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Abstract

Distal alteration related to porphyry Cu mineralization is typically characterized by an abundance of green
minerals, such as epidote, tremolite, and chlorite, within the propylitic and sodic-calcic alteration zones and
extends far outside (>1 km) the mineralized zone(s). Glacial erosion and dispersal derived from rocks affected
by propylitic and sodic-calcic alteration have resulted in the development of extensive dispersal trains of epidote
in till (glacial sediment) that can reach 8 to 330 km? as observed at four porphyry Cu study sites in the Quesnel
terrane of south-central British Columbia: Highland Valley Copper, Gibraltar, Mount Polley, and Woodjam
deposits. At each of these sites, epidote is more abundant in heavy mineral concentrates of till collected directly
over and down-ice from mineralization and associated alteration. Epidote grains in till with >0.6 ppm Sb and
>8 ppm As (as determined by laser ablation-inductively coupled plasma-mass spectrometry) are attributed to
a porphyry alteration provenance. There is a greater abundance of epidote grains with high concentrations of
trace elements (>12 ppm Cu, >2,700 ppm Mn, >7 ppm Zn, and >37 ppm Pb) in each porphyry district com-
pared to background regions. This trace element signature recorded in till epidote grains is heterogeneously
distributed in these districts and is interpreted to reflect varying degrees of metal enrichment from a porphyry
fluid source. Tracing the source of the epidote in the till (i.e., geochemically tying it to porphyry-related propy-
litic and/or sodic-calcic alteration), coupled with porphyry vectoring tools in bedrock, will aid in the detection
of concealed porphyry Cu mineralization in glaciated terrains.

Introduction potential based on the mineral composition (epidote, chlo-

Hydrothermal fluids that lead to the formation of metallic rite) of propylitic and sodic-calcic alteration. This geochemi-

element enrichment are also responsible for the production
of alteration halos in the bedrock surrounding porphyry Cu
mineralization (Lowell and Guilbert, 1970; Sinclair, 2007;
Richards, 2011). The most distal alteration zone surrounding
porphyry mineralization, known as propylitic, can be kilome-
ters wide and consist of a variable assemblage including epi-
dote, calcite, albite, chlorite, tremolite, and/or pyrite (Meyer
and Hemley, 1967), with sodic-calcic alteration formed on the
deep margins of porphyry deposits, including epidote, actino-
lite, and chlorite (Seedorf! et al., 2008). Propylitic and sodic-
calcic alteration has recently been referred to as the “green
rock environment” by Cooke et al. (2014, 2020a) because of
the abundance of green-colored minerals. A special issue of
Economic Geology (Orovan and Hollings, 2020) presented
case studies of porphyry deposits worldwide, emphasizing
vectoring toward mineralization and establishing the fertility
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cal vectoring technique has potential for mineral exploration,
as demonstrated by Cooke et al. (2020b), who reported a case
study of the Resolution deposit in Arizona, and by Wilkinson
et al. (2020), who presented a study of the El Teniente deposit
in Chile. Employing such a mineralogical method can assist
in terrains where only the propylitic environment is exposed
above or in a distal position from a buried porphyry deposit.
The application of this vectoring method in glaciated ter-
rains with poor bedrock exposure and extensive sediment
cover can be challenging, especially during the early stages
of mineral exploration when access to bedrock is very lim-
ited. We present data sets from four porphyry Cu sites in
the Canadian Cordillera (Highland Valley Copper, Gibraltar,
Mount Polley, and Woodjam) that demonstrate that the epi-
dote of propylitic and sodic-calcic alteration associated with
porphyry Cu mineralization can be identified in till—clastic
sediment directly deposited by glaciers—by determining the
abundance and composition of detrital epidote. The main
challenge in using epidote as an indicator mineral of por-
phyry mineralization is distinguishing between the two main
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sources of epidote in the study area: epidote derived from the
alteration zones associated with porphyry Cu mineralization
and epidote derived from regionally metamorphosed rocks of
the Nicola Group. The distinction between these two broad
types is further complicated by the fact that some of the
epidote-bearing metamorphic rocks near the intrusion might
have been overprinted by hydrothermal fluids associated with
porphyry mineralization. Furthermore, epidote associated
with the alteration assemblage of a mineralized porphyry Cu
system needs to be discriminated from epidote from barren
hydrothermal systems. This paper presents an overview of
how the abundance of epidote in till and its composition can
be used to detect the potential presence of buried porphyry
mineralization. Geochemical indicators from epidote compo-
sition that may have utility in exploration are also discussed.

Geologic Setting

The Cordillera of British Columbia has long been known for
its wealth of porphyry mineralization (Sutherland Brown, 1976;
Schroeter, 1995; Logan and Schroeter, 2013; Sharman et al.,
2020). Across Canada, 40% of Cu production comes from por-
phyry deposits (Sinclair, 2007). Copper accounts for 28% of
the total value of all mineral production in British Columbia,
the majority of which is produced from porphyry Cu deposits
(Clarke et al., 2021), largely located in the Quesnel and Stikine
terranes with a limited number within the Wrangell terrane
(Fig. 1). These terranes are composed of rocks of island-arc

132°W

Pacific
Ocean

50°N-

PLOUFFE ET AL.

affinities, which were accreted to North America during the
Mesozoic. Most of the porphyry mineralization formed in
intrusive rocks during two broad time windows: a preaccretion-
ary period, which was the most prolific, from Late Triassic to
Early to Middle Jurassic, and a postaccretionary period, from
Cretaceous to Eocene. The period from 208 to 204 Ma was par-
ticularly productive, accounting for 90% of the known porphyry
deposits in British Columbia (Logan and Mihalynuk, 2014). In
an assessment of porphyry Cu mineralization in the Canadian
Cordillera based on 2010 data, Mihalasky et al. (2011) esti-
mated that approximately 49 million tonnes (Mt) of Cu in por-
phyry deposits remains undiscovered.

The research presented here assembles data sets from four
porphyry study sites in British Columbia: the Highland Val-
ley Copper porphyry Cu-Mo, the Gibraltar porphyry Cu-Mo,
the Mount Polley porphyry Cu-Au + Ag, and the Woodjam
porphyry Cu-Au + Mo deposits (Fig. 1). Mining by open pit
has occurred at all sites except Woodjam. All are hosted in
Late Triassic to Early Jurassic mafic to felsic intrusive rocks
that intruded the Upper Triassic Nicola Group succession of
island-arc volcanic and sedimentary rocks, the main constitu-
ent of the Quesnel terrane. The intrusive bodies that host
mineralization include the Guichon Creek batholith at High-
land Valley Copper, the Granite Mountain batholith at Gibral-
tar, the Mount Polley Intrusive Complex at Mount Polley, and
the Takomkane batholith and associated satellite intrusions
at Woodjam (Fig. 2). The deposits vary substantially in size

1161°W

Unclassified major
porphyry Cu producers
© Current producer

@ Past producer

Developed prospect
o discuss%d irﬁ) theptext

Terranes

Wrangell

ST | stikine
QN

Quesnel

Fig. 1. Inset with location of British Columbia in Canada (gray area). Quesnel, Stikine, and Wrangellia terranes in British
Columbia with the unclassified major past and current porphyry Cu producers. The figure shows the location of the four study
sites: Highland Valley Copper, Gibraltar, and Mount Polley deposits and the Woodjam prospect.
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Fig. 2. Regional geology from Cui et al. (2017) for (A) Gibraltar, Mount Polley, and Woodjam and (B) Highland Valley Copper

(HVC) deposits. The locations of the bedrock samples that were analyzed as part of
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(mined and resources) but have a similar tenor of mineraliza-
tion: at Highland Valley Copper there is a total of 338.3 Mt
of proven and probable reserves at 0.31% Cu and 0.008%
Mo (Teck, 2022); 1.44 billion tonnes of ore at 0.3% Cu and
0.009% Mo at Gibraltar (van Straaten et al., 2020); 172 Mt
of ore at 0.2 to 0.3% Cu (but up to 1.14% Cu in the Mar-
tel underground zone) and 0.2 to 0.3 g/t Au at Mount Polley
(Rees et al., 2020); and 275 Mt of ore at 0.1 to 0.3% Cu and
0.3 to 0.7 g/t Au distributed within four mineralized zones at
Woodjam (Sherlock and Trueman, 2013; Sherlock et al., 2013;
del Real et al., 2017, 2020). Only at the Gibraltar deposit are
the mineralized rocks deformed in ductile shear zones (van
Straaten et al., 2020). Postmineralization regional metamor-
phism reached prehnite-pumpellyite facies at Highland Val-
ley Copper, zeolite facies at Mount Polley and Woodjam, and
greenschist facies at Gibraltar (Greenwood et al., 1991; Pan-
teleyev et al., 1996).

The regional alteration in bedrock has been mapped rela-
tive to mineralization at Highland Valley Copper (Byrne, 2019;
Byrne et al., 2020b) and Mount Polley (Rees et al., 2020) (Fig.
3A, B, E, F). At Highland Valley Copper there are two domi-
nant sources of bedrock epidote recognized: epidote veins with
K-feldspar destructive albite and chlorite + actinolite halos
that are interpreted as sodic-calcic alteration, and prehnite +
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epidote veins with K-feldspar-stable illite-chlorite-prehnite
+ epidote halos that are interpreted as propylitic alteration
(Byrne et al., 2020a). The most intense sodic-calcic alteration
(mapped vein and halo density of >1.25 cm/m) and propylitic
alteration (mapped vein and halo density of >0.5 cm/m) are
centered on the porphyry Cu-Mo mineralization and together
have a footprint of approximately 34 km? (Fig. 3A; Byrne,
2019). The veins are steeply dipping (>70°) and generally
strike parallel to the alteration zones (Byrne et al., 2020Db).
Although these represent the dominant source of epidote,
other possible sources include wall rock that has undergone
widespread propylitic alteration associated with emplace-
ment of multiple, premineralization phases of Guichon Creek
batholith that occur beyond the most intensely altered zones
(Fig. 3A, B; Byrne et al., 2020b). Alteration zone IV of Rees
et al. (2020) (Fig. 3E, F), along the southern margin of the
Mount Polley Intrusive Complex, comprises albite, epidote,
chlorite, and pyrite and is the principal source of epidote,
although epidote also occurs in lesser amounts in the other
alteration zones throughout the Mount Polley Intrusive Com-
plex (zones I, II, and III of Rees et al., 2020).

Not all intrusions in the Quesnel terrane were fertile (i.e.,
produced porphyry deposits). Our assessment of epidote
composition as an indicator of porphyry Cu mineralization
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Combined propylitic (prehnite +/- epidote veins; >5 cm/m) and sodic-calcic (epidote
veins with albite halos; >1.25 cm/m) alteration at Highland Valley Copper from Byrne
(2019) and Byrne et al. (2020a).

Fig. 3. Epidote abundance in till from the four porphyry Cu sites determined by optical and mineral liberation analysis-
scanning electron microscope (MLA-SEM) methods: (A, B) Highland Valley Copper (C, D) Gibraltar; (E, F) Mount Polley;
and (G, H) Woodjam. The optical method provides the percentage of epidote grains in heavy mineral concentrates (0.25-0.50
mm; >3.2 specific gravity [SG]) and the MLA-SEM method the area percent of epidote over the total mineralogical surface of
a 30-mm-diameter circular grain mount (0.125-0.180 mm; >3.2 SG). Results on epidote abundance in till were first published
in Plouffe et al. (2021b). More samples were analyzed since then, and all results are provided in Appendix Table A1. The sim-
plified bedrock geology is derived from McMillan et al. (2009) at Highland Valley Copper, Massey et al. (2005) and Schiarizza
(2015) at Gibraltar, Massey et al. (2005) and Rees et al. (2020) at Mount Polley, and Massey et al. (2005) and Logan et al.
(2010) at Woodjam. Each map includes a histogram with a vertical black line that defines the threshold between background
and anomalous abundances of epidote. The dashed lines in the histograms correspond to the percentile class breaks (th) used
in the legend. The dotted line on the maps outlines the areal extent of the glacial dispersal of epidote based on the distribution
of samples with anomalous abundances. The bedrock geology legend is the same as shown in Figure 2.
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includes samples from the Nicola batholith (Fig. 2), which
contain weak replacement of plagioclase by epidote and a low
abundance of epidote-bearing veins (D’Angelo, 2016; Byrne,
2019). The Nicola batholith consists of a suite of mafic and
felsic Late Triassic to Paleocene intrusive rocks (230-64 Ma)
exposed in a horst approximately 20 km east of the Guichon
Creek batholith (Erdmer et al., 2002). Except for the Paleo-
cene intrusive rocks in the batholith, all rock types have
undergone upper greenschist to lower amphibolite meta-
morphism (Erdmer et al., 2002; D’Angelo, 2016). Based on
criteria established by Loucks (2014) using whole-rock geo-
chemistry, D’Angelo (2016) considers the Nicola batholith to
be potentially fertile for porphyry mineralization. However,
porphyry mineral showings in the Nicola batholith are lim-
ited and are located only in the southern part of the intrusion
(British Columbia Geological Survey, 2020). The southern
sector of the intrusion contains one past-producing porphyry
Cu deposit, the Turlight mine, which yielded approximately
180 t of ore grading 5 to 6% Cu from 1948 to 1956 (Min-
file 092ISE055: British Columbia Geological Survey, 2020).
Our compilation includes samples of epidote veins from the
Nicola batholith obtained approximately 25 km north of the
Turlight mine, where there is no known porphyry mineraliza-
tion (Byrne, 2019); these samples are considered to represent
a barren intrusive hydrothermal system. However, we cannot
completely disregard the possibility that porphyry mineraliza-
tion could be present at depth in the intrusion, proximal to the
sampling sites.

Our compilation also includes epidote-bearing samples
from the Nicola Group volcanic and sedimentary rocks that
have been metamorphosed to greenschist facies following
regional burial metamorphism (Greenwood et al., 1991).
These samples establish the composition of background
epidote for comparison to porphyry-related epidote. Also
included are two samples of epidote veins collected <1.5 km
from polymetallic (Ag-Pb-Zn + Au) vein occurrences approxi-
mately 30 km east of the Guichon Creek batholith.

Glacial History

A brief overview of the glacial history and ice-flow movements
in the study area is necessary to interpret the glacial dispersal
patterns observed in the till. All study sites were glaciated from
about 25 to 10.5 k.y. Before Present during the Late Wiscon-
sin glaciation (Dyke, 2004; Clague and Ward, 2011). The first
of the four study sites to be glaciated was likely the Gibraltar
deposit, with ice flowing toward the south to southeast from
a mountainous ridge located 13 km north of the mine site, as
marked by cirques and arétes (Plouffe et al., 2022). This first
southerly ice movement was followed by ice moving toward
the west to southwest, from the Cariboo Mountains to the east
(Fig. 1). The third and last regional ice movement occurred
toward the north to northwest when ice from the Coast and
Cariboo mountains coalesced over the Interior Plateau dur-
ing the glacial maximum, creating an ice divide at about lati-
tude 52° N (Arnold et al., 2016; Arnold and Ferbey, 2020).
Only the second and third ice movements (west to southwest
followed by north to northwest) affected the Woodjam and
Mount Polley regions. The ice-flow history at Highland Valley
Copper is relatively simpler, with only a single ice movement
toward the south to southeast derived from the ice divide at
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latitude 52° N (Arnold et al., 2016; Plouffe and Ferbey, 2018;
Arnold and Ferbey, 2020).

Porphyry Cu Indicator Minerals in Till

Plouffe and Ferbey (2017) provide an overview of the key por-
phyry Cu indicator minerals that can be identified in till and
other detrital sediments. These minerals in till can be directly
linked to the potential presence of porphyry Cu mineraliza-
tion in bedrock of the provenance region, which is in the
region up-ice of the movements of glaciers. These indicator
minerals can be separated from the till matrix by sieving and
by density and magnetic separations. These mineral grains
must be robust enough to survive glacial processes (e.g., abra-
sion, comminution) and postglacial weathering following till
deposition (Plouffe and Ferbey, 2017).

Plouffe and Ferbey (2017) classify porphyry Cu indicator
minerals into two broad categories. Group 1 minerals are more
abundant in till near porphyry mineralization, or its associated
alteration zones, and decrease in abundance with increasing
distance of glacial transport. By itself, the abundance of these
minerals in till directly suggests the presence of porphyry Cu
mineralization up-ice. Examples of group 1 minerals include
chalcopyrite, which is the dominant Cu sulfide in porphyry Cu
mineralization (e.g., Kelley et al., 2011; Plouffe et al., 2016),
and gold grains from porphyry Cu-Au mineralization (Hashmi
et al., 2015). In contrast, the abundance and distribution of
group 2 minerals in till are not directly linked to the pres-
ence of mineralization; such links are better established using
mineral chemistry. Examples of group 2 minerals that can
have chemical signatures indicative of porphyry mineraliza-
tion include magnetite (Pisiak et al., 2017), apatite (Rukhlov
et al., 2016; Mao et al., 2017), tourmaline (Beckett-Brown et
al., 2023a, b), and zircon (Lee et al., 2021). The details of this
two-group classification scheme for porphyry Cu indicator
minerals are site-specific and dependent on the mineralogy of
the porphyry system exposed to glacial erosion.

At the four porphyry study sites described here, epidote
classifies as group 1 because, as demonstrated below, it is
more abundant in till down-ice of propylitic alteration zones
associated with porphyry mineralization. However, there are
other regional bedrock sources of epidote near these study
sites that are unrelated to porphyry systems. Mineral chem-
istry is used to differentiate epidote from porphyry systems
from that sourced from regional bedrock.

Epidote: Background and Previous Studies

The epidote supergroup is part of the sorosilicates with the
general formula AsM3[T207][TO4](O,F)(OH,0O) (Armbruster
et al., 2006). A wide range of elements can substitute in epi-
dote (Frei et al., 2004), including di- and trivalent cations in
the A site (e.g., Ca?*, Mn?+, Sr2, Pb?, rare-earth elements
[REE[]3+) and trivalent cations in the M site (e.g., A3+, Fe3+,
REE3+) (Armbruster et al., 2006). Armbruster et al. (2006)
and Mills et al. (2009) subdivide the epidote supergroup into
three groups: epidote, allanite (REE-rich), and dollaseite
(Mg equivalent of allanite). Epidote [CaxAlbFe3+[SisO7][SiO4]
O(OH)] and clinozoisite [CasAl;[Si2O7][SiO4]O(OH)], the
Fe- and Al-rich end members, form a solid solution.

Epidote is a common rock-forming mineral in alteration
zones associated with porphyry systems (Meyer and Hemley,
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1967; Cooke et al., 2014). It can occur as a replacement prod-
uct (e.g., after plagioclase or hornblende) or as a direct pre-
cipitate of hydrothermal fluids, typically present in fractures
and veins (Lowell and Guilbert, 1970; Sillitoe, 2010). It can
also occur in nonmineralized hydrothermal systems (Bird et
al., 1984; Bird and Spieler, 2004) and in metamorphic rocks
from upper zeolite to intermediate amphibolite facies but is
most common in greenschist facies rocks (Grapes and Hoskin,
2004). Epidote can be present in unconsolidated detrital sedi-
ments, including glacial deposits (e.g., Hashmi et al., 2015;
Plouffe et al., 2016; Plouffe and Ferbey, 2017), indicating that
it has survived glacial comminution and postglacial weather-
ing, in part because of its hardness of 6 to 7 and stability in
surficial weathering environments (Berry et al., 1983).

Previous studies reported variable concentrations of trace
elements (e.g., Mn, Cu, Zn, As, Sn, Sb, Pb) in epidote from
porphyry systems (e.g., Bowman et al., 1987; Norman et al.,
1991; Cooke et al., 2014). These elements occur in elevated
and spatially variable concentrations that correlate with the
distance from the porphyry centers—gradients that can be
used to vector toward porphyry Cu mineralization (Cooke et
al., 2014, 2020a, b; Jago et al., 2014; Byrne, 2019; Baker et
al., 2020; Wilkinson et al., 2020). A simple bivariate plot of As
versus Sb provides some indication of the origin of the epi-
dote because hydrothermal epidote that formed in porphyry
alteration zones contains higher concentrations of these path-
finder elements compared to metamorphic epidote (Wilkin-
son et al., 2017, 2020; Byrne, 2019; Baker et al., 2020; Cooke
et al., 2020b). The reported enrichment of Cu and Sn in epi-
dote gradually decreases with increasing distance from por-
phyry ore (proximal pathfinder elements), as opposed to the
enrichment of Mn, Zn, As, Sb, and Pb, which show the oppo-
site trend of increase in concentrations with increasing dis-
tance (distal pathfinder elements). The regional distribution
of chalcophile elements in porphyry-related epidote is con-
trolled by the presence of pyrite in the alteration halo of the
porphyry deposit (Cooke et al., 2014). The presence of pyrite
reduces the concentrations of these elements in epidote, since
they preferentially partition into pyrite. These trace element
anomalies are observed in vein and replacement epidote
(Cooke et al., 2014), with distinct differences between both
epidote types in site-specific studies (Byrne, 2019; Ahmed et
al., 2020). The strength of the pathfinder element anomalies
is correlated with the flux of metals in the parental hydrother-
mal fluids, which is argued to indicate the fertility of the por-
phyry mineralizing event (Cooke et al., 2014).

Epidote: Forms and Distribution at the
Four Study Sites

An extensive description of the style of epidote alteration and
its chemical composition at the Guichon Creek batholith at
Highland Valley Copper was provided by Byrne (2019) and
Byrne et al. (2020a, b). In the Highland Valley district, epidote
predominantly occurs in the sodic-calcic and propylitic altera-
tion zones, as described above. Minor sulfides were observed
only in epidote veins in the propylitic alteration zone.
Kobylinski et al. (2017) discuss the styles of epidote altera-
tion in the Granite Mountain batholith, the Sheridan Creek
stock, and the Nicola Group volcanic rocks of the Gibraltar
deposit region. Disseminated epidote is present in all intrusive
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phases of the Granite Mountain batholith, whereas epidote
veins are present in the batholith, the Sheridan Creek stock,
and the nearby Nicola Group rocks. Some of the veins in the
Granite Mountain batholith and the Nicola Group rocks dis-
play features related to the ductile deformation of these rocks
(Schiarizza, 2015; Kobylinski et al., 2017). The veins and vein-
lets are <1 mm to 15 cm wide and are composed of epidote,
quartz, and chlorite. Kobylinski et al. (2017) noted epidote
veins as far as 10 km from mineralization. Disseminated epi-
dote, partly or completely replacing plagioclase, occurs in all
phases of the Granite Mountain batholith up to 5 km from the
main mineralized zones.

At Mount Polley, epidote occurs as fine-grained dissemina-
tions and veinlets with calcite in alteration zones extending
throughout the Mount Polley Intrusive Complex. Epidote is
most abundant at the southern limit of the intrusive complex
and within the Nicola Group rocks, near the intrusive contact
(Fraser et al., 1993, 1995; zone IV of Rees et al., 2020).

At Woodjam, vein and disseminated epidote is present in
the five deposits. Various alteration zones containing epidote
(e.g., albite-epidote, chlorite-epidote) typically overprint
K-silicate alteration and predominate on the periphery of
mineralization within the intrusive rocks, which extend out-
ward into the Nicola Group (del Real et al., 2017, 2020).

Methods

Intrusive bedrock samples containing epidote were collected
from outcrops at the four porphyry study sites and from the
Nicola batholith (Fig. 2). Nicola Group rock samples were
collected distal (approximately >5 km) and proximal (approxi-
mately <1 km) to the porphyry centers and polymetallic vein
mineralization (Fig. 2). Polished sections were prepared
from the rock samples for laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) analysis.

Field methods for collecting till samples and laboratory
methods for the recovery of heavy mineral concentrates are
described in Plouffe and Ferbey (2016) and Ferbey et al.
(2016). The abundance of epidote in the till was determined
using two methods. First, epidote was identified under a bin-
ocular microscope at Overburden Drilling Management Ltd.
(Ottawa, Canada). The results are reported as a percentage
of epidote in the heavy mineral concentrates of the 0.25- to
0.50-mm size with >3.2 specific gravity (SG) fraction. This
optical method has a precision of +10% based on replicate
analyses (Plouffe and Ferbey, 2016). Partial results of the
epidote abundance determined by this optical method were
presented in Plouffe et al. (2021b). The complete results are
depicted on maps in this paper and provided in the Appen-
dices (Table Al). Second, epidote abundance was also deter-
mined in the 0.125- to 0.180-mm size with >3.2-SG fraction
using a scanning electron microscope (SEM) linked to a
mineral liberation analysis (MLA) database. These analyses
were completed at the Core Research Equipment and Instru-
ment Training (CREAIT) microanalysis facility at Memorial
University (St. John’s, Canada). In this case, the results are
reported as the area percent of epidote over the total min-
eralogical surface of a 30-mm-diameter circular grain mount
(App. Table Al). Empty spaces between mineral grains are
not considered. The details of the MLA-SEM methodol-
ogy are presented in Plouffe et al. (2021b). The analytical
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precision of MLA-SEM analyses, based on replicate analytical
runs of the same sample using proper calibration measures, is
<+1% (Lougheed et al., 2020). The number of samples pro-
cessed by both methods is provided in Table 1. Fewer samples
were processed by MLA-SEM than by the optical method.
Therefore, detailed interpretation of glacial dispersal by the
MLA-SEM methodology is limited. However, a general iden-
tification of the regional abundance of epidote in till near por-
phyry mineralization is possible.

The geochemical analysis of till samples to detect the foot-
print of ore and pathfinder elements down-ice of porphyry
deposits, which is an intrinsic part of this study, has been pre-
sented elsewhere (Hashmi et al., 2015; Plouffe et al., 2016,
2022:; Shewchuk et al., 2020).

LA-ICP-MS was used to determine the composition of
epidote from three sample types: (1) hydrothermally altered
intrusive bedrock samples from the four porphyry deposits
(Highland Valley Copper, n = 41; Gibraltar, n = 10; Mount
Polley, n = 10; Woodjam, n = 7) and the barren Nicola batho-
lith (n = 2), (2) metamorphosed volcanic and volcaniclastic
bedrock samples from the Nicola Group (n = 16), including
two samples collected near polymetallic vein mineralization,
and (3) detrital grains recovered from subglacial till samples
collected from various locations up-ice and down-ice of por-
phyry mineralization at the four study sites (Table 1). Dissem-
inated and vein epidote compositions were determined for
all bedrock samples, except those from Highland Valley Cop-
per. Given the limited number of LA-ICP-MS analyses for
replacement epidote from Highland Valley Copper (Byrne,
2019), only vein epidote is considered in this study, which rep-
resents the greater proportion of epidote in the intrusion.

These LA-ICP-MS analyses were completed in three lab-
oratories: the Geological Survey of Canada (GSC; Ottawa,
Canada), the Pacific Centre for Isotopic and Geochemical
Research at the University of British Columbia (PCIGR-
UBC; Vancouver, Canada), and the German Research Centre
for Geosciences (GRCG; Postdam, Germany) (Table 2). Ana-
Iytical results and procedures are presented in the Appendi-
ces (Table A2 and App. 1, respectively).

Mapping of epidote in polished sections and mounted grains
from till samples was completed at the GSC using LA-ICP-MS.
A detailed description of the mapping procedure, which fol-
lows the previously published protocols of Lawley et al. (2015,
2020) and Paradis et al. (2020), is provided in Appendix 1.

Results

Results from this study are divided into three broad catego-
ries: epidote abundance in till, petrographic comparison of
the epidote, and geochemical compositions as revealed by
LA-ICP-MS analysis.

Epidote abundance in till

The abundance of epidote in till samples from the four study
sites, determined by the optical and MLA-SEM methods, is
shown in Figure 3. Broad epidote anomalies in till are gen-
erally centered on mineralization and extend from 8 km? at
Woodjam and Mount Polley to approximately 330 km? at
Highland Valley Copper (Fig. 3). These mineralogical anoma-
lies extend in the direction of the ice flow. For example, the
epidote anomaly in till at Highland Valley Copper extends at
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Table 1. Number of Till Samples Processed for Epidote Abundance
by Optical and MLA-SEM Methods and for Epidote Composition

by LA-ICP-MS
Study site Optical method MLA-SEM LA-ICP-MS
(0.25-0.50 mm;  (0.125-0.180 mm; (0.25-0.50 mm;
>3.2 SG) >3.2 SG) >3.2 SG)
Highland Valley 108 29 10
Copper
Gibraltar 95 20 10
Mount Polley 86 20 9
Woodjam 91 21 7

Abbreviations: LA-ICP-MS = laser ablation-inductively coupled plasma-mass
spectrometry, MLA-SEM = mineral liberation analysis-scanning electron
microscope, SG = specific gravity

Table 2. List of Laboratories and Type of Samples Analyzed
at Each Laboratory

LA-ICP-MS laboratory Samples

GSC (Ottawa, Canada) Epidote in intrusive rock samples
from Gibraltar, Mount Polley, and
Woodjam and from Nicola Group
rocks; till epidote from Gibraltar,
Mount Polley, and Woodjam

Till epidote from Highland Valley
Copper

Epidote in intrusive rocks from
Highland Valley Copper and the
Nicola batholith, epidote from two
Nicola Group rocks near Highland
Valley Copper

PCIGR-UBC (Vancouver, Canada)

GRCG (Potsdam, Germany)

GRCG = German Research Centre for Geosciences, GSC = Geologi-
cal Survey of Canada, LA-ICP-MS = laser ablation-inductively coupled
plasma-mass spectrometry, PCIGR-UBC = Pacific Centre for Isotopic and
Geochemical Research at the University of British Columbia

least 10 km down-ice (to the south southeast) from the zone
of alteration and about 4 km down-ice (southwest and north-
west) at Mount Polley. At Gibraltar (Fig. 3C, D; Plouffe et
al., 2022), the epidote anomaly extends at least 16 km to the
north of the deposits, corresponding to the direction of ice
movement at glacial maximum (Plouffe et al., 2022). There,
the presence of elevated epidote abundances in till to the
south, over the Sheridan Creek stock, could be related to the
epidote in the underlying intrusion (Ash and Riveros, 2001).
These mineralogical anomalies can be identified in the >3.2-
SG fraction of the 0.25- to 0.50-mm (optical method) and the
0.125- to 0.180-mm (MLA-SEM) size fractions of till. How-
ever, more samples were analyzed by the optical method, pro-
viding a better-defined regional coverage.

Based on the distribution patterns of epidote in till at the four
study sites, we interpret the main sources to be the hydrother-
mal alteration zones associated with the porphyry deposits.
Variability in epidote abundance in till relates to the epidote
distribution in bedrock. For example, the greater abundance
of epidote in till at the eastern margin of the Guichon Creek
batholith (>51%; Fig. 3A) at Highland Valley Copper corre-
sponds to propylitic alteration in the marginal mafic phase of
the intrusion (Byrne et al., 2020a, b). Some of the epidote in
the till is also derived from the Nicola Group rocks, as shown
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by its abundance of 0.1 to 25% in regions underlain by these
rocks up-ice and distal to the porphyry deposits (>10 km).
To differentiate the detrital epidote derived from porphyry
hydrothermal alteration from that derived from regionally
metamorphosed rocks of the Nicola Group, petrographic and
geochemical methods were applied.

Petrographic description of epidote

Petrographic examination of the epidote provides some indi-
cation of its origin. The massive and coarse euhedral to anhe-
dral epidote in veins within intrusive rocks that host porphyry
mineralization (Fig. 4A, B) is interpreted as being hydrother-
mal in origin. In plane-polarized light, this epidote is olive
green and yellow green to brown and has a pitted texture with
abundant mineral inclusions, quartz, carbonate, actinolite,
titanite, and sulfides being the most common. Some of the
epidote in the veins forms prismatic crystals as long as 2 mm.
Sulfide inclusions are observed in the epidote within the veins
and, in the case of Mount Polley, magnetite can also be pres-
ent (Fig. 4C). These inclusions were avoided during the LA-
ICP-MS analyses. Backscattered electron (BSE) images show
compositional zoning within vein epidote that reflects varying
degrees of Fe-Al substitution (Fig. 5A). In the Granite Moun-
tain batholith, the epidote veins themselves are zoned, with
Fe-poor borders [10.57 wt % Fe2Os(total)] and Fe-rich cores
[16.52 wt % Fe20s(t)] (Kobylinski et al., 2017).

Epidote also forms crystal aggregates with diameters that
reach decimeters and constitutes up to 80% volume of the
intrusive rock and therefore, qualifies as epidosite. In these
aggregates, epidote occurs as individual anhedral to euhe-
dral crystals with diameters as large as 0.5 mm and is typi-
cally intergrown with quartz, carbonate, amphibole, titanite,
or minor sulfides (Fig. 4D). Likewise, these aggregates are
interpreted to have formed from hydrothermal fluids.

Epidote texture in rock samples of the Granite Mountain
batholith is complex and may be related to a combination
of porphyry hydrothermal alteration and postmineralization
metamorphism. Epidote (>0.1 mm) and titanite replacing
chlorite following biotite alteration is interpreted to be related
to the porphyry hydrothermal alteration (Fig. 4E). On the
other hand, fine-grained (typically <0.1 mm) poikilitic epidote
overprinting plagioclase (Fig. 4F) was observed in a number
of the rock samples from the Granite Mountain batholith and
may be of metamorphic origin. Poikilitic epidote overprint-
ing plagioclase is also observed in the Mount Polley Intru-
sive Complex (Fig. 4G). However, its close association with
titanite, magnetite, and pyrite, all part of the hydrothermal
alteration mineral assemblage (Rees et al., 2020), suggests
that it is of hydrothermal origin.

Poikilitic epidote that overprints plagioclase, chlorite, or
carbonate in the Nicola Group rocks forms crystals that are
generally <0.05 mm in diameter but can be up to 0.25 mm
and can form aggregates as large as 1 mm in diameter (Fig.
4H). This poikilitic epidote occurs as a pale yellow greenish to
dark fuzzy mineral grains in plane-polarized light, but some
of the crystals appear anhedral to euhedral in reflected light
(Fig. 41). In BSE images, this poikilitic epidote does not show
prominent Fe-Al zoning (Fig. 5B), as was observed in epidote
from the intrusive rocks, suggesting that it formed in more
stable conditions. Based on these observations, this form of
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epidote found in the Nicola Group rocks is interpreted to be
of metamorphic origin. In addition, epidote veins and vein-
lets that cut the intrusive rocks associated with the porphyry
deposits do extend in places into the adjacent Nicola Group
rocks. Epidote in these veins and veinlets is yellow green to
yellow orange, is dominantly anhedral, and shows Fe-Al zona-
tion in BSE images (Fig. 5C). These epidote veins within
the Nicola Group rocks are interpreted to have resulted
from hydrothermal alteration associated with the porphyry
mineralization.

The majority of the epidote grains recovered from the till
samples have characteristics similar to those of the hydro-
thermal epidote described above. These epidote grains con-
tain inclusions of quartz, carbonate, actinolite, titanite, and
sulfides and show Fe-Al zoning in BSE images (Fig. 5D-F).
Fractures are observed in some grains (Fig. 5F), potentially
resulting from crushing during glacial erosion and transport.

Epidote geochemical composition

There are broad compositional fields for differentiating epi-
dote derived from metamorphism versus porphyry-related
hydrothermal activity (Fig. 6; Wilkinson et al., 2017, 2020;
Baker et al., 2020; Cooke et al., 2020b). Epidote from the
porphyry field contains >0.6 ppm Sb and >8 ppm As. At
Highland Valley Copper, 56% of epidote samples from the
Guichon Creek batholith falls exclusively in the porphyry-
alteration field, excluding epidote with high As and Sb, which
falls outside the metamorphic and porphyry-alteration fields.
The percentage that falls within the porphyry-alteration field
is higher at Mount Polley (96%) and Woodjam (93%) than at
Gibraltar (10%), which is characterized by epidote containing
generally lower As concentrations than at these other three
sites (Fig. 6). There is a general positive correlation between
As and Sb concentrations in the epidote from all the sites
except for Highland Valley Copper, where this correlation is
less apparent (Fig. 6A). High As and Sb concentrations are
noted in vein or replacement epidote at the four study sites
except at Gibraltar, where As concentrations are low (Fig. TA,
B). Lower As and Sb concentrations are observed in epidote
from Nicola Group rocks, including samples collected near
(<1.5 km) polymetallic vein mineralization (Figs. 6E, 7A, B).
Some of the epidote from samples of Nicola Group bedrock,
which were collected <2 km from the porphyry intrusions
at Gibraltar and Woodjam (Fig. 2), also contain elevated As
and Sb concentrations that are most likely related to the por-
phyry hydrothermal alteration (Figs. 6E, 7A, B). In the barren
Nicola batholith, epidote has low As and Sb concentrations,
with 12 of the 16 analyses falling in the metamorphic field or
within the overlap between the metamorphic and porphyry-
alteration fields (Fig. 6E).

Seventy-one percent of the As and Sb concentrations for
epidote grains from the till at Highland Valley Copper, 54%
from Gibraltar, 78% from Mount Polley, and 70% from Wood-
jam fall exclusively within the porphyry-alteration field (Fig.
6A-D). At Gibraltar, abundant epidote grains from till contain
higher As concentrations than those observed in the epidote
from the intrusive rocks, suggesting that the bedrock samples
used in this study do not reflect the full range of the compo-
sition of porphyry-related epidote in the Granite Mountain
batholith (Fig. 6B). The regional distribution of epidote grains
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Fig. 4. Paired petrographic photographs in plane-polarized light (PPL) and reflected light (RL) of epidote in various rock
types. (A) Massive brown epidote in a vein in the Granite Mountain batholith (sample GBR2-14); field of view (F.0.V.) 1.13 x
1.50 mm. (B) Coarse, olive-green, euhedral bladed epidote in zeolite in a vein in the Mount Polley Intrusive Complex (sample
18PMA007); F.0.V. 1.13 x 1.50 mm. (C) Coarse yellow-green euhedral epidote with sulfides and magnetite in a vein in the
Mount Polley Intrusive Complex (sample 18PMA009); F.0.V. 1.05 x 1.43 mm. (D) Pale yellow-green, fractured anhedral
epidote intergrown with pyrite, titanite, and quartz (sample 13CDBW]20); F.0.V. 1.08 x 1.45 mm. (E) Epidote and titanite
replacing chlorite-altered biotite from the Granite Mountain batholith (sample 14PSCAP3); F.0.V. 1.10 x 1.47 mm. (F)
Fine-grained poikilitic epidote in feldspar from the Granite Mountain batholith (sample GSC-1); F.o.V. 1.02 x 1.36 mm.
(G) Fine-grained poikilitic epidote overprinting feldspar in the Mount Polley Intrusive Complex (sample 18PMA010); F.0.V
1.02 x 1.36 mm; PPL. (H) Subhedral epidote intergrown with carbonate and chlorite in metamorphosed Nicola Group
pyroclastic rock (sample 16PSC12); F.0.V. 1.07 x 1.43 mm. (I) Poikilitic epidote overprinting chlorite and carbonate in Nicola
Group volcanic rock. Fine hematite inclusions are present (sample 14PSC357); F.0.V. 1.02 x 1.36 mm. Cb = carbonate
mineral, Chl = chlorite, Ep = epidote, Hem = hematite, Mag = magnetite, P1 = plagioclase, Py = pyrite, Qz = quartz, Sul =
sulfides, Ttn = titanite, Zeo = zeolite.
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Fig. 5. Scanning electron microscope backscattered electron images of epidote in various rock samples. (A) Strong Fe-Al zon-
ing in vein epidote in the intrusive rocks at Woodjam (sample 13CDBW]22); Fe-rich areas (approximately 12 wt % Fe and
12 wt % Al) are brighter than Al-rich areas (approximately 10 wt % Fe and 13 wt % Al). (B) Euhedral epidote overprinting a
pyroclastic fragment in Nicola Group rock (sample 17PSC134). (C) A veinlet of epidote in a fine-grained Nicola Group volca-
nic rock collected <1 km from the Granite Mountain batholith (sample GBR-49); note the Fe-Al zoning and the bright speck-
les enriched in rare earth elements (0.9-1.1 wt % Nd; 0.7-1.1 wt % Ce). (D) An epidote grain from till sample 11PMA029
collected near (<1 km) the Gibraltar deposit. (E, F) Epidote grains from till sample 12PMA095 collected approximately 4 km
northwest (down-ice) of the Mount Polley deposit. The black circles are laser ablation pits (50 pm). Amp = amphibole, Chl =
chlorite, Ep = epidote, Ms = muscovite, Qz = quartz, Ttn = titanite.
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Fig. 6. Plots of As versus Sb for intrusive bedrock and till samples from (A) Highland Valley Copper, (B) Gibraltar, (C) Mount
Polley, and (D) Woodjam. (E) The same plot showing Nicola Group and Nicola batholith bedrock samples. The black dotted
and dashed lines define the approximate range of concentrations in metamorphic (M) and porphyry-alteration (P) epidote,
respectively, as reported by Wilkinson et al. (2020) and Cooke et al. (2020b). Concentrations below detection limit are plotted
using data not filtered for mean detection limit and are shown for illustration purposes.

in till classified as porphyry related, metamorphic, or uncertain
is shown in Figure 8A, D, G, and |. Epidote grains classified as
uncertain have a composition that falls in the overlapping area
between porphyry and metamorphic fields in Figure 6. Till
samples in which more than 50% of the epidote grains have
a porphyry signature occur in each district but have no clear
distribution patterns (Fig. 8A, D, G, J). However, five samples
collected close to the mineralization at Mount Polley and two
collected at Woodjam contain epidote grains that plot solely
within the porphyry field (Fig. 8G, ).

The trace elements Mn, Cu, Zn, Sn, and Pb are also abun-
dant in porphyry-related epidote (Cooke et al., 2014, 20204,

b; Jago et al., 2014; Byrne, 2019; Baker et al., 2020; Wilkinson
et al., 2020) and, therefore, have the potential to indicate the
source of this mineral. The concentrations of these elements
in epidote are variable among the four porphyry study sites
and, in some cases, are highly skewed from a normal distribu-
tion (e.g., Cu and Zn; Fig. 7). Sixty-seven percent of epidote
from the bedrock samples from the Highland Valley Copper
deposit returned Cu concentrations below the detection limit,
and 57% of the epidote grains from the till returned Cu con-
centrations below the detection limit, with 36% below the
detection limit for Sn. The highest concentrations of Mn, Cu,
Zn, and Pb occur in epidote from porphyry-related intrusive
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Fig. 7. Box and whisker plots of elemental concentrations in epidote: (A) As, (B) Sb, (C) Cu, (D) Mn, (E) Sn, (F) Zn, and
(G) Pb. The box defines the first, second, and third quartile and the dot the mean concentration. The whiskers show the full
ranges of concentration. Statistics were calculated with data not filtered for detection limit. Data are shown for vein epidote
(vein), replacement epidote (repl.), and epidote grains from till (till). Epidote in Nicola Group rocks are classified as back-
ground metamorphic epidote (back.), epidote from near (<2 km) porphyry mineralization or intrusion with porphyry miner-
alization (near), and epidote from near polymetallic vein mineralization (metal. vein). The gray zone defines concentrations
above a threshold defined as the highest third-quartile value in the background Nicola Group or the Nicola batholith. HVC =
Highland Valley Copper, Nicola bath. = Nicola batholith.
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rocks from all four of the porphyry study sites and from Nicola
Group rocks collected near mineralization (Fig. 7). Elevated
concentrations of these trace elements are generally observed
in both vein and replacement epidote (Fig. 7; see also Cooke
etal., 2014; Ahmed et al., 2020). However, at Woodjam, higher
Cu, Pb, and Zn concentrations are present in epidote veins
compared to replacement epidote. Conversely, at Gibraltar,
Mn concentrations are higher in replacement epidote.

To show the location of the till samples with epidote grains
that contain the highest concentrations of these trace elements,
an approximate threshold for each element was assigned to
the highest third-quartile value in metamorphosed Nicola
Group (background) or Nicola batholith samples, as both rock
types are considered barren of mineralization (shaded band
in Fig. 7). Concentrations above this threshold correspond
to >2,700 ppm Mn, >12 ppm Cu, >7 ppm Zn, and >37 ppm
Pb, and potentially indicate porphyry mineralization; the per-
centages of epidote grains from each till sample with concen-
trations above these thresholds are plotted (Fig. 8B, E, H,
K). At Highland Valley Copper, the highest percentages of
epidote grains with Mn, Cu, and/or Pb concentrations above
this threshold occur in all but three of the till samples: one to
the northeast over barren Nicola Group bedrock, one in the
central part of the Guichon Creek batholith, and one in the
south-central part of the batholith 7 km south of mineraliza-
tion (Fig. 8B). Similarly, most till samples from Gibraltar and
Mount Polley contain the highest percentages of epidote with
elevated concentrations of at least one of these four trace ele-
ments (Fig. SE, H). At Gibraltar, there are three exceptions:
two samples collected to the east (up-ice of mineralization)
over Nicola Group bedrock and one collected in the central
part of the Granite Mountain batholith, <2 km north of miner-
alization (Fig. 8E). At Mount Polley, only two samples yielded
low percentages of epidote with low concentrations of trace
elements: one north of Quesnel Lake and the second in the
southwest, both in background regions without known miner-
alization (Fig. S8H). At Woodjam, three samples collected near
mineralization contained low percentages of epidote grains
with anomalous Mn, Cu, Zn, and Pb concentrations (Fig. SK).

The REE patterns of epidote from each rock type show sev-
eral common trends and a few exceptions. The median REE
concentrations (normalized to chondrites; McDonough and
Sun, 1995) in epidote from intrusive rocks that host mineral-
ization show the following general characteristics: concave to
flat REE patterns with an average enrichment of 10x chon-
dritic values, except for some light REE (LREE) enrichment
(La/Yby ranges from 1.7 to 14.4) and positive Eu anomalies
(EwEu®x = Eun/YSmy x Gdy) that range from 1.7 in veins at
Woodjam to a maximum of 6.0 in veins at Gibraltar (Fig. 9A,
D, G, ]J). There are no consistent differences in the median
REE patterns between the vein and replacement epidote. For
example, the median Ew/Eu®x value is higher in the epidote
from the veins at the Gibraltar deposit but is higher in the
replacement epidote at Woodjam. Epidote from the barren
Nicola batholith yielded a La/Yby value of 2.2 and a median
EwEu®x value of 2.3, both within the lower range observed in
the porphyry-related intrusions (Fig. 9N). In contrast, epidote
from the Nicola Group rocks all have lower median La/Ybx
(0.5-1.1) and generally lower Ew/Eu®x (1.6-1.8) values com-
pared to epidote from porphyry-related intrusive rocks (Fig.
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9M, N). The slightly higher Ew/Eu*x and La/Yb values in por-
phyry-related epidote are depicted with box and whisker plots
(Fig. 10). There are exceptions to the general epidote REE
trends described above; a limited number of epidote grains
from the Guichon Creek batholith (40 of 349), Granite Moun-
tain batholith (5 of 38), the Mount Polley Intrusive Complex
(2 of 81), the Takomkane batholith (8 of 69), the Nicola Group
(17 of 92), and the Nicola batholith (1 of 17) present negative
Eu anomalies (App. Table A2). These commonly have convex
LREE (Lax < Cen) patterns and overall stronger REE enrich-
ment compared to epidote with positive Eu anomalies.

Epidote grains in till have a range of REE concentrations
with patterns that reflect those observed in all rock types (Fig.
9). The median REE trend of the combined epidote popu-
lation within each till sample indicates that there are gener-
ally elevated LREEs (La/Ybx > 1.7) and EwEu®x > 1.7 (Fig.
9B, E, H, K) in the epidote grains from till. Using the same
approach as for trace elements—i.e., mapping the distribution
of high percentages of epidote grains in till with greater than
threshold Ew/Eu®y (4.1) and La/Yb (3.6) values (Fig. 10)—no
distribution patterns could be linked to mineralization except
for the highest percentages of grains, which have Ew/Eu®x
values of >4.1 near mineralization at Highland Valley Copper,
Gibraltar, and Woodjam (Fig. 8C, F, L).

Discussion

Using the optical or the MLA-SEM methods to determining
the abundance of epidote in the heavy mineral concentrates
of the till samples in the region of a prospective intrusion is
the first step to detecting epidote that may be associated with
a buried porphyry deposit, derived from either propylitic
or sodic-calcic alteration (so-called “green rock” alteration;
Cooke et al., 2014). Epidote dispersal trains in till, which can
vary from 8 to 330 km? (Fig. 3), delineate a viable exploration
target. Reconnaissance-level surveys with a till sample spac-
ing of approximately 1 to 2 km (corresponding to one sample
per 1-4 km?), as was used in this study, is an efficient method
to evaluate the regional mineralization potential of a covered
prospective intrusion.

The Fe-Al irregular zoning observed in BSE images of por-
phyry-related epidote (Fig. 5A, C-F) can result from changes
in redox conditions, temperature, pH, bulk-rock and fluid
compositions, COz fugacity, and, to a lesser extent, pressure
(Holdaway, 1972; Arnason et al., 1993). The Fe-Al zoning
suggests rapidly evolving physicochemical conditions during
precipitation of the epidote from the hydrothermal fluids. The
Fe-Al zoning is not well-developed in epidote from the Nicola
Group metamorphosed rocks. However, irregular, oscillatory,
and sector zoning, controlled by trace element composition,
has been reported in metamorphic epidote elsewhere (Franz
and Liebscher, 2004; Grapes and Hoskin, 2004). Therefore,
the presence of Fe-Al zoning in epidote is not a clear indica-
tion of a porphyry provenance.

The concentrations of trace elements (Mn, Cu, Zn, As, Sb,
Pb) in epidote that were determined by LA-ICP-MS may
provide additional confirmation that the epidote is related
to porphyry mineralization. In this study, the As and Sb con-
tents in the epidote appear to be the most consistent indi-
cator of porphyry mineralization, except at Gibraltar, where
low As concentrations in the epidote could be related to its
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Epidote in bedrock at Highland Valley Copper
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Fig. 9. Median rare earth element (REE) concentrations (ppm) normalized to chondrite values (McDonough and Sun, 1995)
for epidote from the (A, B, C) Highland Valley Copper, (D, E, F) Gibraltar, (G, H, I) Mount Polley, and (J, K, L) Woodjam
deposits. The results are shown for bedrock and till samples and indicate two groups of epidote: those dominantly from intru-
sive rocks and those with mixed provenance. The lines in the graphs are constructed from the median REE concentrations;
the shaded areas represent the full range of concentrations. (M, N) Epidote REE concentrations from Nicola Group and
Nicola batholith samples. La/Yb and Ew/Eu®y calculated from the median concentrations, depicted as lines on the REE plots,
are provided below each graph. HVC = Highland Valley Copper, Near poly vein = near polymetallic vein mineralization, Near
porph. = near porphyry mineralization, Nicola bath. = Nicola batholith.
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Epidote in bedrock at Mount Polley
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Epidote in Nicola Group bedrock
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Epidote in Nicola Group and batholith bedrock
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recrystallization during postmineralization metamorphism
(Plouffe et al., 2021a, 2022). High concentrations of one or
both of these elements are encountered in the majority of
the epidote grains from till from each of the four study sites.
We interpret the regional distribution of epidote in till with
high As and Sb (>8 ppm As and >0.6 ppm Sb; Fig. 6) to be
derived from porphyry hydrothermal alteration zones. Till
epidote grains with low As and Sb concentrations are most
likely derived from the metamorphosed Nicola Group rocks
distal (>2 km) from mineralization or from other barren rocks.

High percentages of epidote grains in till with high con-
centrations of trace elements (>2,700 ppm Mn, >12 ppm Cu,
>7 ppm Zn, and >37 ppm Pb, i.e., threshold values) are het-
erogeneously distributed in each of the porphyry districts and
are less abundant in background regions where mineraliza-
tion is absent. No clear regional dispersal patterns of detri-
tal epidote with proximal (Cu) and distal (Mn, Zn, Pb) trace
element signatures are associated with the main mineralized
zones. Epidote grains with high concentrations of pathfinder
elements in till samples collected >10 km southwest of Mount
Polley and west-southwest of Woodjam could be derived from
the known mineralization and transported to the southwest
during the first phase of ice flow; alternatively, this epidote
may be derived from an unknown source. Some till samples

Eu/Eu*N

near

till

vein

till

0.1

collected near mineralization that have high percentages of
porphyry-related epidote grains, based on their As and Sb
concentrations, contain low percentages of grains with high
concentrations of the trace elements Mn, Cu, Zn, and Pb (Fig.
8). In other words, the high concentrations of Mn, Cu, Zn,
and Pb in the epidote grains are not as consistent an indicator
of porphyry mineralization as high As and Sb concentrations.

The variability in the abundance of epidote grains in the till
samples that may have been derived from porphyry mineral-
ization and the inconsistent spatial patterns for these epidote
grains to be enriched in pathfinder elements (proximal Cu and
distal Mn, Zn, As, Sb, and Pb) are interpreted to be related
to a combination of factors: (1) the variable composition of
the epidote in the bedrock with increasing distance from
multiple mineralization centers within the broader porphyry
district, as previously reported (Cooke et al., 2014, 2020a, b;
Byrne, 2019; Baker et al., 2020; Wilkinson et al., 2020), (2) the
mixed provenance of the epidote grains in till, and (3) trace
element zoning within epidote (Fig. 11; see also Ahmed et
al., 2020). Indeed, detailed LA-ICP-MS mapping of the epi-
dote shows that the trace elements are heterogeneously dis-
tributed within the mineral structure, with zoning patterns
partly mimicking the Fe-Al distribution (Fig. 11A; Plouffe et
al., 2023). In the case of Cu, it appears to be a late addition to
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Fig. 10. Box and whisker plots of (A) Ew/Eu®x and (B) La/Yb in epidote. The format and abbreviations are the same as those
in Figure 7. The gray zone defines concentrations above a threshold defined as the highest third-quartile value in the back-

ground Nicola Group or the Nicola batholith rocks.
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Fig. 11. Backscattered electron (BSE) images and laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-
MS) maps of epidote. (A) The top nine images are of sample 18PMA0O1 from Mount Polley. Note the As, Sb, Mn, and Pb
zoning that mimics the Fe-Al zoning (visible in the upper left BSE image) and the Cu, Zn, La, and Eu enrichments that
occur along the fractures and the zoning in epidote. (B) The bottom nine images are of sample 14PSC388 from Gibraltar
with epidote in a chlorite veinlet bordering quartz and altered plagioclase with fine-grained epidote. BSE image taken after
LA-ICP-MS mapping. Note the poor ablation of quartz in the BSE image, the absence of As, Mn, Zn, and Pb zoning, higher
Sb concentrations in the core, higher La and Eu concentrations in the rim, and net-textured Cu concentrations infiltrating
along grain boundaries.
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Fig. 11. (Cont.) (C) The top nine images are of sample 13CDBW]21 from Woodjam. Note that As, Sb, Mn, La, and Eu
zoning all have a similar orientation but that the highest concentrations occur in different locations within the epidote. The
higher concentrations of Cu and Zn along the fractures in the epidote suggest a late addition of these metals by hydrothermal
fluids after the epidote was formed. The laser pit in quartz was not included in the assessment of the epidote composition. (D)
The bottom nine images are of an epidote grain from till sample 11PMA029 collected in the region of the Gibraltar deposit.
Note the Fe-Al zoning visible in the BSE image. The high concentrations of Cu, La, and Eu follow the high Fe zoning (bright
regions in the BSE image), low concentrations of As, Sb, and Zn, and heterogeneous distribution of Mn and Pb. On all BSE
images, the red circles are laser pits. Ab = albite, Ccl = chrysocolla, Chl = chlorite, Ep = epidote, P1 = plagioclase, Qz = quartz.
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the epidote, as it is abundant along the grain boundaries and
fractures (Fig. 11A-C). Consequently, the heterogeneous dis-
tribution of pathfinder elements in the epidote accounts for
some of the variability observed in compositions determined
by LA-ICP-MS spot analyses. To evaluate porphyry mineral-
ization potential, a large number of epidote grains from each
till sample should be analyzed to compensate for the hetero-
geneous distribution of these pathfinder elements.

In this study, analyzing an average of 11 randomly selected
grains per till sample, in seven to 10 till samples in each dis-
trict, indicated a possible porphyry signal. Multiple analyses
of each epidote grain should be conducted, where possible, to
account for possible growth zoning. The epidote grains from
till in this study commonly contained fractures and inclusions
and were commonly intergrown with other minerals, limiting
the ability to use multiple laser spots.

Rare earth elements provide only a vague indication of the
provenance of detrital epidote. The ratio La/Ybx > 1.7, as
measured in epidote from intrusive rocks in this study and in
felsic to intermediate igneous rocks in other studies (e.g., Frei
et al., 2004; Anenburg et al., 2015), is interpreted to reflect a
provenance of felsic to intermediate granitoids and does not
indicate a porphyry Cu provenance. Enrichment of LREEs
in epidote could be related to the large ionic radii of LREEs,
which are better accommodated in the large Ca2+ cation site
available in epidote (cf. Gieré and Sorensen, 2004) and the
greater solubility of LREEs in F- and Cl-bearing fluids at tem-
peratures <300°C (Migdisov et al., 2009). An Ew/Eu®y value
of >4.1 measured in epidote from porphyry-related intrusive
rocks (Fig. 10) could be diagnostic of a porphyry source. How-
ever, elevated EwWEu*y in epidote from till provides only a
vague indication of the presence of mineralization. Till sam-
ples with the highest percentages of grains with Ew/Eu®x val-
ues >4.1 were from sample sites close to the mineralization at
Highland Valley Copper, Gibraltar, and Woodjam; however,
at Mount Polley, epidote with elevated Ew/Eu®y values was
found in barren rocks southwest and northeast of the mine
(Fig. 8). The origin of the epidote with positive EwEu*x
anomalies is unclear. It is possible that this enrichment is an
inheritance from the primary Ca-bearing mineral (e.g., pla-
gioclase) that was replaced by epidote, as has been observed
in metamorphic rocks (El Korh, et al., 2009). Additionally, the
preferential incorporation of Eu®+ in epidote as it crystallizes
from oxidized hydrothermal fluids might contribute to the
positive Eu anomaly. Due to similar radii, Eu’+ (atqmic radius
= 1.03 A) can replace Ca?* (atomic radius = 1.00 A) in the A
sites with concomitant replacement of trivalent for divalent
cation in the M sites to maintain charge balance (Frei et al.,
2004). More studies of the REE composition of epidote are
required before it can be stated that the enrichment is related
to porphyry Cu mineralization and hydrothermal alteration.

Using the composition of epidote as an indicator of prov-
enance is not unique to mineral exploration. Epidote is recog-
nized as a provenance indicator in sedimentary basins based
on its Nd and Sr isotope and trace element composition,
which has implications for the exhumation history of the Cen-
tral Alps (e.g., Spiegel et al., 2002). Identifying the presence
of detrital minerals associated with porphyry hydrothermal
alteration, such as epidote, can be useful as part of a mineral
exploration strategy in places where mineralization is deeply
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seated and has not undergone glacial erosion. In such cases,
direct indicators of porphyry Cu mineralization, such as chal-
copyrite grains or Cu geochemical anomalies (cf. Plouffe et
al., 2016, 2022), would be absent, and only resistant minerals
associated with the alteration zones, such as epidote, would be
present in the till. Hence, recognizing the potential for por-
phyry Cu mineralization based on the presence of porphyry
alteration minerals (e.g., apatite, tourmaline) and even igne-
ous minerals (e.g., zircon) can contribute to the discovery of
deeper porphyry mineralization buried under sediment cover
(Mao et al., 2016, 2017; Lee et al., 2021; Plouffe et al., 2021a;
Beckett-Brown et al., 2023a, b). Once a potential porphyry Cu
source has been identified using the abundance and composi-
tion of detrital epidote, vectoring toward mineralization could
be achieved using bedrock samples of epidote (and chlorite)
as shown by Cooke et al. (2020b) and Wilkinson et al. (2020).

Conclusion

The abundance and composition of detrital epidote from till
(glacial sediment) can be used in mineral exploration to detect
propylitic and/or sodic-calcic alteration associated with por-
phyry Cu deposits. In the Quesnel terrane of the Canadian
Cordillera, epidote was found to be more abundant in the
heavy mineral concentrates from till collected over and down-
ice of four porphyry Cu deposits (Highland Valley Copper,
Gibraltar, Mount Polley, Woodjam) than in till from the sur-
rounding regions that are barren of mineralization. The com-
position of epidote, particularly elevated As (>8 ppm) and Sb
(>0.6 ppm) content, is useful to differentiate detrital epidote
grains derived from porphyry alteration versus regional meta-
morphic rocks of the Nicola Group. In addition, high abun-
dance and heterogeneous distribution of epidote grains in
till with high concentrations of trace elements (>12 ppm Cu,
>2,700 ppm Mn, >7 ppm Zn, and >37 ppm Pb) provide an
indication that an intrusion might host porphyry Cu ore. This
signal was not observed in regions that are barren of known
mineralization. Tracing detrital epidote in glaciated terrains
may be particularly applicable if a mineralized zone is at depth
and only the nonmineralized propylitic or sodic-calcic altera-
tion zones that contain epidote were exposed to glacial ero-
sion. This mineral exploration method can be further tested
and developed to aid the discovery of the next generation of
porphyry Cu deposits that are needed to meet the demands
for this critical mineral (Natural Resources Canada, 2021).
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