See text for details.
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Host

Chilled

Transitional

Fig. 4. Continued.

cuprite (Figs. 1la, b) and electrum is primarily observed
in secondary Co-As-hydroxide and iron-oxide minerals
(Figs. 1lc, d). Cobaltite mineralization was not observed in
massive sulphide bodies.

5.2. Alteration in igneous and siliciclastic rocks

Skarn and other alteration types in Vancouver Island
and Texada Island irons skarns are mostly in igneous and
siliciclastic rocks (Webster and Ray, 1990a, b). Carbonate
rocks accommodate a much smaller volume of alteration and
iron oxide mineralization and are mostly recrystallized into
coarse calcite (Bain and Waugh, 2024).
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5.2.1. Skarn

Skarn zones consist of masses of prograde garnet-
clinopyroxene-anorthite overprinted by retrograde carbonate,
quartz, epidote, hornblende, and minor amounts of other Fe-rich
amphiboles (Fig. 12). This alteration is texturally destructive,
and forms massive garnet skarn composed of course, euhedral
grossular garnet with andradite growth zones and intergranular
carbonate (Fig. 12b). Masses of prograde skarn typically grade
outward from massive garnet to zones of clinopyroxene-
anorthite surrounded by fresh host rock (Figs. 12a, b). In
porphyritic Karmutsen Formation mafic volcanic host rocks,
this alteration forms zones of coarse garnet surrounded by a
gradational halo of clinopyroxene that overprints magnetite-
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Unique Custom

Unique Custom

Colour colour Mineral Group Colour colour Mineral Group
Apatite Acs -Hedenbergite Hbl
Monazite-(Ce) Acs - Hornblende Hbl
Rutile Acs Biotite Mica
Titanite Acs Muscovite Mica
Zircon Acs Ferrosilite Opx
Ferriprehnite Amp Orthopyroxene Opx
Kaersutite Amp Ilmenite Oxide
Tremolite Amp Limonite Oxide
Chlorite Alt Magnetite Oxide
Epidote Alt Scorodite Oxide
Gonyerite Alt Spinel (Cr-Fe) Oxide

-Scapolite Ca-Na alt Quartz Qtz
Ankerite Carb Albite Spar
Calcite Carb - Anorthite Spar
Siderite Carb Orthoclase Spar
Ag Telluride CM Plag 50-50 Spar
Bi Telluride CM Arsenopyrite Sulphide
Bismuth CM Bornite Sulphide
Co-As Hydroxide CM Chalcocite Sulphide
Cobaltite CM Chalcopyrite Sulphide
Electrum CM Cuprite Sulphide
Hg Telluride CM Galena Sulphide
Clinopyroxene Cpx Pentlandite Sulphide
Augite Cpx Pyrite Sulphide
Andradite Grt Pyrrhotite Sulphide
Grossular Grt Sphalerite Sulphide

Fig. 5. Colour scheme for SEM-MLA data. Acs = Accessory; Amp = Amphibole; Alt 1 = Early alteration; Ca-Na Alt = Sodic-calcic alteration;
Carb = Carbonate; CM = Other critical minerals; Cpx = Clinopyroxene; Grt = Garnet; Hbl = Hornblende; Opx = Orthopyroxene; Qtz = Quartz;

Spar = Feldspar.

bearing host rock groundmass and surrounds anorthite-altered
primary intermediate plagioclase phenocrysts (Figs. 12c¢, d).

Skarn zones typically lack discrete Co- and Te-bearing mineral
phases unless overprinted by podiform sulphides or magnetite
skarn mineralization. In most cases, overprinting sulphides are
intergrown with retrograde carbonate-hornblende-quartz that
crosscut grossular garnet along fractures and fills intergranular
space (Fig. 13).

5.2.2. Sodic-calcic alteration

Sodic-calcic alteration consists of thin selvage of co-
genetic  albite-scapolite-clinopyroxene-orthoclase-carbonate
developed along the edges of <2-5 mm wide veins. In most
cases, the selvage is zoned with a sulphide-bearing albite-rich
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rim and a clinopyroxene-orthoclase-scapolite-carbonate core
(Figs. 14a-d). The mineralogy of the veins associated with
this alteration type varies and includes albite-hornblende-
carbonate-clinopyroxene, scapolite-clinopyroxene-orthoclase,
clinopyroxene-ferriprehnite, and epidote-chlorite-ferriprehnite-
carbonate varieties (Figs. 14a, b). This alteration type is not
texturally destructive and was exclusively observed in fine-
grained mafic igneous host rocks proximal to magnetite-calcite
and magnetite skarn orebodies (Fig. 14). Zones of sodic-calcic
alteration typically lack primary quartz (Figs. 14e, f) and
magnetite (Figs. 14g, h) present in unaltered host rock and are
weakly overprinted with carbonate. As a result, hand samples
of sodic-calcic altered rocks are nonmagnetic and variably
effervesce in hydrochloric acid. This alteration type is not
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Fig. 6. a) Custom colour MLA image of calc-silicate magnetite skarn mineralization in Karmutsen Formation volcanic rocks from Iron Mike
(24WBA-160-24B-3). b) Inset image; host rock fragments are pervasively overprinted with clinopyroxene and early-stage chlorite-epidote
alteration and are rimmed with coarse- to fine-grained magnetite. ¢) Euhedral grossular (Figs. 7a, c¢) and intergrown hornblende-carbonate.
The garnet in this sample overprints the earlier magnetite-clinopyroxene alteration and fills fractures. d) Sulphide-bearing quartz-carbonate-
clinopyroxene filling interstitial space between euhedral andradite crystals; calc-silicate magnetite skarn; Prescott occurrence, Texada cluster
(S23WBA-78-f). e) Distribution of quartz-carbonate-clinopyroxene-pyrite, in black. Carbonate defines growth zones (red arrows) in primary,
euhedral, andradite crystals and fills secondary fractures in those same crystals. f) and g) Sulphide and quartz-carbonate-hornblende-clinopyroxene
overprinting magnetite and calc-silicate minerals. Note the fragmentary appearance of early garnet and magnetite.
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Fig. 7. a) Custom colour MLA image of cobaltite-rich calc-silicate magnetite skarn; Spratt Bay occurrence, Texada cluster (S23WBA-85-c).

b) Inset image of grossular growth zones in andradite. ¢) Inset image of intergrown magnetite and cobaltite.
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Fig. 8. a) Custom colour MLA image of botryoidal magnetite illustrating open space-filling textures and a central band of sulphide-bearing
carbonate-hornblende-quartz-chlorite-epidote-orthopyroxene-orthoclase; Merry Widow deposits, Merry Widow cluster (D23WBA-47-20).
b) Inset image of gradation from open space-filling botryoidal magnetite to sulphide-bearing carbonate-hornblende-quartz-chlorite-epidote-
orthopyroxene-orthoclase. ¢) Inset image of large cobaltite crystal in sulphide-bearing carbonate-hornblende-quartz-epidote-chlorite.
d) Distribution of cobaltite (circled in red), associated with the carbonate-hornblende-quartz-chlorite-epidote-orthopyroxene (OPX)-orthoclase

(Ksp) assemblage (in black).
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Fig. 9. a) Custom colour MLA image of cobaltite-rich quartz-carbonate gangue cross-cutting magnetite; Bacon Lake deposits, Argonaut cluster
(24WBA-157-12A-4). b) Inset image of the distribution of quartz-carbonate (black), cobaltite (red), and grains of electrum (circled in yellow)
and Ag-Bi telluride (circled in blue). ¢) Inset images of BSE and corresponding element maps for intergrown cobaltite and Bi-telluride.
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Fig. 10. a-c) Custom colour MLA image of pyrite-rich podiform sulphide mineralization with minor magnetite and cross-cutting quartz-carbonate-
chlorite-orthopyroxene-chalcopyrite-limonite assemblage; Iron Mike deposit, Iron Mike cluster (S23WBA-69-a-2). Cobaltite is intergrown
with the cross-cutting assemblage. d) Distribution of pyrite-magnetite (in black). e) Distribution of cross-cutting quartz-carbonate-chlorite-
orthopyroxene-chalcopyrite-limonite (in black) and associated cobaltite. Cobaltite grains in this sample are typically small (e.g., Fig. 10c) and
are circled in red.
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Fig. 11. a) Custom colour MLA image of pyrite-rich massive sulphide crosscut by secondary chalcopyrite-bornite-cuprite-epidote-chlorite-
plagioclase; Prescott deposits, Texada cluster (S23WBA-79-c). Plagioclase (plag) in this sample is mostly albite. Inset images show Ag-telluride
(Ag-Te) in secondary chalcopyrite and primary pyrite. b) Distribution of secondary chalcopyrite-bornite-cuperite-epidote-chlorite-plagioclase,
in black. Clusters of Ag-Bi-Hg telluride, like those shown in the inset images of a), are denoted with pink dots. ¢) Custom colour MLA
image of arsenopyrite-rich massive sulphide crosscut by secondary scorodite-magnetite-carbonate-hornblende; B3 deposits, Merry Widow
cluster (S23WBA-31-a-1). Inset images show Ag-Te in primary arsenopyrite and electrum in secondary scorodite. d) Distribution of secondary
scorodite-magnetite-carbonate-hornblende (in black), with small electrum grains (circled in yellow) and Ag-Bi-Hg telluride grains (circled in
magenta).
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Fig. 12. a) Custom colour MLA image of calc-silicate alteration overprinting porphyritic Karmutsen Formation volcanic host rock, Van Ada
deposits, Texada cluster (S23WBA-85-c). Inset image shows the texturally destructive overprint of clinopyroxene-anorthite, followed by garnet
on the intermediate plagioclase phenocrysts, and hornblende-rich groundmass. b) Garnet-clinopyroxene-anorthite-chlorite-epidote-carbonate
alteration assemblage. Inset shows andradite growth zones and interstitial carbonate in massive grossular garnet. ¢) Remnant hornblende-albite-
intermediate plagioclase from the host rock. d) Distribution of host rock (in black) and primary magnetite crystals (circled in red). Note the
abundance of magnetite in the unaltered and partly altered host rocks and its absence in pervasively altered areas.
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Fig. 13. a) Custom colour MLA image showing sulphides and quartz-carbonate-hornblende-chlorite-epidote-magnetite overprinting calc-silicate
alteration, Iron River deposit, Argonaut cluster (S23WBA-21-a-4). b) Distribution of coarse grossular-andradite; euhedral pre-existing garnet and
andradite-rich growth zones. ¢) Distribution of sulphides (green) and quartz-carbonate-hornblende-chlorite-epidote-magnetite. d) Distribution of
sulphides and quartz-carbonate-hornblende-chlorite-epidote-magnetite (in black); sparse cobaltite crystals (circled in red).
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Fig. 14. a, b) Custom colour MLA image showing sodic-calcic alteration around albite-hornblende-carbonate-clinopyroxene, scapolite-
clinopyroxene-orthoclase, clinopyroxene-ferriprehnite, and epidote-chlorite-ferriprehnite-carbonate veins in Bonanza Group host rocks, Merry
Widow deposit, Merry Widow cluster (a: D23WBA-47-49; b: D23WBA-48-4). ¢, d) Distribution of the sodic-calcic alteration assemblage
(albite-clinopyroxene-orthoclase-hornblende-carbonate-scapolite; in black). e-h) Distribution of primary host rock mineralogy (intermediate
plagioclase-orthoclase-quartz-magnetite; in black); quartz e), f) in blue and magnetite g), h) in red; pixels have been enlarged. Quartz and
magnetite are absent in areas overprinted with sodic-calcic alteration.
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associated with Co- or Te-bearing mineral phases but has a
clear spatial association with magnetite- and sulphide-bearing
ore bodies.

6. Discussion
6.1. Co and Te minerals in Vancouver Island and Texada
Island iron skarns

The iron skarns evaluated in this study contain variable
amounts of Co in primary Co-arsenides, sulphoarsenides
(e.g., cobaltite), and secondary Co-As hydroxide minerals.
Like the primary base-metals sulphides, Co-bearing minerals
are commonly associated with retrograde calcite-hornblende-
quartz and are generally absent from prograde magnetite
mineralization. The only exception is the prograde magnetite
skarn mineralization in limestones in the upper part of the
Karmutsen Formation on Texada Island (e.g., Spratt Bay),
where coarse cobaltite is intergrown with prograde magnetite
and garnet (Fig. 7). This is one of the few cases where calc-
silicate alteration and iron skarn mineralization are more
abundant in carbonate host rocks than the surrounding mafic
igneous rocks. In general, Karmutsen Formation rocks,
volcanic and sedimentary, are more consistent host rocks for
Co-bearing mineralization relative to the Bonanza Group,
Quatsino Formation, or Island Plutonic suite intrusions. This
suggests that the occurrence of Co mineralization is a function
of host rock compositions.

Tellurium mineralization is also typical in sulphide
mineralization in the iron skarns we studied, regardless of its
deposit-scale setting. This mineralization occurs primarily as
Ag-Bi-Hg telluride inclusions in pyrite, pyrrhotite, chalcopyrite,
and arsenopyrite and occurs with native bismuth and electrum.
These inclusions are most abundant in chalcopyrite-rich
massive sulphides (e.g., B3; Fig. 11) and where tellurides
and electrum occur with cobaltite in late-stage calcite-
hornblende-quartz (e.g., Bacon Lake; Fig. 9). In addition, it is
common for Au-Ag to concentrate in supergene environments
(Burisch et al., 2017; Burisch et al., 2019), and this is likely
to be the case for the electrum mineralization concentered in
gossans and other weathering products of massive sulphides
observed in the studied deposits (Fig. 11c). These observations
highlight a distinctive setting of Te and Au-Ag mineralization
across all iron skarns on Vancouver Island and Texada Island.

6.2. Alteration at iron skarns on Vancouver Island and
Texada Island

The occurrence of pervasive skarn alteration in igneous and
siliciclastic rock types is a key distinction that sets Wrangel
terrane iron skarns apart from metasomatic skarn varieties
(Meinert et al., 2005). Although not consistently enriched in Co-
Te-Bi mineralization, andradite-rich garnet skarn is commonly
spatially associated or intergrown with primary magnetite and
sulphide mineralization. In contrast, grossular-rich calc-silicate
alteration contains little to no primary mineralization and is
typically distal from mineralized zones relative to andradite-

rich alteration. These patterns are consistent across all the
surveyed deposits.

Sodic-calcic alteration commonly crosscuts host rocks
along the peripheries of iron skarns described in this study.
For instance, the Merry Widow orebody is surrounded by
pale-green sodic-calcic alteration developed along scapolite-
orthoclase-clinopyroxene-carbonate veins cross-cutting Parson
Bay Formation volcanic rocks. The formation of this alteration
involves the conversion of feldspar group minerals to anorthite
(early) and albite (late), a minor overprint of clinopyroxene-
orthoclase-carbonate, and the absence of primary quartz
and magnetite in the altered host rock. Based on these
characteristics, the formation of sodic-calcic alteration likely
involves the metasomatic addition of Na, Ca, and CO,* and the
destruction of quartz and Fe-oxide in the affected host rocks.

7. Conclusion

The data presented here describes the occurrence of Co and
Te minerals in iron skarns on Vancouver Island and Texada
Island and highlights common features. These features include:
1) Fe-rich skarn formed in volcanic and siliciclastic rocks in the
upper part of the Karmutsen Formation and the lower part of the
Bonanza Group; 2) zones of quartz- and magnetite-destructive
sodic-calcic alteration that form peripheral to skarn bodies and
zones of calc-silicate alteration; 3) a ubiquitous association
between sulphide mineralization and retrograde calcite-
hornblende-quartz cross-cutting prograde magnetite; and
4) massive sulphide bodies hosted in recrystallized limestone.
This dataset also highlights a suite of elements (Co, Te, Bi)
that could conceivably be produced as by-products in deposits
with economic Cu, Au-Ag, and Fe mineralization. These
metals commonly concentrate in the weathering products of
the sulphide orebodies and could be evaluated as geochemical
indicators for iron skarn mineralization in soil surveys.
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