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Introduction

Skarn deposits are typically defined as calcsilicate assem-
blages that occur within or adjacent to carbonate-bearing
rocks (limestone, dolostone) as a result of metamorphic and
metasomatic processes, and are a major source of Fe, Au,
Cu, Pb, Zn, W, Mo and Sn (Meinert et al., 2005; Ray, 2013).
Skarn is generally associated with intrusions into carbonate
wallrock, and the ore deposit forms from a combination of
an initial thermal-metamorphic event followed by second-
ary metasomatic alteration from fluids of magmatic, meta-
morphic or meteoric origin (Meinert et al., 2005). The re-
sulting skarn is an alteration envelope that can be mapped
around the intrusion (Ettlinger and Ray, 1987). Skarn can
be further classified as 1) exoskarn, which consists of the
decarbonized and silicified carbonate wallrock, or 2) endo-
skarn, which consists of calcified and desilicified igneous
rocks within the intrusion (Sangster, 1964; Meinert et al.,
2005).

Less commonly discussed and not evident in outcrop is
‘magmatic skarn’, which occurs as a result of assimilation
of Ca-rich wallrock (i.e., carbonate, calcsilicate) within the
magma (Barnes et al., 2009). Earlier skarn studies on Van-
couver Island, British Columbia (BC) by Sangster (1964)
hinted at a potential presence of magmatic skarn, where he
noted that contact metamorphism was “most striking” in
metasomatized country rocks, but that “endomorphism
within the pluton” was less obvious. This endomorphism
was noted after observing a common occurrence of mafic
margins within skarn-associated intrusions (Sangster,
1964). Such mafic margins may be a result of the initial
mafic parental melt cooling along the magma chamber mar-
gin, or from fractional crystallization of mafic phases as a
result of wallrock assimilation, or from a combination of
these processes. If assimilation-driven fractional crystalli-
zation occurs, this would be evident by an abundance of
mafic cumulates that are proximal to the wallrock contact.
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Studies by Barnes et al. (2009) have indicated cumulates of
Ca-rich fractionates (clinopyroxene, titanite, plagioclase)
within magmatic skarn. These distinct cumulates were
termed ‘hortite’ from earlier mapping by Vogt (1916). Cal-
cium-rich cumulates are interpreted to be a result of assimi-
lation, where an increase in Ca within the magma from par-
tially melted carbonate or calcsilicate wallrock induces the
fractionation of calcic phases (i.e., clinopyroxene, plagio-
clase, titanite, apatite). If this process does occur, the latent
heat produced by fractional crystallization would enhance
wallrock assimilation (Taylor, 1980; De Paolo, 1981; Spera
and Bohrson, 2001).

This study quantifies the extent of magmatic skarn within a
well-exposed intrusion, the Coast Copper stock, that is as-
sociated with the Merry Widow Fe-skarn deposit on Van-
couver Island. This paper presents the preliminary field and
geochemical work completed on the magmatic skarn thus
far.

Merry Widow Deposit

The Merry Widow Fe-skarn deposit occurs at the contact of
Jurassic Bonanza arc intrusions with Triassic Quatsino
limestone (Figure 1) in Wrangellia on northern Vancouver
Island (Sangster, 1964; Lund, 1966; Ray and Webster,
1991; Nixon et al., 2011). The orebody was mined from
1957 to 1967, primarily for magnetite (MINFILE
092L 044, 045 and 046; BC Geological Survey, 2020b).
Skarn mineralization at Merry Widow consists of magne-
tite, pyrrhotite, pyrite, arsenopyrite, cobaltite, erythrite,
sphalerite and gold in a gangue of garnet, epidote, actin-
olite, clinopyroxene, carbonate and quartz (Ray and Web-
ster, 1991). This mineralization is recognizable in outcrop
and drillcore. However, determining the precise extent of
magmatic skarn within the intrusion requires a fastidious
examination of geochemical relationships in order to
differentiate contaminated from pristine magmatic rock.

A number of previous studies have been completed on the
geology and mineral occurrences at the Merry Widow site
(Figure 2; Sangster, 1964; Lund, 1966; Ray and Webster,
1991; Nixonetal.,2011). This study focused on the petrog-
raphy of dikes, plutonic rocks and carbonate wallrock, and
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Figure 1. Regional geology of Vancouver Island from Morris and Canil (2020), showing Wrangellia and the Pacific Rim and Crescent ter-
ranes. Wrangelliais stripped of its pre- and post-Jurassic rocks, except for the Parson Bay volcanic rocks and Quatsino limestone (both Tri-
assic), which immediately underlie the Jurassic Bonanza arc. Geological unit boundaries and faults are from the BC Geological Survey
(BCGS) MapPlace dataset (BC Geological Survey, 2020a). The Merry Widow Mountain area is located within NTS 092L.

the contact relations at the site (Morris and Canil, 2020).
Herein, the extent of magmatic skarn within the Coast Cop-
per stock, the main plutonic body at the Merry Widow de-
posit, is quantified using samples collected during the 2019
field program that were analyzed for whole-rock geochem-
istry and oxygen isotopes. In addition, publicly available
subsurface drillcore logs and whole-rock geochemistry
data were compiled and incorporated with mapping from
Morris and Canil (2020). The results reveal a far larger vol-
ume of magmatic skarn that is not evident in surface field

geology.

Fieldwork

During the 2019 fieldwork, the eastern margin of the Coast
Copper stock and an ~1 km transect from the pluton-
wallrock contact into the interior of the pluton were
mapped and sampled in detail (Figure 2; Morris and Canil,
2020). The margin of the Coast Copper stock is gabbro,
with lesser amounts of monzonite. The pluton shows
heterogeneities that include regions of pegmatite (plagio-
clase laths up to 5 cm long); spheroidal cumulates (plagio-
clase + clinopyroxene + magnetite + apatite + titanite) that
are proximal (~200 m orthogonal) to the pluton margin;
magma-mingling textures between the lesser monzonite and
gabbro on a variety of scales; and thin (<0.5 m) monzonite
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dikes (Morris and Canil, 2020). Some regions display a
greenschist-facies hydrothermal overprint, with occur-
rences of albitized plagioclase and chlorite.

Historical Core-Log Compilation

Publicly available core logs from 2006 and 2007 drilling
programs at Merry Widow were compiled to interpret
subsurface relationships between the Coast Copper stock
and Quatsino limestone (Nicholson, 2006; Wesley and Nel-
son, 2008a). Six core logs from these drilling programs show
an intersection with the plutonic margin (Figure 2), which
includes two core logs from the 2006 program (MW 06-08,
MWO06-15) and four core logs from the 2007 program
(MWO07-78, MW07-79, MW07-80, MW07-90; Nicholson,
2006; Wesley and Nelson, 2008a). Mapped bedding and
contact exposures at the surface (Figure 2), when combined
with depths of intersection of the Coast Copper stock based
on drillhole trend and plunge, show the pluton margin has
an orientation of ~340°/59°NE if generalized to be a planar
structure. Contact relationships of the pluton at depth are
shown in Figure 3, where the selected cross-section
transects a vertical drillhole (MWO07-78) south of the main
magnetite deposit.
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Figure 2. Detailed bedrock geology of the Merry Widow site, modified
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after Sangster (1964), Lund (1966), Ray and Webster (1991) and

Nixon et al. (2011). Drillhole locations from Nicholson (2006) and Wesley and Nelson (2008a) are shown in red. Outcrop samples from this
study are shown in white, green and orange. Gabbro collected near dikes was sampled >1 m away from dike margins and appeared fresh in
outcrop and hand sample. Samples collected northeast of Newt Lake appear to have been subjected to faulting and hydrothermal alter-
ation, and were not submitted for §'°0 analyses. Samples from this study were analyzed for whole-rock (WR) geochemistry (white symbol),
with some samples also analyzed for §'%0 (green symbol). The cross-section from the A—A’ transect is shown in Figure 3.

At surface, there is no exposure of the Coast Copper stock
in direct contact with the Quatsino limestone (Figure 2).
Core logs, however, indicate approximate true thicknesses
of various units across the transition from wallrock to
pluton, which includes: ~100 m of irregular exoskarn, ~10—
60 m of volcanic breccia, +3—10 m of recrystallized lime-
stone), leading into at least ~20 m of magmatic skarn based
on the authors’ interpretation of core-log descriptions
(Nicholson, 2006; Wesley and Nelson, 2008a). The extent
of magmatic skarn from core logs is limited by sampled
depths (i.e., up to a maximum of 25 m into the pluton was
sampled) and is interpreted to extend beyond these sampled
limits. Here, the magmatic skarn is defined based on its
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abundance of spheroidal mafic cumulates, which occur ir-
regularly along the pluton margin. These cumulates consist
of clinopyroxene and plagioclase, are rich in magnetite
(>10%), apatite (>3%) and titanite (>1%), and produce
unique geochemistry, as described below.

Magmatic Skarn Geochemistry

Whole-Rock Major- and Trace-Element
Geochemistry

In this study, whole-rock major- and trace-element geo-
chemistry are used to identify changes in the pluton due to
limestone assimilation, such as increased Ca and/or de-
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Figure 3. Cross-section A—A’ (from Figure 2), representing the authors’ interpretation of field relationships at depth, which are established
from extrapolation of exposed bedding and contacts and from publicly available core-log data (Nicholson, 2006; Wesley and Nelson,
2008a). The extent of magmatic skarn is based on preliminary field and geochemical results.

creased Si concentrations. Three drillholes that intersected
the Coast Copper stock (MWO06-08, MW06-15 and
MWO07-79) have whole-rock major- and trace-element data
determined by inductively coupled plasma—emission spec-
trometry (ICP-ES) that is publicly available (Nicholson,
2006; Wesley and Nelson, 2008b). Based on sample depths
and the orientation of drillholes, the Coast Copper stock
was intersected from its margin to the approximate or-
thogonal distances in each of the following drillholes: 1.2—
7.5 m for MW06-08 (6 samples), 1.1-16.7 m for MW06-15
(15 samples) and 0.9-25.2 m for MWO07-79 (10 samples).
Core logs indicate that samples were collected at ~1 m in-
tervals with the exception of drillhole MW07-79, in which
three samples were collected <2 m from the margin and the
remaining seven collected 19-25 m from the margin.

Whole-rock major-element geochemistry of the Coast
Copper stock samples, collected during the 2019 field cam-
paign (n = 11), were compiled and compared to drillcore
sample results. Samples from the 2019 field campaign in-
cluded 10 gabbro and 1 cumulate, which were both proxi-
mal and distal with respect to the pluton-wallrock margin
(Figure 2). The orthogonal distances of outcrop samples
collected from the pluton-wallrock margin were calculated
for spatial comparison with chemistry of the drillcore sam-
ples, using a regionally generalized planar plutonic margin
that strikes ~340°/59°NE, based on core logs (Nicholson,
2006; Wesley and Nelson, 2008a).

The magmatic skarn intersected in drillcore displays
unique chemical trends of increasing P,Os and TiO, with
increasing distance from the pluton-wallrock contact. Typi-
cal mafic igneous values of P,O5 (<0.5 wt. %) and TiO,
(<2 wt. %) are achieved between 200 and 500 m from the
pluton-wallrock contact, as indicated in outcrop sample
chemistry (Figure 4). Results also show an overall increase
in FeO*, MgO and CaO with increasing distance from the
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pluton-wallrock contact. However, the boundary from con-
taminated (magmatic skarn) to pristine magmatic rock is
less obvious with these elements, as high concentrations
are sustained in the most distal samples. The chemical com-
positions observed in distal drillcore samples (~20 m in-
ward from the margin) are either similar to, or trend toward,
those of the cumulate sampled in outcrop approximately
200 m orthogonal from the pluton margin (Figure 4).
Drillcore analytical reports provided no Si concentrations,
so it is assumed that magmatic skarn is low in SiO,, similar
to the cumulate (<45 wt. % SiO,).

The irregularity of major-element abundances in drillcore
and in sampled outcrops along the pluton margin is inter-
preted to be a result of simultancous assimilation and frac-
tional crystallization. This is obvious in drillcore samples
from MW06-08 and MWO06-15, which display similar
trends and were well sampled, with continuous data from
1 to 20 m, as demonstrated by the increasing TiO,. How-
ever, samples from MW07-79 do not show this trend, likely
due to no sample collection between 2 and 19 m from the
margin. In addition, MW06-08 and MW06-15 were drilled
at similar locations within the main pit, whereas MW07-79
was drilled north of the main pit (Figure 2).

Overall, major- and trace-element chemistry indicates sub-
stantial accumulation of magnetite (up to 30%), titanite and
apatite within intervals of magmatic skarn at the margin of
the Coast Copper stock, some of which are marked by in-
creasing Co concentration (Figure 4), a metal also enriched
in exoskarn at the Merry Widow deposit (Ray and Webster,
1991). No surface samples collected during the 2019 field
campaign were analyzed for Co, so the extent of Co con-
centrations is currently limited to the publicly available
geochemical data from drillcore samples (Nicholson, 2006;
Wesley and Nelson, 2008b).
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chemistry is only available from drillcore data. Samples intersected by drilling are shown in red (drillcore symbols).

Due to the nature of skarn deposits, it is likely that the mar-
gin of the pluton experienced metasomatism in some re-
gions, a factor that should be considered when evaluating
whole-rock chemistry. Nevertheless, the high levels of
P,0s in magmatic skarn suggest accumulation of at least
5% apatite, also noted previously in petrographic examina-
tion of cumulates in the pluton (Morris and Canil, 2020).
Accessory phases such as titanite and apatite are relatively
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resistant to metasomatic replacement and, in this instance,
can be interpreted as a good indicator of carbonate assimi-
lation.

Oxygen Isotopes

Whole-rock samples collected from the 2019 field cam-
paign were analyzed for 8'%0 to quantitively measure the
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extent of assimilation within the Coast Copper stock, which
ultimately affects major-element geochemical trends (Fig-
ure4). Four samples from the Coast Copper stock were ana-
lyzed for 8'%0 at the University of Oregon Stable Isotope
Laboratory using methods given in Watts et al. (2019). The
submitted samples included a proximal gabbro <10 m from
the margin (sample 174), a distal gabbro ~1 km from the
margin (sample 114), a cumulate (sample 64B) and the cu-
mulate host (sample 64A; Figure 2). In addition, two
Quatsino limestone wallrock samples, unaltered and col-
lected off site, were analyzed for 8'*O at the University of
Victoria using isotope-ratio mass spectrometry (IRMS).
Methods for limestone 8'*0 analyses involved heating
sample powders (<1.0 mg) and standards (IAEA-603,
IAEA-CO-8 and one internal standard) at 90°C overnight
in borosilicate reaction vials to remove volatiles. Vials
were placed in a heated block and samples were dissolved
with ~15 drops of 100% H;PO, and allowed to react for a
minimum of 1 hour. The resulting CO, gas was measured
on a Sercon Ltd. 20-22 gas-source mass spectrometer with
a Gas Box 2 front end. Results were reported relative to Vi-
enna Standard Mean Ocean Water (VSMOW). Precision,
based upon measurement of the internal standard, is 0.2 per
mille (%o) for "0 (15; Vanwieren, 2019).

The gabbro 3'%0 values range from 3.8 to 13.3%o (Figure 5)
and are highly variable compared to the narrow range of
5.5-5.9%o for 8'0 in mantle-derived basalts (Bindeman,
2008). Values of 8'%0 above 5.9%o may indicate assimila-
tion of the Quatsino limestone (8'*0 ~22%o; Figure 5) or
low-temperature (<100°C) hydrothermal alteration,
whereas values below 5.5%o may indicate assimilation of
hydrothermally altered material, high-temperature hydro-
thermal alteration or a high modal percentage of minerals
with low 8'°0, such as magnetite (8'*0 ~3.5%o; Cartwright
and Barnicoat, 1999; Bindeman, 2008). Preliminary exam-
ination suggests limestone assimilation may be evidentin a
fresh proximal gabbro with 3'%0 of 8.7%o reported <10 m
from the plutonic margin (sample 174; Figures 2, 5), as well
as within the cumulate host gabbro, as indicated by a sam-
ple (sample 64A) taken ~200 m from the margin that has a
highly enriched 8'0 value of 13.3%o. Low 8'*0 signatures
in both the sampled cumulate (sample 64B) and distal gab-
bro (sample 114) may be a result of the high abundance of
magnetite (~30%) within these samples. Future additional
880 analyses from fresh outcrop will provide a better rep-
resentation and coverage of gabbro 8'*0 within the Coast
Copper stock to help in understanding the extent of mag-
matic skarn and the process behind its generation.

Conclusions

This paper summarizes preliminary results to quantify the
size and extent of magmatic skarn within the Coast Copper
stock at the Merry Widow deposit from surface geology
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Figure 5. Oxygen-isotope results from Coast Copper stock gabbro
plotted against the distance orthogonal to the pluton-wallrock con-
tact with Quatsino limestone. Results show a variable range in
comparison to typical mantle-derived basalts (Bindeman, 2008).
Results suggest possible assimilation with §'0-enriched wallrock,
such as the Quatsino limestone. Enriched 30 can also occur from
low-temperature hydrothermal alteration. Depleted 5'%0 may indi-
cate high modal percentages of minerals with low §'%0 (i.e., ~3.5%0
in magnetite) or high-temperature hydrothermal alteration. Oxygen
isotope values are standardized to Vienna Standard Mean Ocean
Water (VSMOW).

(Morris and Canil, 2020) and core logs, and to examine its
formation using 8'*0 and whole-rock geochemistry. The
transition from wallrock to pluton at Merry Widow is char-
acterized by ~100 m of irregular exoskarn, ~10-60 m of
volcanic breccia, £3—10 m of recrystallized limestone and
potentially >200 m of magmatic skarn. Assimilation of Tri-
assic Quatsino limestone by the ~197 Ma Coast Copper
stock enriches the gabbro 8'0 and results in a pluton mar-
gin characterized by an accumulation of magnetite, apatite
and titanite. More 8'°0 analyses will be completed for a
better representation and coverage of the magmatic skarn
within the Coast Copper stock. Results from this research
can be used to estimate the extent of magmatic skarn and
possible mineralization within other Fe-skarn deposits
located throughout Wrangellia.
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