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ABSTRACT

Zones of advanced argillic-alteration occur in the upper parts of porphyry copper systems, with a blanket-like geometry that, if preserved
may create the largest near-surface footprint of the hydrothermal systems. These zones may host high-sulphidation epithermal-type
gold deposits and/or conceal porphyry copper mineralization at depth. Mineral exploration within advanced argillic zones is difficult
because of the large size of the altered areas, the intense nature of the alteration, and the subtle mineralogical changes that can be
challenging to identify.

In this study, alteration-mineral assemblages and compositions across zones of advanced argillic alteration in three British Columbia
(BC) mineral properties are characterized: Tanzilla (near Dease Lake) and the Alunite Ridge and Kemess North mineral properties (both
in the Toodoggone district). A total of 230 rock samples were collected that represent various alteration assemblages from the zone of
advanced argillic alteration to 5-6 km outside the zone of intense alteration. These samples were characterized by field observations,
hyperspectral shortwave infrared (SWIR), petrography, cathodoluminescence, scanning-electron microscope (SEM), physical rock
properties (including magnetic susceptibility, density, and porosity) as well as whole-rock major and trace element compositions.

Aluminume-rich minerals such as andalusite, corundum, diaspore, and topaz occur within zones of intense alteration and silicification
(residual and added quartz) with pyrophyllite and/or muscovite-clay assemblages. The muscovite colour changes laterally, with respect
to the main up-flow zone, to pale-green and green, in conjunction with a change to more phengitic composition. A new K-Mg-Al molar
diagram is introduced to map white muscovite-clay-(aluminum-rich minerals), pale-green muscovite, green muscovite-chlorite, and
chlorite-dominated alteration assemblages. A K/Rb-Al molar diagram is introduced that distinguishes the aluminum-rich phases from
those of the muscovite-clay assemblages to identify vectors within the zones of advanced argillic alteration. Cathodoluminescence
study indicates that quartz within more central parts of advanced argillic alteration displays red luminescence and typically occurs with
blue luminescent pyrophyllite and clays.

Two trace element indices (Mineral Deposit Research Unit — MDRU Porphyry Index (MPIx) and MPIx-Lateral) are used to map the
mineralization footprints vertically and laterally. These indices provide tools to compare prospects in a district, identify size and level of
exposure, and help target drilling. A Na-Ca depletion index helps map the intensity of muscovite and advanced argillic-alteration, adding
tools for defining vectors for mineralization. Measured physical rock properties correlate with the type and intensity of alteration.

These observations provide a toolset that can aid rapid and cost-effective exploration vectoring for porphyry copper and related
epithermal mineralization within and around advanced argillic altered rocks in British Columbia and elsewhere.
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INTRODUCTION

Zones of advanced argillic alteration in the upper parts of
porphyry copper systems, also known as ‘lithocaps’ (Sillitoe,
1995), can have a blanket-like geometry with areal extents of
>10 km?. They may be as thick as 1 km and, where preserved,
form the largest near-surface footprints of porphyry copper
systems (Sillitoe, 2010; Hedenquist and Taran, 2013; Cooke et al.,
2017; Hedenquist and Arribas, 2021). Large, coalesced zones of
advanced argillic may underline two or more porphyry copper
deposits (Sillitoe, 1999; 2010). Lithocaps may themselves host
high-sulphidation epithermal-type gold deposits if they are
preserved from erosion (e.g., Yanacocha; Longo et al., 2010).

Mineral exploration within advanced argillic zones is
traditionally difficult because of the large size of the altered
areas, the intense nature of the alteration, and the subtle
mineralogical changes that can be difficult to identify in the
field or with tools such as a hand lens. More importantly,
shallow parts of advanced argillic alteration, the quartz-alunite
zone, for example, are commonly offset from their causative
intrusions that typically host porphyry copper deposits, such
as the Lepanto lithocap in the Philippines (Hedenquist et al.,
1998). The offset is caused by cooling along shallow hydraulic
gradients away from intrusive centres (Hedenquist and Taran,
2013). Therefore, characterizing the textural, mineralogical, and
geochemical trends around and within these zones of advanced
argillic alteration is essential for explorers to identify proximity
indicators of potential high-sulphidation epithermal gold and
underlying porphyry deposits.

Porphyry copper deposits comprise a large range of the metal
tenor, including both grade and payable elements, and a
corresponding diversity of parageneses and fabrics (e.g., Clark,
1993). They commonly have large alteration and geochemical
footprints (e.g., Titley et al., 1986; Cunningham et al. 2004;
Halley et al., 2015; Byrne et al., 2020). Advances in obtaining
high-quality whole-rock geochemical data for exploration
(e.g., Halley, 2020; Barker et al., 2021), as well as textural and
mineral mapping by shortwave infrared techniques (SWIR:
Lypaczewski et al., 2020; Byrne et al., 2020; Portela et al.,
2021), provide an improved framework for vectoring within
zones of advanced argillic alteration. In addition, traditional
petrography (Watanabe and Hedenquist, 2001), backed by
cathodoluminescence studies (e.g., Maydagdn et al.,, 2015;
Rusk et al., 2006; Bennett, 2014; Holley et al., 2017) provide
an opportunity to further delineate complex alteration zones
in advanced argillic rocks and improve techniques for decision
making during exploration targeting.

In this study, alteration mineral assemblages and rock
compositions across advanced argillic-alteration zones in three
British Columbia (BC) mineral properties are characterized: the
Tanzilla mineral property, near Dease Lake, and the Alunite
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Ridge and Kemess North mineral properties, both in the
Toodoggone district. Rocks were sampled within the zones
of advanced argillic-altered rocks, and up to 5-6 km outside
of the zone of intense advanced argillic alteration in the
surrounding rocks that typically had muscovite and chlorite
alteration. Alteration mineral assemblages were characterized
by field observations, hyperspectral SWIR, petrography
assisted by cathodoluminescence (CL), and scanning electron
microscope (SEM) imaging. These data were supplemented by
measurements of rock physical properties, including magnetic
susceptibility, density, and porosity. Whole-rock major and
trace element data were used to map trace element vectors
and compare them with alteration mineralogy.

Results show alteration zoning of 16 mineral assemblages
within and around zones of advanced argillic-altered rocks.
A new K-Mg-Al diagram is introduced to map alteration
assemblages in four groups based on whole-rock analyses. This
is supplemented by a K/Rb-Al diagram, which distinguishes
aluminous-rich and alunite-rich assemblages from muscovite-
clay (kaolinite, dickite) altered zones. Additionally, trace
element data are used to establish geochemical indices,
which can provide both horizontal and vertical vectors in and
around porphyry-related alteration. Cathodoluminescence
imaging is used to characterize and distinguish various types
of quartz occurring with the advanced argillic alteration.
These findings are used to provide a toolset for rapid and cost-
effective exploration vectoring for porphyry copper and related
epithermal mineralization within and around zones of advanced
argillic-altered rocks.

MINERALOGY AND ZONING OF ADVANCED
ARGILLIC ALTERATION

Advanced argillic alteration occurs in shallow geological
environments where sulfate-bearing and/or aluminosilicate
minerals indicate formation by reactive fluids (Hedenquist
and Arribas, 2021). The advanced argillic alteration was
defined by Meyer and Hemley (1967) to refer to hydrothermal
alteration that may include “dickite, kaolinite, pyrophyllite,
usually with sericite, quartz, and frequently alunite, pyrite,
tourmaline, topaz, zunyite, and amorphous clays”. Andalusite
and corundum may also be included in this association (Hemley
et al., 1980). Zones of advanced argillic alteration are typically
characterized by quartz-alunite veins and residual quartz with
halos of kaolinitetdickite and roots of pyrophyllitetdiaspore
(Figure 1, after Sillitoe, 2010). These are formed by an early
stage of intense acid leaching of the wall rocks, which results
from magmatic SO, and HCl vapours that condense into
groundwater and cool below 300°C resulting in the dissociation
of strong acids such as HCI or H,SO, (Hedenquist and Taran,
2013; Hedenquist and Arribas, 2021). A second stage of post-
vapour fluid deposits the bulk of the sulphide minerals and
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Figure 1: Schematic cross-section showing main components of advanced
argillic alteration above porphyry mineralization (after Sillitoe, 2010).

precious metals with euhedral quartz precipitate (Stoffregen,
1987; Heinrich et al., 2004; Heinrich, 2007; Holley et al., 2017).
Additionally, boiling of a hydrothermal liquid generates vapor
with CO, and H,S rich vapor, which condenses into groundwater
and forms sulfuric acid and steam-heated acid-sulfate alteration
(Hedenquist and Arribas, 2021). Zones of advanced argillic
alteration characteristically flare upward along feeder structures
and form a sub-horizontal blanket if a permeable lithologic unit
is intersected (Steven and Ratté, 1960; Hedenquist and Taran,
2013).

Similar to the deeper alteration in porphyry deposits, the
advanced argillic assemblages are typically zoned from quartz-
pyrophyllite at depth to quartz-alunite and residual quartz
with a vuggy appearance at a shallower level (Sillitoe, 1995,
2010; Hedenquist et al., 1998). Minerals such as diaspore
and andalusite with pyrophyllite and/or muscovite occur in
the upper portions of the porphyry deposit (Sillitoe, 1995,
2010; Hedenquist et al., 1998; Watanabe and Hedenquist,
2001; Chang et al., 2011; Cooke et al., 2017; Hedenquist and
Arribas, 2021). These minerals form from the cooling of high-
temperature, initially muscovite-stable fluids (<370°C; Hemley
et al., 1980; Hedenquist and Taran, 2013), as observed at El
Salvador and Cerro Colorado, Chile (Watanabe and Hedenquist,
2001; Bouzari and Clark, 2006). Fluorine-rich fluids produce
topaz, zunyite, and fluorite (e.g., Hugo Dummett deposit, Oyu
Tolgoi mineral district, Mongolia; Khashgerel et al., 2008);
the former two minerals are included in the advance argillic
definition (Meyer and Hemley, 1967).
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Advanced argillic alteration in some porphyry deposits
overprints earlier and deeper porphyry alteration. This may be
due to “telescoping” (Sillitoe, 2010) caused by rapid uplift and
erosion of the volcanic edifice, or by overprinting of an older,
eroded system by a younger system (e.g., Escondida deposit,
Chile, overprinted by quartz-alunite related to the younger
intrusion of the deeper Escondida Este: Hervé et al., 2012).
Therefore, identification and characterization of advanced
argillic alteration and distinction from pre-existing higher
temperature alteration or adjacent propylitic assemblage are
critical to establish the vertical profile of the system and the
potential for hypogene mineralization at depth.

GEOLOGICAL SETTING: ADVANCED ARGILLIC
ALTERATION IN BC

Advanced argillic alteration is a relatively uncommon feature
in many known porphyry deposits in British Columbia; this is
widely attributed to the level of erosion of these older deposits
that has removed the shallow parts of porphyry systems
in many districts. However, advanced argillic alteration is
preserved in some locations in BC, particularly within districts
that are prospective to host porphyry-type copper deposits.
Zones of advanced argillic alteration areas are present in
northern BC and northern Vancouver Island. Studies in the
Toodoggone district (Bouzari et al., 2020), the Bonanza volcanic
field in northern Vancouver Island (Panteleyev and Koyanagi,
1994), Limonite Creek in central BC (Deyell et al., 2000), and
several other locations in BC have recognized linkages between
advanced argillic alteration and porphyry-type mineralization at
depth.

Tanzilla, Alunite Ridge, and Kemess North are located in the
Stikine terrane of northern BC (Figure 2). The geological setting
and mineral occurrences of these mineral properties have been
described in several previous studies (e.g., Diakow et al., 1991,
1993, 2006; van Straaten and Gibson 2017; Bouzari et al., 2020),
and brief summaries are provided here.

Tanzilla

The Tanzilla property is within the Intermontane belt, near the
northeastern margin of the Stikine terrane (Figure 2), a Late
Triassic—Early Jurassic volcanic island-arc complex accreted to
ancestral North America during the Middle Jurassic (Nelson
and Mihalynuk, 1993). The Tanzilla property is underlain by a
volcanic succession assigned to the Horn Mountain Formation
(late Early to Middle Jurassic; van Straaten and Nelson, 2016)
in the upper part of the Hazelton Group (Figure 3). The lower
part of the Horn Mountain Formation includes massive green
augite-plagioclase-phyric volcanic breccia (not exposed in the
study area), whereas the middle part is mainly maroon coloured
volcanic breccias, autobreccias, and flows, and includes minor
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Figure 2: Cordilleran terranes of British Columbia with the location of the study areas (after Bissig and Cooke, 2014).

laminated felsic tuffs to bedded lapillistone. The upper parts of
the Horn Mountain Formation consist of a felsic volcanic unit
of mainly aphanitic and plagioclase-phyric clasts capped by a
mafic volcanic unit of augite-plagioclase-phyric volcanic breccia
and flows (van Straaten and Gibson, 2017). These units are
unconformably overlain by sedimentary rocks of the Bowser
Lake Group. The Late Jurassic Snowdrift Creek pluton cuts the
Horn Mountain strata and the Kehlechoa thrust fault.

The Horn Mountain Formation hosts areally extensive
advanced argillic-alteration at the Tanzilla-McBride property for
at least 17 km along strike (van Straaten and Gibson, 2017; van
Straaten and Bouzari, 2018). At Tanzilla, the zone of advanced
argillic alteration is at least 5 x 2 km in size at the surface (Figure
3) and overlies porphyry-style alteration at depth, which is
characterized by quartz-sericite-pyrite to K-silicate alteration
(K-feldspar) with anomalous copper and molybdenum, hosted
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by a plagioclase porphyry intrusion dated at 173 Ma (van
Straaten and Nelson, 2016; van Straaten and Gibson, 2017).

Alunite Ridge

Alunite Ridge is located within the Toodoggone district of
northeastern BC (Figure 2). The district hosts several Early
Jurassic epithermal-type deposits with associated advanced
argillic alteration (Diakow et al., 1993; Duuring et al., 2009;
Bouzari et al., 2020). These deposits are hosted by a thick (>2
km) succession of Early Jurassic subaerial andesitic and dacitic
volcanic rocks of the Toodoggone Formation (lower part of the
Hazelton Group; Diakow et al., 1993). These and older strata
were probably covered by thick successions (>4 km) of Jurassic
and Cretaceous Bowser and Sustut basin clastic strata that
helped to preserve the epithermal deposits during subsequent,
post-Late Cretaceous uplift (Bouzari et al., 2020).
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Figure 4: Geology of the Alunite Ridge study area (after Diakow et al., 2006).

The Alunite Ridge area near Quartz Lake hosts several mineral
occurrences, including Quartz Lake, Alunite Ridge, North Ridge,
and Sickle Creek (Figure 4). The bedrock geology consists of the
Lower Toodoggone Formation (Early Jurassic), which is coeval
with the Telkwa Formation of the Hazelton Group (Diakow et
al.,, 1993), and consists of andesitic lava flows, tuff, breccia,
and epiclastic rocks that are intruded by small dikes and
stocks of monzonite (Figure 4). The Early Jurassic Jock Creek
monzonitic pluton forms a large body to the south and east.
Zones of intense alteration are northwest-trending and about
200 m wide. Gold mineralization occurs in a 10-15 m wide
zone of silicified rock with quartz-alunite alteration (Duuring
et al.,, 2009), locally with vuggy residual textures and zones
of buff-grey intense diaspore alteration (Bouzari et al., 2020).
Banded quartz veins with calcite and K-feldspar host low-
to-intermediate sulphidation-type epithermal chalcopyrite-
sphalerite-galena-pyrite mineralization and occur 200-300 m
south of the advanced argillic-altered zone at Alunite Ridge and
at the base of the valley near Quartz Lake.

Post-mineralization monzonite dikes cut the alteration. A small
granodiorite body at the Sofia prospect in the Toodoggone
River valley is about 3 km northeast of Alunite Ridge (Figure
4), at an elevation of 1050 m asl (i.e., 700 m lower than Alunite
Ridge). The granodiorite at Sofia hosts quartz-magnetite veins
with K-feldspar alteration with chalcopyrite, typical of deeper
level porphyry mineralization (Bouzari et al., 2020).
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Kemess North

The Kemess North porphyry is located about 6.5 km north of the
main Kemess deposit (Kemess South) in the southern part of
the Toodoggone district (Figure 2). Host rocks at Kemess North
include Upper Triassic Takla Group andesite/basaltic volcanic
rocks, locally overlain by Lower Jurassic Toodoggone Formation
dacitic fragmental volcanic rocks (Figure 5). Toodoggone
Formation volcaniclastic rocks crop out as prominent north-
trending ridges or as isolated, fault-bounded blocks within
Takla Group basalt. Several Early Jurassic stocks or dikes of
quartz monzonite to quartz rhyolite composition of the Early
Jurassic Black Lake intrusive suite have intruded the volcanic
succession. The area is dominated by horst-and-graben-style
normal faulting, south-dipping thrust faults, and southwest-
dipping dip-slip faults (SRK Consulting Inc., 2016).

Porphyry-type veins and sulphide mineralization (Re-Os
molybdenite age of 201.8 + 1.2 Ma; McKinley, 2006) are
centred around a quartz diorite body (ca. 202 Ma). The east-
trending, south-dipping mineralization appears to have formed
along faults. The present near-surface alteration, characterized
by fine-grained quartz muscovite-chlorite-pyrite with zones
of andalusite-corundum-pyrophyllite, grades with increasing
depth to K-silicate alteration characterized by quartz-magnetite
stringers with a decrease in the pyrite to chalcopyrite ratio.
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Figure 5: Geology of the Kemess North study area (after Diakow, 2001).

SAMPLING AND ANALYTICAL WORK

At Tanzilla, the advanced argillic alteration was mapped and
sampled across a 3.5 km north-south profile and a 4 km east-
west profile. A total of 54 samples were collected from surface
outcrops. Drillhole TZ15-01 (Barresi and Luckman, 2016), which
tested mineralization below the Main zone hill to the length
of 840 m (-60°), was examined, and 20 core samples were
collected to characterize alteration and mineralization at depth.
At Alunite Ridge, the footprint of alteration was mapped and
sampled along three northeast-trending profiles with a total
length of approximately 5 km in an area of 2 x 2 km. In total,
63 samples from surface outcrops, ranging in elevation from
1908 to 1560 m asl and 10 samples from drill hole SG-04-18
(Kuran and Barrios, 2005) to a depth of 227 m below surface
(1642 m asl) were collected. At Kemess North, the advanced
argillic alteration was mapped and sampled along a north-
south profile of approximately 0.5 km. In total, 18 samples were
collected from surface outcrops. Drill holes KN-01-12 and KN-
02-09 (SRK Consulting Inc., 2016), which tested mineralization
below the advanced argillic alteration to a depth of ~500 m
below surface, were examined, and 44 core samples were
collected to characterize alteration and mineralization at depth.
Surface sample locations are shown in Figure 6a, and a list of all
samples with their coordinate locations and field descriptions is
provided in Appendix 1.

Allrock samples were described in the field and again after being
cut into slabs. To characterize alteration assemblages on the
hand sample scale, all cut samples and half drill core samples
were analyzed by shortwave infrared (SWIR) hyperspectral
imagery, in the 1000 to 2500 nm range, using a Specim SisuROCK
hyperspectral scanner (a line-scan imager) at the University of
Alberta, Edmonton. The hyperspectral instrument contains a
256 spectral by 320 spatial pixels mercury-cadmium-telluride
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(MCT) detector array that acquires data with a 6.3 nm sampling
interval and a 10 nm spectral bandwidth. The instrument
was equipped with an OLES56 lens, which yielded a spatial
resolution of 0.2—0.5 mm/pixel.

Details of hyperspectral data acquisition and interpretation are

summarized in Lypaczewski et al. (2020). Hyperspectral data are
shown in Appendix 2, and results of identified minerals from
hyperspectral data with their relative abundance are shown on
maps in Appendix 3.

Petrographic thin sections of 56 selected rock samples were
examined to supplement the alteration study. Additionally, all
polished thin sections were studied with a Cambridge Image
Technology Ltd MK 4A model cold cathodoluminescence
(CL) stage mounted on a petrographic microscope to further
characterize alteration minerals. The samples were irradiated in
a vacuum chamber with an electron beam of approximately 18
kV and the current set at 350-500 pA. Selected samples were
analyzed by SEM to confirm the mineralogy and composition.

A total of 223 whole-rock samples were analyzed for major- and
trace- elements at Bureau Veritas Minerals (Vancouver, BC).
Samples were crushed to 70% (-2 mm) and then riffle split and
pulverized to 85% (75 um) using a ceramic bowl with silica wash
between samples. Samples were analyzed by X-ray fluorescence
(XF700 method) for SiO,, ALO,, Fe,0,, CaO, MgO, Na,0, K,0,
MnO, TiO,, P,0,, Cr,0,, SO,, and Sr; inductively coupled plasma
(ICP)-mass spectrometry using lithium borate fusion (LF100) for
Ba, Be, Co, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Zr, Y, La,
Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu; multi-
acid digestion followed by ICP-emission spectrometry and ICP-
mass spectrometry (MA200) for Mo, Cu, Pb, Zn, Ag, Ni, As, Cd,
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Figure 6: Location of samples from the Tanzilla, Alunite Ridge, and Kemess North study areas: a) distribution relative to the regional geology (see Figures 3, 4,

and 5 for the legend of geological units); b) distribution of alteration-mineral assemblages identified by hand-lens, thin-section petrography, and shortwave-
infrared analyses; and c) alteration assemblages characterized by K-Mg-Alumina diagram using whole-rock geochemical data.
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Sb, Bi, Sc, Se and Tl; and Au by fire assay/atomic absorption
spectroscopy. The portion of dried sample was roasted at
1000°C to determine the loss on ignition (LOI). All geochemical
data are available in Appendix 4.

The magnetic susceptibility of all collected rocks was measured
with a KT-10 magnetic susceptibility meter manufactured
by Terraplus Inc. For each sample, five measurements were
collected, and an average was used for interpretations. Rock
density and porosity of all collected rocks were measured
using saturation and buoyancy techniques (Ulusay and Hudson,
2007) at MDRU. All rock physical property data are available in
Appendix 5. Table 1 shows analytical data for a representative
set of samples.

ALTERATION MINERALOGY

Alteration mineral assemblages were mapped across the
studied sites using the collected sample suites. Mineral
phases identified by SWIR hyperspectral analyses and their
relative abundance are displayed on maps in Appendix 2. The
percentage of minerals shown on these maps is the relative
abundance of mineral phase calculated on the basis of pixel
count of a single mineral, i.e., pixels with the current mineral
divided into the total rock pixels. The SWIR data of minerals with
abundance greater than 5%, backed by field and petrography
mineralogical data, were used to characterize and categorize
alteration mineral assemblages in each sample, and these are
shown in Figure 6b. Andalusite and corundum were specifically
identified by petrography. Distribution and mineralogical trends
are discussed below for each of the studied sites.

As described by Lypaczewski et al. (2020), certain alteration
minerals such as muscovite, illite, and montmorillonite occur as
intimate mixtures (on micro-scale) and therefore cause spectral
mixing. In this study, the Al-rich phase identified as muscovite
locally shows variably developed 1467 nm and 1900 nm
absorption, which may indicate coexisting montmorillonite and/
orillite. Therefore, the term ‘white mica’ is more appropriate to
use a group name, which includes illite and muscovite; illite is
deficient in K and Al but has more Si than muscovite (Al:Si 1:1).
Alternatively, the name sericite has been widely used as a field
term to designate fine-grained white mica (Meyer and Hemley,
1967). In this study, we used muscovite rather than white mica
because we noted that muscovite (locally variably mixed with
illite) displays different colours such as green, pale green, or
white. This simplification helps to avoid mixing the colour of
the phase (e.g., white or green) with the name of the group
(white mica).

Tanzilla

At Tanzilla, advanced argillic-alteration covers a surface area of
5 x 2 km on the western margin of the Snowdrift Creek pluton
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(Figure 3, van Straaten and Nelson, 2016). The main Tanzilla
hill alteration occurs in an area of 2 x 2 km (Figures 3, 6a, 7a),
referred to here as the Main zone. Similar types of alteration
zones occur 2-3 km to the west, referred to here as the West
zone. Field and SWIR data show that alteration at Tanzilla
is characterized by a green muscovite-chlorite assemblage
(Figure 7f) that grades, toward the zones of advanced argillic
alteration at the hill in the Tanzilla Main zone, to a muscovite-
dominated phase with pale green to white colour typically
with the greater silicification (Figures 6b, 7e). In more central
locations and commonly at higher elevations, the alteration is
characterized by highly silicified rock with remnant muscovite,
pyrite (jarosite), and abundant pyrophyllite and topaz (Figure
7a) locally with andalusite and minor corundum, the latter two
minerals were identified in thin section (Figure 7b). Alunite
occurs with topaz in zones at lower elevation in a valley west
of the Main hill (Figures 6b and 7d). Alteration outside of the
green muscovite-chlorite assemblage zone is dominantly darker
green chlorite-muscovite (Figure 7g); in more distal locations,
patchy chlorite-epidote alteration occurs within the volcanic
rocks (Figure 6b). The chlorite alteration is pervasive and locally
alters an earlier phase of biotite alteration with remnants of
biotite altered to chlorite and fine-grained rutile based on thin-
section petrography.

SWIR data shows that both paragonitic muscovite and muscovite
are common at Tanzilla, whereas phengitic muscovite is rare
(Figure 8a). The muscovite crystallinity index, calculated from
the ratio of 2200 nm and 1900 nm wavelength depths of SWIR
data, indicates that muscovite in the Tanzilla Main zone is highly
crystalline (>2.0), whereas further south and at the West zone,
samples are less crystalline (<1.5; Figure 8b).

Alunite Ridge

Advanced argillic alteration in the Alunite Ridge area occurs for
over 2 km along a north-northeast-trending ridge (Alunite Ridge)
and extends further to the north along North Ridge and the
east along the East Ridge (Figures 4, 6b, 9a). Field observations,
backed by petrography and SWIR data, indicate that the central
parts of the Alunite Ridge property are characterized by an
alteration zone of strong silicification with alunite, kaolinite,
dickite, and locally diaspore (Figures 6b, 9b and 9c). This zone
is surrounded by an alteration zone of silicification with white
muscovite (Figure 9d), which gradually transitions to the north
and east to alteration of green muscovite with remnants of
chlorite (Figure 9e), and more distal to the central parts of
Alunite Ridge, chlorite (Figure 7g), locally with epidote (Figure
9f). K-rich muscovite is common, and both paragonitic and
phengitic compositions locally occur (Figure 8a). Muscovite
crystallinity is typically low at Alunite Ridge (<1), especially in
distal locations based on SWIR (Figure 8b).
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Kemess North

The alteration zone exposed at the surface at the north-trending
Kemess North ridge is hosted by Takla Group basaltic flows and
is distinctly zoned from south to north (Figures 5, 6b, and 10a).
In the southern parts of the ridge, alteration is characterized
by green muscovite with remnants of chlorite (Figure 10g) that
gradually transitions northward to a green-grey muscovite-
clay (dickite and kaolinite) assemblage (Figure 10e). Further
to the north, the proportion of the clays (kaolinite and dickite)
increases, forming a whitish colour clay-muscovite assemblage
(Figure 10d), which then grades into a zone of pervasive

19FB-027

silicification with white muscovite, kaolinite and dickite that
host locally abundant andalusite, corundum, and minor topaz
with pyrophyllite (Figure 10b, 10c and 6b). The latter alteration
typically shows nodular or patchy textures (Figure 10c).
Similarly, silicified and strongly kaolinite- and dickite-altered
rocks, with remnants of white muscovite, show characteristic
nodular textures of white clay rimmed by quartz (Figure 10d).
These alteration textures are similar to the nodular pyrophyllite
or patchy silica texture described at the top of porphyry
systems (e.g., Longo et al., 2010; Sillitoe, 2010; Hedenquist and

19F8-040 |

Figure 7: Tanzilla alteration and rock samples: a) looking northeast to the Tanzilla north ridge from the Main zone hill characterized by silicified rock with intense
topaz-pyrophyllite-muscovite alteration and limonite-stained volcanic outcrops with muscovite alteration which transitions to muscovite-chlorite; b) plagioclase-
phyric volcanic rock from Tanzilla with pervasive silicification, minor vuggy texture and pale yellow to grey alteration of pyrophyllite, muscovite and topaz; c)
sample of a crystal tuff-breccia from a drill hole on the Main zone hill (depth of sample 164 m, along the hole) with pervasive white muscovite alteration, abundant
pyrophyllite (confirmed by SWIR), and strong silicification with andalusite, topaz and minor corundum; d) sample of the volcanic rock with silicification, alunite with
minor topaz, and white muscovite; e) sample of Tanzilla porphyry with strong silicification and white muscovite alteration with remnants of plagioclase porphyry,
cut by jarosite in fractures; f) sample of the host volcanic rock from the margin of the advanced argillic-alteration zone at Tanzilla, with a strong pervasive green
muscovite-chlorite alteration; g) sample of volcanic breccia with a distal pervasive chlorite-muscovite alteration. Abbreviations for this and other figures: mus =
muscovite, chl = chlorite, epi = epidote
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Figure 8: Muscovite alteration identified by hyperspectral SWIR: a) composition of muscovite identified from the position of the 2200 nm wavelength spectral
feature; b) crystallinity of the muscovite calculated from the ratio of 2200 nm and 1900 nm wavelength depths of SWIR data. Abbreviations: Para = paragonite, Phen

= phengite, Mus = muscovite

Arribas, 2021). Stockwork of quartz veins occurs with the white
muscovite-clay alteration (Figure 10f). This strongly advanced
argillic-altered Takla rock is in fault contact with the chlorite-
epidote-altered volcanic rocks of the Toodoggone Formation
volcanic rocks to the north. Paragonitic muscovite occurs south
of the ridge, whereas K-rich muscovite with higher crystallinity
(>1.75) occurs to the north (Figure 8).

Drill core samples from beneath the advanced argillic-alteration
have green muscovite-(magnetite-hematite) with disseminated
pyrite and chalcopyrite. The chlorite content increases with
depth, and the alteration assemblage becomes darker green.
Granular quartz veins with chalcopyrite, pyrite, and magnetite
(chalcopyrite > pyrite) occur within the green muscovite-chlorite
alteration zone. Zones of white muscovite with abundant
pyrite locally cut and overprint the green muscovite-chlorite
alteration indicating that white muscovite-clay alteration (well
developed at shallow levels), overprints the muscovite-chlorite
alteration at depth. The chlorite-green muscovite alteration
overprints pervasive biotite altered Takla volcanic rock (Figure
10h). These are cut by quartz-magnetite-chalcopyrite-pyrite
veins that locally have a pink K-feldspar halo. Both K-feldspar
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and muscovite-chlorite alteration zones host copper and gold
mineralization at Kemess North.

CATHODOLUMINESCENCE OF ADVANCED
ARGILLIC ALTERATION MINERALS

Cathodoluminescence (CL) microscopy is a powerful tool that
can identify and characterize typical alteration assemblages
within ore deposits. In particular, CL studies have characterized
multiple generations of quartz in porphyry and epithermal
deposits (e.g., Rusk and Reed, 2002; Rusk et al., 2006, 2008;
Landtwing et al., 2005; Bennett, 2014; Holley et al., 2017). In this
study, luminescence properties of quartz, as well as minerals
typically occurring in the advanced argillic altered rocks such
as aluminume-rich minerals and clays, were examined. In the
suite of samples studied, andalusite typically occurs as a coarse
granular phase with dark luminescence, but locally has bodies
or fractures with pale green luminescence that may result
from an overprint of alteration (Figure 11b), or rarely displays
pale green luminescence (Figure 11f). Topaz is fine-grained,
resembling quartz (Figure 11a), but has a distinct strong blue
luminescence. Corundum occurs as coarse elongated crystals
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Figure 9: Alunite Ridge host rocks and alteration samples: a) looking northeast along Alunite Ridge showing grey-colour silicified and alunite-clay-diaspore-altered
rocks surrounded by muscovite-rich alteration and outboard by limonite stained green muscovite-chlorite alteration and chlorite-muscovite-epidote in more distal
locations; b) sample of strongly silicified volcanic rock with dickite-kaolinite and diaspore alteration; c) host volcanic rock with remnants of plagioclase phenocrysts
overprinted by silicification and alunite alteration; d) host volcanic rock with remnants of plagioclase phenocrysts overprinted by silicification and grey to white
muscovite alteration; e) sample of volcanic rock with pervasive green muscovite-chlorite alteration; f) ample of dark green muscovite-chlorite-epidote alteration; g)

sample of host volcanic rock with dominantly chlorite alteration.

with slender (Figure 11d) or granular and fine-grained habits
(Figure 11f). Both types of corundum display strong pink
luminescence.

Pyrophyllite and clays (kaolinite and dickite), confirmed by
SEM quantitative and SWIR analyses, display strong blue
luminescence (Figures 11f and h). Andalusite grains are rimmed
(Figure 11a) or surrounded by brown and amorphous-looking
clays (under plane-polarized light, PPL, Figure 11e) that display
pale reddish luminescence (Figure 11f). These are, in turn
surrounded by blue luminescent pyrophyllite and clays. Similar
textures have been attributed to the alteration of andalusite by
pyrophyllite and clays (Watanabe and Hedenquist, 2001). This
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is followed by a subsequent retrograde overprint of clays that
replaced andalusite rims. It is common to see coarse-grained,
blue luminescent clays with stacked platy habits (Figure 11i)
with samples containing pyrophyllite or aluminum-rich minerals
such as andalusite or diaspore. Dickite, identified by SWIR, is
typically present in these samples in addition to kaolinite.

More significant is the occurrence of red luminescent quartz
that typically occurs with silicified samples containing variable
amounts of the blue luminescent clays, pyrophyllite, or
muscovite. The red luminescent quartz can be coarse-grained
and contain bodies of blue luminescent clays (Figures 12a
and b), or fine-grained and intergrown with clays (Figures
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Figure 10: Kemess North host rock and alteration samples: a) looking southeast to the Kemess North ridge showing strongly altered Takla Group volcanic rocks
with orange gossan coloration displaying distinct alteration assemblages in probable fault contact with the Hazelton Group volcanic rocks; b) strongly silicified Takla
volcanic rock with disseminated pyrite and abundant andalusite and corundum with bodies of white alteration of muscovite with kaolinite and dickite; c) Takla
volcanic rock with silicification, kaolinite, dickite, white muscovite alteration, pyrophyllite, and andalusite. Note the nodular texture of the alteration (shown by
arrows); d) strongly kaolinite-dickite-altered Takla volcanic rock with remnants of pyrophyllite and strong silicification, showing characteristic white, nodular clay
texture rimmed by quartz (shown by arrow); e) Takla volcanic rock with silicification, muscovite, dickite, and kaolinite alteration; f) Takla volcanic rock with white
muscovite, kaolinite and dickite alteration cut by stockwork of quartz veins; g) Takla volcanic rock with pale-green muscovite-(chlorite) assemblage; h) Takla volcanic
rock with strong, pervasive, biotite alteration overprinted by chlorite, green and white muscovite, and cut by quartz-magnetite-pyrite-chalcopyrite veins. Sample
from drill hole KN-02-09 at 365 m down hole.
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12c and d). Quartz occurring more distally with muscovite-
chlorite alteration does not show luminescence. Moreover,
cathodoluminescence imaging identifies a younger generation
of quartz, which cuts the red luminescent quartz but lacks a
luminescence response (dark; Figure 12f). Coarse euhedral
quartz veins that occur with alteration in Quartz Lake low-
to-intermediate sulphidation type mineralization, south of
Alunite Ridge (Figure 4), typically display yellow luminescence
consistent with late quartz in vuggy silica described by Holley
et al. (2017). These quartz veins are also cut by a late quartz
that lacks luminescence (Figures 12g and h). The late quartz
looks similar to the older generation quartz in hand sample and
under a petrographic microscope and can only be distinguished
from the latter by the difference in luminescence (Figures 12e
and g).

These limited observations suggest that the red luminescent
quartz, particularly when occurring with blue luminescent
clays, has formed in a central setting, probably at a higher
temperature, relative to those of with the subsequent, probably
lower temperature, quartz that does not display luminescence.

HOST ROCK COMPOSITION AND EFFECT ON
ALTERATION

Host rock composition affects the type and intensity of alteration
assemblages. Therefore, it is important to characterize host
rocks and their influence on alteration (Figure 13 and 14) in
order to confidently determine alteration-related vectors. Data
from available geological maps and field observations have
been used to classify rock types. Geochemical trace-element
data can also characterize the host rocks following the methods
described by Halley (2020). A V-Sc scatterplot distinguishes
volcanic rocks of the Takla Group from those of the Hazelton
Group (Figure 13a). Both V3+ and Sc3+ have similar behaviour
and substitute for Fe in amphibole, pyroxene, and biotite during
crystallization (Li and Lee, 2004; Halley, 2020). All host rocks
have positive trends of Sc against V (Figure 13a); however, the
slopes typically vary slightly for different units. The Takla Group
data show the least amount of slope change with increasing
V compared to the Toodoggone Formation rocks, which
display the highest slope of the trendline. The Horn Mountain
Formation rocks plot between the other two units.

The Th-Sc relationships can characterize the mafic vs. felsic
composition of the host rocks. The Th-Sc diagram (Figure 13b)
shows that all rock units have similar Sc values, except for
some Takla samples that display the highest Sc values; higher
Sc content means a more mafic rock composition (Halley,
2020). There is a weak negative correlation between Sc and Th
values, especially for Takla Group and Toodoggone Formation
rocks. However, the Th content shows some distinct variations.
Takla Group volcanic rocks, relative to Hazelton Group rocks
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(Toodoggone and Horn Mountain formations), have lower Th
concentrations. Within the Hazelton Group, the Horn Mountain
Formation has the largest degree of scattering and reaching the
highest Th values. The Sc concentration corresponds to high-Fe
rocks, and Th, an incompatible element, stays in the melts and
incorporates into late-stage crystalizing mineral phases (Pearce
and Norry, 1979). Therefore, the trend from high Sc to high Th
reflects a change in composition from more mafic Takla volcanic
rocks to mafic-intermediate felsic rocks of the Toodoggone and
Horn Mountain formations.

When attributed for alteration assemblage (Figure 13c),
distinct host rock influences on alteration distributions are not
apparent. Although rocks with higher Th (= 8 ppm) do not show
signs of chlorite-dominated alteration, they do exhibit biotite
and muscovite-chlorite alteration. Therefore, it is possible
that more felsic rocks of the Hazelton Group rocks are weakly
impacted by chlorite-type alteration, but the available data
suggest that this was not significant.

A V/Sc versus Sc diagram can also discriminate between rock
types (Halley, 2020) and determine if the alteration intensity has
influenced these trace elements abundance (Figures 13 and 14).
Aslight decrease in V/Sc ratios in all rock units is associated with
a lower Sc content (Figure 13d) that corresponds with higher
SiO,. Decreasing V is attributed to the fractional crystallization
of magnetite, which incorporates V (Halley, 2020). A similar
diagram, but attributed for the intensity of alteration (Figure
13e), shows that host rocks have no distinct control on alteration
intensity and that alteration varies from weak to very strong
occur in all rock units. The alteration intensities were quantified
from weak to strong on the basis of field and macroscopic
hand sample characterization. However, there is an increase
in the V/Sc ratio at lower Sc concentrations. A high V/Sc ratio
has been used to indicate early crystallization of hornblende
and clinopyroxene in fertile hydrous magmas (Loucks, 2014).
Given the limited number of samples, it is difficult to argue that
some of the host rocks in the study area had originated from
more fertile magmas. Comparing the values from Figure 13d
with those representing the intensity of alteration (Figure 13e),
it appears that in this dataset, the high V/Sc values may result
from intense advanced argillic alteration, especially intense
muscovite and silicification. Therefore, it is possible that strong
alteration in advanced argillic-altered rocks can increase the V/
Sc ratio of the rock.

ALTERATION COMPOSITIONAL VECTORS

Hydrothermal alteration results in chemical and mineralogical
changes in a rock (Meyer and Hemley, 1967). The mineralogical
changes, which form a zoned pattern around the porphyry
copper deposits, have been used successfully in exploration
vectoring (e.g., Sillitoe, 2010). These mineralogical changes
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Figure 11: Cathodoluminescence petrography of samples with aluminum-rich alteration: a) image in cross-polarized light (XPL); and b) same field of view but with
cathodoluminescence (CL) depicting coarse andalusite grains, locally with green luminescence, in a groundmass of fine-grained topaz with blue luminescence and
pyrophyllite with dark blue luminescence (sample TZ-15-01-164 from Tanzilla drill hole); c) and d) XPL and CL images, respectively, showing a cluster of corundum
crystals with distinct pink luminescence and elongated slender prism habit surround by and intergrown with coarse crystals of muscovite (sample 19FB-131 from
Kemess North); e and f) plane-polarized light (PPL) and CL images, respectively, showing andalusite grains with pale greenish luminescence surrounded by red
luminescent clay (kaolinite and/or dickite), which has a brown colour in PPL, and in turn surrounded by blue luminescent pyrophyllite and clays. This zoning may
suggest alteration of pyrophyllite to clays and then to andalusite (sample 19FB-131 from Kemess North); g and h) PPL and CL images, respectively, of a body of
medium to coarse-grained blue luminescent clay surrounded by red luminescent quartz (sample 19FB-121B from Kemess North); i) scanning electron microscope
(SEM) image of the clay in Figure 11g and h (see inset) showing the platy aggregate (books) of dickite or kaolinite (both identified by SWIR) with remnants of
muscovite.
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Figure 12: Cathodoluminescence of quartz in advanced argillic altered rocks: a and b) XPL and CL images of quartz of advanced argillic alteration with distinct red
luminescence, intergrown with blue luminescent clay and some muscovite (sample 19FB-121B from Kemess North); c and d) XPL and CL images of red luminescent
quartz intergrown with blue luminescent clay (dickite/kaolinite). Note that clays have formed disseminated and tabular vein-shaped bodies (sample 19FB-073 from
Alunite Ridge); e and f) XPL and CL images of fine-grained disseminated quartz with red to brown luminescence, locally showing pale blue luminescence due to
mixture with clays, cut by a probably later stage quartz vein (labeled as late quartz), which shows no luminescence. Note that types of quartz are not identifiable
in XPL images. The abundant fine-grained green luminescent grains are from polishing materials that filled the vuggy texture of the rock (sample 19FB-006 from
Tanzilla).
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Figure 13: Scatterplots used to distinguish rocks of the Takla Group from those of the Hazelton Group in the study areas: a) V versus Sc diagram showing host
rock composition (arrowed lines show the main compositional trends); b) Th versus Sc scatterplot showing host rock composition (dashed lines separate the main
compositional changes); c) the same diagram as in (b) but colour-coded by alteration assemblages; d) V/Sc versus Sc scatterplot showing host rock composition; e)
the same diagram as in (d) but colour-coded by alteration intensity which was defined visually.

commonly correspond to distinct whole-rock chemical changes.
Previous researchers have evaluated the application of whole-
rock geochemical data to identify and map alteration footprints
(e.g., Stanley and Madeisky, 1996; Large et al.,2001; Williams
and Davidson, 2004; Davies and Whitehead, 2006; and more
recently Escolme et al.,, 2019; Halley, 2020; Barker et al.,
2021). This provides a complement to the traditional field and
alteration mineral mapping (latter assisted by SWIR and XRD)
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and provides vectors using subtle chemical changes that may
occur in a single mineral phase.

Alkali-Alumina Diagram

Muscovite and various types of clay minerals such as kaolinite
and dickite typically characterize alteration assemblages at
shallow levels of porphyry deposits. Field observations indicate
a zonation from distal green muscovite-chlorite to pale-
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Figure 14: Scatterplots showing effects of host rock on Mg/K molar ratio: a) V/
Sc versus Mg/K scatterplot showing host rock composition; b) the same diagram
asin (a) but colour-coded by alteration types. For colour symbols, see Figure 13.

green muscovite and white muscovite-clay (kaolinite, dickite)
assemblages proximal to the top of a porphyry deposit and
central parts of advanced argillic alteration zones (Figure 6b).
The alkali-alumina diagram of Davies and Whitehead (2006) has
been widely used to map K-feldspar and muscovite alteration
minerals (Halley, 2020) using the molar ratio of Na and K to
Al. The data show a trend of compositional change from high
Na/Al towards higher K/Al, which probably reflects an earlier
sodic alteration (e.g., albite) was overprinted by K-silicate
(e.g., biotite and/or K-feldspar) and/or phyllic (e.g., muscovite)
alteration events. This trend largely corresponds to samples
with chlorite, locally with remnants of biotite, muscovite-
chlorite and muscovite alteration assemblages. A cluster of
samples occurs at distinctly low Na/Al with K/Al values form
an array from the muscovite node to kaolinite node, reflecting
a decrease in muscovite abundance. This cluster, is largely
dominated by samples characterized by muscovite, muscovite
mixed with clays (kaolinite, dickite), pyrophyllite, andalusite,
corundum, diaspore, topaz, and alunite corresponding to more
intense phyllic-advanced argillic alteration assemblages.

Geoscience BC Report 2022-03 — MDRU Publication 456

K-Mg-Alumina Diagram

The Davies and Whitehead (2006) alkali-alumina diagram
compares Na and K variations and so is mainly sensitive to
feldspar composition and assumes that muscovite formed
primarily after feldspar. This assumption holds in felsic, feldspar-
rich rocks lacking mafic minerals, but in more mafic rocks
muscovite forms after mafic minerals. Amphibole may alter
to biotite, for example, during the K-silicate alteration. Biotite
or amphibole then alters to chlorite and muscovite during the
overprinting phyllic alteration. Therefore, in these host rocks,
changes in the composition of the rock, particularly, Mg or Fe,
K, and Al, as a result of mafic mineral alteration can provide
better vectors for alteration.

We introduce a new discrimination diagram based on the molar
ratio of Mg/K and K/Al which better map phyllic and advanced
argillic alterations in andesite and basaltic andesite host rocks.
The introduction of Mg incorporates the influence of chlorite
and the precursor amphiboles and biotite to the chemical
changes from host rock alteration. As a result, this diagram
better discriminates the alteration assemblage from whole rock
geochemical data (Figure 15b).

To predict the alteration mineralogy using whole-rock
geochemical data, the K-Mg-alumina diagram is divided into
zones for grouping simplified alteration assemblages (Figure
15c). The green muscovite-chlorite alteration assemblage
corresponds to a Mg/K decrease with increasing K/Al that
indicates an evolution towards a composition between pure
K-feldspar and biotite. This suggests the existence of an earlier
K-silicate alteration whose remnants are now locally preserved
as pervasive biotite alteration partly altered to chlorite (e.g.,
Figure 10h). Thus, samples of muscovite with K/Al (mol) > 0.33
suggest the occurrence of precursor biotite in the rock. The
overprinting phyllic alteration formed the pale-green muscovite
with a quartz mineral assemblage. Muscovite of this alteration
type occurs in a cluster near phengite composition and towards
the K-rich muscovite composition. White muscovite-clay, clay,
pyrophyllite, topaz, andalusite, corundum, diaspore, and
alunite occur at low Mg/K and low K/Al, towards kaolinite
composition. These minerals form due to significantly stronger
H* metasomatism, which results in the formation of Al-rich
minerals at the expense of both K and Mg depletion.

The correlation of field and SWIR mineralogy with the
geochemical data plotted on the K-Mg-alumina diagram
defines four fields, each corresponding approximately to an
alteration assemblage (Figure 15c). To correlate and compare
this geochemical classification with the actual alteration
mineralogy, the data are plotted on the surface map (Figure
6c). This shows the chemical classification identifies the main
alteration zones well and, in particular, characterizes the
zoning from green muscovite-chlorite to pale-green muscovite
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and white muscovite, clay-rich advanced argillic alteration
zones. Therefore, the K-Mg-Al diagram can be an effective
tool to distinguish and map chlorite, muscovite and clay
alteration assemblages from geochemical data, particularly in
intermediate to mafic volcanic host rocks.
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some such as diaspore and corundum even lack Si (alunite has
K and S, and topaz has F). Given the abundance of quartz in
the zones of advanced argillic alteration, Al is the only element
that can be used to geochemically identify most of the mineral
assemblages. Aluminum in these rocks is interpreted to be
residual concentrated in the form of aluminum-rich minerals as
a result of removal of most of the other elements during the
advanced argillic alteration. Ideally, we would like to be able
to define zones of alteration with andalusite, diaspore, topaz,
and corundum or alunite from the dominant quartz, clay, and
muscovite alterations and distinguish them from the dominant
quartz, clay, and muscovite alterations. This could provide a
vector towards more central parts of the system that potentially
occur above porphyry copper mineralization.

Considering the importance of Al in advanced argillic alteration,
the Al composition in minerals are important: corundum has
the highest Al (40% molar); andalusite and diaspore each have
25% molar Al; topaz has 20.2% compared to kaolinite at 11.8%,
and muscovite has 14.14% molar Al. Alunite has similar Al to
kaolinite (11.5% molar) but also has high (51.7%) volatile (H,0
and SO,) concentrations. Al-rich phases such as andalusite and
diaspore are challenging to identify in the field, especially when
they are fine-grained. Pyrophyllite resembles muscovite even in
a thin section, and andalusite and corundum are not typically
identifiable by SWIR analyses.

The concentration of aluminum (on a molar basis) can be simply
used to identify the aluminum-rich phases in a geochemical
dataset. Alunite can be distinguished by its high K/Rb ratio
because rubidium readily substitutes for potassium in most
silicate minerals, but it does not substitute for potassium in
sulfate minerals such as alunite (Halley, 2020). Therefore,
a diagram using Al (molar%) against K/Rb can potentially
distinguish most Al-rich minerals and alunite of the advanced
argillic alteration from the commonly widespread muscovite
and clay alteration assemblages using whole-rock geochemical
data.

The application of the K/Rb-Al diagram has been tested on the
geochemical data from this study (Figure 15d). To do this, group
D on the K-Mg-alumina diagram (Figure 15c), which includes
minerals of the advanced argillic alteration assemblage, is
plotted on the K/Rb-alumina diagram (Figure 15d). Samples are
colour-coded in Figure 15d by the mineral types identified by
SWIR and petrography. All samples with corundum, andalusite,
topaz, or pyrophyllite-topaz plot at >7.5% molar Al. Alunite-rich
samples plot above the 3000 K/Rb line. Therefore, we propose
that K/Rb-alumina diagram can help to identify alunite and
aluminum-rich phases and zones with intense advance argillic
alteration and provide a vector for zones of more intense H*
metasomatism and potentially central parts of the advanced
argillic alteration zone.
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GEOCHEMICAL VECTORS

Trace-element geochemical data of various metals can be used
in the advanced argillic alteration environment to indicate
proximity to porphyry copper mineralization. Copper is not
present in notable concentrations in advanced argillic altered
rocks of the study areas and may have been depleted (<100
ppm) within the zones of intense advanced argillic alteration
relative to the rocks associated with distal muscovite-chlorite
alteration (Figures 6b, 16a). Supergene oxidation, as evident by
partial oxidation of pyrite to jarosite, may have further leached
any near-surface copper. Gold locally shows weak anomalies
(~0.1 ppm) in advanced argillic altered rocks at Tanzilla and
Alunite Ridge, but the data do not reveal a clear trend (Figure
16b). At Kemess North, there are higher concentrations of Au
within the muscovite-chlorite-altered rocks in the southern
parts of the ridge, whereas Au values are < 0.1 ppm in the
muscovite-clay-altered rocks on the northern side of the ridge
(Figure 16b). Arsenic concentrations occur with the advanced
argillic alteration at Alunite Ridge (23-236 ppm) and Tanzilla
(14-23 ppm), whereas the As concentration at Kemess North
is low (<2 ppm; Figure 16c). Zinc is primarily depleted from the
zone of advanced argillic alteration at Tanzilla and the zone of
intense muscovite-clay alteration at Kemess North (<30 ppm).
At Alunite Ridge, high zinc concentrations (>700 ppm) occur in
the East Ridge, distal to the main area of Alunite Ridge (Figure
16d).

MDRU Porphyry Index (MPIx)

Similar to the mineral zoning, trace metals in porphyry deposits
are zoned upward and outward from the copper mineralized
(>0.1 wt.% Cu) zone in the general sequence Mo, W, Sn, Se,
Te, Bi, Sb, As, Li, and Tl (Halley et al., 2015). Whereas the
concentration of metals can provide evidence of a mineralized
system, the applicability of their variations and use in vectoring is
affected by the intensity of mineralization and level of exposure.
Therefore, a ratio of the sum of selected elements can provide
a more robust vectoring indicator tool for mineralization. The
MDRU Porphyry Index (MPIx; Bouzari et al., 2020) compares
the relative proportion of elements occurring at deeper levels
of porphyry deposits (Cu, Mo, Sn, W) to those occurring at
shallower levels (Sb, As, Ag, Tl, Li). Element concentrations were
normalized by multiplying by a factor (>1 or <1) such that all
the elements have approximately a similar effect on the ratio.
A higher MPIx number indicates closer proximity to porphyry-
type mineralization.

%+Mo+(10xw)+(2 0xSn)

MPIx =
(5xSb)+(20xTl)+Ag+As+Li

Application of this index to the current study (Figure 17a) shows
that, on a vertical profile, Kemess North has the highest MPIx
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values and therefore represents a deeper level of alteration
relative to Tanzilla or to Alunite Ridge that shows the shallowest
geochemical signatures. The MPIx ratio vectors toward the
zones of intense central alteration, especially toward the
northern side of the ridge at Kemess North and toward the hill
in the Tanzilla Main zone. At Alunite Ridge, the MPIx indicates
the main central parts of the alteration, but the vectoring
signature is weak and dominated by low MPIx values.

MDRU Porphyry Index-Lateral (MPIx-Lateral)

MPIx provides a tool to map the vertical proximity and vector
in porphyry copper systems. However, at very shallow levels,
especially within areas of strong advanced argillic alteration,
elements such as Cu, Mo, W, and Sn typically have low
concentrations (Halley et al., 2015) over much of the altered
area and the resulting MPIx value may not provide a lateral
vector toward the top-central parts of the porphyry system. To
complement the MPIx, the MDRU Porphyry Index-Lateral (MPIx-
Lateral) is introduced, which compares metals that are enriched
in the shallow parts of a porphyry system (Sb, As, Tl) relative
to those that are more laterally dispersed (Halley et al., 2015)
and typically have higher concentrations in more distal parts
of the porphyry system (Zn, Mn). Element concentrations are
multiplied or divided by an appropriate factor for normalization:

(5xSb) + (20X Tl) + As
Zn _Mn
10 50

MPIx-Lateral =

The MPIx-Lateral (Figure 17b) maps the advanced argillic
alteration at the hill in the Tanzilla Main zone, where its footprint
shows gradually decreasing values to the east and south. It also
shows the Alunite Ridge central zone with decreasing values
toward North Ridge. At Kemess North, the MPIx-Lateral values
are weaker, given its deeper setting and smaller sampling
interval relative to Tanzilla and Alunite Ridge but still vector
toward the more intensely altered parts of the ridge.

Na-Ca Depletion Index

Zones of advanced argillic alteration are characterized by intense
removal of many rock-forming elements, mainly Ca and alkali
metals such as K and Na, due to cooling and leaching of the host
rock by low-pH fluids (Meyer and Hemley, 1967; Hedenquist
and Arribas, 2021). Therefore, zones of advanced argillic
alteration and areas with the highest intensity of alteration will
be characterized by mobile elemental loss. Potassium is usually
fixed with the formation of pervasive muscovite alteration but
Ca and Na depletion, in most cases, correlate with the intensity
of alteration.

In order to estimate and quantify the Ca and Na loss, the
concentration of Ca and Na are typically compared with an
immobile element. Aluminum, and high field strength elements
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(HFSE) such as Zr, Ti, and Nb are commonly considered the
most immobile elements during an open-system alteration in
many settings (e.g., Ague and van Haren, 1996; Booden et al.,
2011). Although many studies have shown some mobility for
these elements, particularly at very high temperatures or at
pH <2.5 (e.g., Jiang et al., 2005, and references therein). Figure
18, in which samples are colour coded by alteration types,
compares the concentration of Na+Ca with reference to Al,
Zr, Ti, and heavy rare earth elements (HREE) concentrations.
The Al concentration for most samples is between 7 to 10%
regardless of Na+Ca concentration (Figure 18a). The exceptions
are samples with very low Na+Ca concentrations (<1%), which
are typically characterized by strong aluminous alteration
(topaz, corundum, andalusite with Al>12%) or muscovite-clay
with strong silicification (Al<5%). This relationship suggests that
for most altered samples, the Al probably remained immobile
during the alteration, and the Na+Ca depletion was probably
compensated by the addition of K of the muscovite alteration.
At the very low pH environment where all alkali elements are
leached, the residual Al causes a scatter of Al concentration
given the closure (constant sum) effect of the geochemical
data (e.g., Ague and van Haren, 1996). But, locally, Al mobility
cannot be ruled out, resulting in, for example, andalusite or
topaz-rich bodies. Subsequent, silicification will cause further
scatter of the Al. Zr, Ti, and HREE show similar relationships but
with slightly more scatter of data relative to Al (Figure 18b, c,
and d).

Therefore, in this dataset, Al is selected as a reasonable
immobile element to quantify the Na+Ca depletion but we have
taken a conservative approach and eliminated a few samples
that have Al concentration >12% or <5% for the calculation of
the depletion index (these samples are shown by light grey
colour in the maps, Figure 17c). The following elemental ratio is
suggested to map the Na-Ca depletion (all in percent):

Al
Na + Ca

Na-Ca depletion index =

The application of the Na-Ca depletion index to the study
sites shows that the zones of advanced argillic alteration have
the greatest Na and Ca depletion, with the index gradually
decreasing distally (Figure 17c). At Kemess North, where
muscovite-dickite-kaolinite alteration is dominant, the Na and
Ca depletion is less intense compared to the advanced argillic
alteration at Tanzilla and Alunite Ridge but still vectors, with
increasing Na-Ca depletion northward, toward the zone of
intense muscovite-dickite-kaolinite alteration.

ROCK PHYSICAL PROPERTY VECTORS

Hydrothermal alteration changes the mineralogical and
chemical composition of the host rocks, which also changes
the physical properties of the rock, such as its magnetic
susceptibility, density, and porosity. Therefore, if the mineral
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assemblages and chemical composition of the host rocks are
zoned and provide vectors towards the mineralization, it is
expected that the corresponding rock physical properties could
provide proxies and vectors to mineralization.

Magnetic Susceptibility

Magnetite occurs as a primary component of most of the host
rocks and forms during the K-silicate alteration. However, much
of the magnetite is altered to hematite during the overprinting
phyllic and advanced argillic alterations. Magnetic susceptibility
has a positive correlation with the Na+Ca concentration of
the rock (Figure 19a), and rocks with Na+Ca concentrations
>2 wt.% have higher magnetic susceptibility of >1 (x103 SI
Units), whereas rocks with magnetic susceptibility <0.1 have
<1 wt.% Na+Ca. Rocks with high magnetic susceptibility have
chlorite and chlorite-epidote and weak chlorite-muscovite
alteration. Magnetic susceptibility decreases with an increase
of muscovite alteration intensity as indicated by low Na+Ca<1.
The advanced argillic altered rocks with muscovite, pyrophyllite,
topaz, andalusite, corundum, and alunite alterations have
magnetic susceptibility <0.1. At Tanzilla and Alunite Ridge,
zones of strong advanced argillic alteration show very low
magnetic susceptibility of <0.1, surrounded by rocks with low
magnetic susceptibility (<1) with higher values (>10) occurring
in bodies of rock more distally (Figure 20a). At Kemess North,
the magnetic susceptibility shows a northward decrease toward
the muscovite-clay altered zone before dramatically increasing
in largely unaltered Hazelton Group rocks in fault contact with
the Takla altered rocks.

Rock Density

Phyllic and particularly advanced argillic alteration cause net
removal of rock components (Meyer and Hemley, 1967) with Al
and Si left as residual elements. Locally, Si can be added to the
rock in zones of silicification, but overall, the process of phyllic
and advanced argillic alteration are expected to reduce the rock
density and increase the porosity. A plot of rock density against
Na+Ca concentrations, as a measure of alteration intensity,
have a decrease in density with increasing alteration intensity
(Figure 19b). Rocks with chlorite and muscovite-chlorite
alteration have higher density. This is attributed to the addition
of dense sulphide minerals such as pyrite to the altered rocks.
Therefore, to use the density property as a vectoring tool, it is
preferable to eliminate the sulphide-rich rocks from the dataset.
By first eliminating alunite-rich samples using the K/Rb-alumina
diagram and jarosite and gypsum-rich samples using the SWIR
data, we can assume that all sulphur occurs in the structure of
pyrite, and from that, the pyrite percentage can be calculated. A
plot of rock density measurements against Na+Ca attributed by
the calculated pyrite percentage from whole-rock geochemical
data (Figure 19c) shows a better correlation between rock
density and intensity of alteration in rocks with less than 2%
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pyrite. Rocks with higher pyrite concentrations show higher
density values. This is a more important issue for rocks that
have very low Na+Ca concentrations. To improve the application
of rock density data for vectoring, we have eliminated density
data for rocks with calculated pyrite content >12.8%. Results for
the remaining samples are shown in Figure 20b.

At Tanzilla, the advanced argillic alteration on the Main hill
and in a smaller similar zone of the West zone produces lower
density rocks (<2.5 g/cm?3), but rock density increases to >2.7 g/
cm? in less-altered rocks immediately to the north and south of
the main hill (Figure 20b). Most of the rocks at Alunite Ridge and
East Ridge have densities of 2.5-2.7 g/cm?, with no significantly
lower density zones occurring with the areas of strong alunite-
clay alteration. However, rock densities are low (<2.4 g/cm3)
in the central parts of the North Ridge, where muscovite is
the main alteration mineral. This relationship suggests that
silicification in zones of advanced argillic alteration may have

compensated for the material loss, resulting in an average rock
density value, whereas in areas where silicification did not
overprint phyllic or argillic alteration, rock densities are lower.
The latter occurs at Kemess North, which is characterized by
strong muscovite and clay alterations and by low (<2.4 g/cm?)
rock densities (Figure 20b)

Rock Porosity

Rock porosity increases with the intensity of alteration (Figure
19d). Samples with biotite and chlorite alteration show low
porosity (around 1%), whereas samples with advanced argillic
alterations of kaolinite and dickite, alunite, topaz, andalusite,
and corundum show a wide range of porosity from 1 to >10%.
The scatter is probably largely controlled by silicification and
overprinting clay alteration (with minimal host rock effect),
which formed a locally-cemented, porous texture from the
intense acid leaching during advanced argillic alteration.
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A map of rock porosity shows samples with higher porosity
(>3.4%) in the central parts of Tanzilla main hill and lower
porosity (<2.2%) to the north and south (Figure 20c). Similar
smaller zones occur in the West zone. At Alunite Ridge, zones
of rock with moderate porosity (>2.2%) occur in the central
parts and continue to the East and North Ridges surrounded by
rocks with lower porosity (<2.2%). At Kemess North, rocks with
intense muscovite alteration in the central parts of the ridge
show a very high porosity (>6.4% and locally up to 14.6%) but
the porosity decrease (1.1 to 2.2%) northward in more kaolinite-
dickite-rich rocks. The least altered rocks of the Hazelton
Group to the north have the lowest porosity (<1.1%). This
suggests that even though the type of alteration, particularly
silicification and clays, will influence the rock porosity, there
is a vector of increasing rock porosity towards zones of more
intense alteration.

DISCUSSION: MAPPING ADVANCED ARGILLIC
ALTERATION ZONING

Mineralogical and geochemical data and information can
be used individually or integrated to characterize the zones of
advanced argillic alteration environments in the shallow parts of
the porphyry system and to provide tools that identify mineral
and geochemical compositional zoning within the study sites.
Variations in alteration assemblage mineralogy and geochemical

signatures suggest that the three study sites represent different
levels of advanced argillic or shallow-level alteration potentially
above a porphyry copper system (Figure 21).

Interpretation of alteration mineral assemblages and
geochemical data suggests that sites mapped during this
study represent different levels of exposure. Alunite Ridge is
characterized by abundant alunite with zones of silicification
and clays (kaolinite and dickite), locally minor pyrophyllite and
diaspore, zones with anomalous gold and arsenic and low MPIx
ratio (<3). Muscovite occurring with and around the alunite
alteration shows a distinctly low crystallinity index (typically <1).
Porphyry copper type vein or mineralization is not recognized at
depth, but a small granodiorite body at the Sofia prospect in
the Toodoggone River valley (Bouzari et al., 2020) is about 3
km northeast of Alunite Ridge (700 m lower than Alunite Ridge)
and hosts porphyry type quartz-magnetite veins with K-feldspar
alteration with chalcopyrite (Figure 4). Alunite Ridge, therefore,
represents the shallowest setting among the study sites.

At Tanzilla, abundant pyrophyllite, topaz, and andalusite
alteration occur at surface and >100-150 m below the surface.
This alteration is locally surrounded by zones of alunite-rich
alteration. Muscovite shows high crystallinity index (>2) at
the Main Hill zone, which geochemically shows moderate
MPIx ratios (around 20). Porphyry-type alteration of chlorite-
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muscovite with weak copper mineralization (<0.1% Cu) occurs
below the zones of advanced argillic alteration, with remnants
of K-silicate biotite alteration typically occurring below 600m.
Tanzilla, therefore, reflects a deeper advanced argillic alteration
setting relative to Alunite Ridge, above a weakly mineralized
porphyry centre.

Alteration at Kemess North is characterized by crystalline
muscovite (>2 crystallinity index), pyrophyllite, andalusite, and
corundum in the north end with the highest MPIx ratio of >40.
The occurrence of a nodular pyrophyllite texture (Hedenquist
and Arribas, 2021) or patchy silica (Sillitoe, 2010) with this
alteration suggests proximity to the base of the advanced argillic
alteration zone above porphyry-type mineralization. Porphyry-
type Cu-Au mineralization with sericite-chlorite alteration and
quartz veins occurs approximately 100 m below the surface
at Kemess North. Therefore, near-surface exposure at Kemess
North represents alteration at the base of a lithocap.

Clay-rich alteration assemblages, especially kaolinite, are
absent or only occur locally in the studies sites; large zones of
kaolinite alteration are absent from many areas of advanced
argillic alteration in BC. This is interpreted to be the result of
erosion of the shallow and low-temperature portions of the
altered zone. The dominantly mafic character of the Takla or
Hazelton Group volcanic rocks, which buffered the fluids, has
played a role in preventing the formation of large hypogene
kaolinite alteration zones. Kaolinite and dickite are, however,
common in Kemess north, especially to the north end near
the fault contact. Some of the kaolinite likely has a supergene
origin, as weak sulphide oxidation occurs near the surface. The
nodular texture of dickite-kaolinite alteration with remnants
of pyrophyllite, rimmed by quartz (Figure 10d), suggests that
dickite and kaolinite alteration overprinted earlier pyrophyllite
alteration. Narrow zones of clay alteration continue at depth
along the structures. We interpret that the clay alteration at
Kemess North is a late telescoped low-temperature overprint
over the pyrophyllite-aluminous-rich assemblage.

Shallow-level lateral zoning with the characteristics discussed
in the following sections are argued to be useful as vectoring
tools to identify trends and zoning toward the central parts of
advanced argillic-alteration zones and potentially the region
above the underlying porphyry copper mineralization:

Nodular Pyrophyllite and Aluminum-rich Minerals at
the Core/Roots of Advanced Argillic Alteration

Regions of advanced argillic alteration are mineralogically
zoned, and if defined, can be used to vector towards higher
temperature portion of the system (Hedenquist and Arribas,
2021). Extensive evidence suggests that shallow lithocap
alteration can be offset from the intrusive centre (Sillitoe,
1995; Hedenquist et al., 1998) along hydraulic gradients, such
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that lithocaps are asymmetric in distribution and occur on the
shoulders of intrusions (Hedenquistand Taran, 2013; Hedenquist
and Arribas, 2021). Therefore, identifying vectors towards the
core or roots of the lithocaps is critical in exploration.

Mineral assemblages containing pyrophyllite, andalusite,
corundum, and/or diaspore, locally topaz, with a variable
amount of muscovite, occur in more central portions and
in the roots of advanced argillic altered zones in the studied
sites. The occurrence of pyrophyllite with other aluminosilicate
minerals that are closely associated with muscovite alteration is
interpreted to constitute the hottest environment of hydrolytic
alteration at the base of a lithocap and suggests a transitional
environment that overlies porphyry Cu-Au orebodies such as
in Far Southeast, El Salvador, and Oyu Tolgoi (Hedenquist and
Arribas, 2021). An assemblage of corundum, andalusite, and
diaspore indicates a temperature of >370° to 400°C, and the
assemblage of andalusite and muscovite at quartz saturation
suggests a slightly lower temperature, perhaps 360° to 375°C
(Watanabe and Hedenquist, 2001). These zones were probably
formed along sub-vertical channels originating from the
porphyry-related magmatic source (Hedenquist and Taran,
2013). Alteration of andalusite to muscovite and pyrophyllite
is reported in El Salvador due to cooling (Watanabe and
Hedenquist, 2001). Textural relationships in this study suggest
that muscovite and pyrophyllite were replaced by andalusite,
probably duetoanincreaseintemperature. Similar relationships
have been shown at Cerro Colorado, where andalusite replaced
coarse muscovite in the deeper part of advanced argillic
alteration (Bouzari and Clark, 2006). Retrograde alteration has
commonly altered the andalusite to clays at the rims.

In contrast to the pyrophyllite occurring in the base of the
lithocap, pyrophyllite forms with abundant alunite at shallower
parts of lithocaps from a sulfate-rich condensate of volcanic
vapor (Hedenquist and Arribas, 2021). But in this shallower
setting, diaspore, andalusite, and corundum typically do not
occur with pyrophyllite. Therefore, when exploring in advanced
argillic-altered rocks for porphyry copper mineralization at
depth, the key is to identify the location of these aluminum-
rich phases in association with pyrophyllite. Pyrophyllite is best
identified by SWIR. Topaz and diaspore can also be identified by
SWIR, but andalusite and corundum are not typically identifiable
by SWIR. Pyrophyllite, typically with diaspore or corundum,
replaces muscovite and quartz (Hedenquist and Arribas, 2021)
and forms an alteration with characteristics nodular texture
(or patchy silica) such as in Kemess North (Figure 10c). Similar
textures have been described in several porphyry deposits (See
Sillitoe, 2010 and Hedenquist and Arribas, 2021, and reference
therein). Subsequently, the pyrophyllite might have been
overprinted by clays such as dickite and kaolinite (Hedenquist
and Arribas, 2021) but the nodular texture is preserved which
is typically rimmed by quartz (see Figure 10d). These textures
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are indicative of advanced argillic alteration transition to top of
porphyry environment (Hedenquist and Arribas, 2021).

Transition from Green to White Muscovite

Aluminum-rich mineral assemblages are zoned outward to
white colour muscovite and clay (kaolinite-dickite) mineral
assemblage, typically with silicification. The white muscovite
alteration in the studies sites is surrounded by a zone of pale-
green muscovite alteration, which grades outward to zones of
greenmuscovite-chlorite alteration. Rock colour becomes darker
green with an increase in abundance of chlorite. The pale-green
muscovite and green muscovite-chlorite alteration at depth at
Kemess North host porphyry copper-gold mineralization. The
green and pale-green muscovite alteration assemblages are
probably more widespread in porphyry deposits, and their
distribution is typically underestimated or mistaken for chlorite
alteration typical for the propylitic zone. The pale green and
green muscovite-chlorite alterations are comparable to the
green sericite alteration originally described in the Philippine
porphyry deposits (Sillitoe and Gappe, 1984) and subsequently
elsewhere (e.g., Chuquicamata, Chile, Ossandon et al., 2001;
Cerro Colorado, Chile, Bouzari and Clark, 2006). Sillitoe (2010)
has recognized that the green sericite alteration is typically
an early stage, whereas the white sericite is a later stage that
more commonly occurs in structurally-controlled or irregular
replacement zones within the upper parts of green sericite-
chlorite and potassic zones.

The SWIR data shows a transition from paragonitic muscovite in
a distal location to K-rich muscovite more proximal to the areas
with strong advanced argillic alteration, but it is not possible
to correlate this transition accurately with muscovite color.
Whole-rock geochemical data, however, suggests that rocks
with pale-green and green muscovite alteration typically have
higher Mg/K and K/Al relative to white muscovite that has lower
K/Al (Figure 15b). We interpret based on the SWIR data that
much of muscovite at the shallow levels have low crystallinity,
but more crystalline K-rich muscovite occurs at depth. The
high K/Al (>0.33) occurring locally suggests the occurrence of
relict K-feldspar or biotite (e.g., Figure 10h). Studies elsewhere
(e.g., at Copper Cliff porphyry, Montana; Uribe-Mogollon and
Maher, 2018) have shown that the rocks with early green
muscovite alteration have phengitic composition (longer Al-
OH absorption wavelength; 2,206-2,210 nm) whereas those
with the late white muscovite phase are K-rich (shorter Al-OH
absorption wavelength; 2,197-2,206 nm). Therefore, mapping
muscovite and chlorite colour in the field, backed by whole-
rock geochemical data, and recognizing the zonation provides
a first-order guide to identifying the anatomy of the porphyry
alteration and location of advanced argillic alteration or D-type
vein clusters that may host high-sulphidation mineralization or
linked to rich copper zones at depth. Ideally, a zonation from
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green muscovite-chlorite to pale-green muscovite and to white
muscovite-(clay) alteration is expected towards the shallower
and more central portion of the system. In areas with structural
complexity, such as in Kemess North, where the alteration has
an asymmetric geometry, the muscovite alteration mapping
will help identify and map post-mineralization displacement.

K-Mg-Alumina and K/Rb-Alumina Diagrams to Map
Alteration

Field observation and SWIR data are essential in mapping
alteration: however, the mineralogical changes may be
difficult to see macroscopically, and SWIR has limited capacity
in identifying mineral mixtures and typically cannot identify
anhydrous minerals such as andalusite or corundum. Whole-
rock geochemical data provide a useful tool to map alteration
and can complement field and SWIR data (e.g., Halley, 2020). The
alkali-alumina diagram of Davies and Whitehead (2006) does
not accurately map the chlorite and muscovite alteration zones,
especially in intermediate and mafic volcanic host rocks. One
of the key advantages of using the Mg data is the identification
of chlorite and characterization of muscovite types, especially
phengitic muscovite. Samples with the phengitic chemical
domain probably represent H+ metasomatism, during which
most chlorite and biotite are altered to muscovite with phengitic
composition (high Mg-Fe, Mg/K~0.1-0.2), forming the pale-
green muscovite. In this environment of alteration it is common
to have relict biotite and/or K-feldspar causing a high (>0.33)
K/Al ratio (e.g., Figure 10h). Continued and/or overprinting H+
metasomatism forms the white muscovite-(clay) alteration with
a significantly lower Mg/K ratio and typically K/Al ratio of less
than 0.33. Therefore, use of K-Mg-alumina diagram helps to
predict and map chlorite and muscovite alteration types, i.e.,
chlorite, green muscovite-chlorite, pale-green muscovite, and
white muscovite-(clay) assemblages.

Similar to the alkali-alumina diagram, the K-Mg-alumina
diagram might be affected by the rock types. We have shown
above that rock types did not affect the distribution of alteration
assemblages in the studies sites. The potential effects of rock
types on the K-Mg-Alumina diagram are shown in Figure 14a,
in which the Mg/K molar ratios are plotted against V/Sc and
with samples color-coded by rock types. This diagram shows a
scatter of Mg/K from high to low regardless of rock types (e.g.,
basaltic Takla versus dacitic tuff of the Toodoggone Formation).
Similar diagram type but color-coded by alteration types (Figure
14b) shows that rock types do not cause a noticeable effect on
alteration types. The diagram shows that rocks with chlorite or
muscovite-chlorite alteration typically have Mg/K ratio of >0.2.
Therefore, the Mg/K ratio seems to be largely controlled by
alteration types, and there is no noticeable effect by the rock

types.
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Moreover, application of the K/Rb-Alumina diagram identifies
Al-rich minerals such as andalusite and corundum from the
muscovite-(clay) assemblages and provides a key tool for
mapping zones of advanced argillic altered rocks. These can
be supplemented by the Na-Ca depletion index, especially for
areas where the zone of intense advanced argillic alteration
is not exposed, to vector towards areas with high fluid flow
and potentially to the more central parts of alteration above
a porphyry centre. A combination of muscovite and Al-rich
mineral mapping and Na-Ca depletion index from whole-rock
geochemical data provides a useful tool to vector towards
mineralization in advanced argillic alteration.

Rock Physical Properties

Rock physical properties, including magnetic susceptibility,
density, and porosity, are affected by alteration and rock types
and can be used as vectors, especially when rock types and/
or sulphide contents are taken into consideration. Magnetic
susceptibility and rock densities decrease towards central
parts of advanced argillic alteration zones, whereas porosity
commonly increases, except for weaker porosity in areas
overprinted by silicification or clay alteration. Whereas the
measurement of magnetic susceptibility is fast and can be done
in the field, the density and porosity measurements typically
require a simple laboratory setting using saturation and
buoyancy techniques (Ulusay and Hudson, 2007). A reasonable
estimate for sample processing is about 150 samples per day.
This study showed that rock physical properties correlate with
the alteration mineralogy, and therefore they can be used
to recognize large alteration zoning. More importantly, the
characterization of rock physical properties provides a basis
on which to interpret geophysical data, which can be used for
vectoring in areas where younger cover masks advanced argillic
altered zones.

Trace Element Vectors: MPIx and MPIx- Lateral

Porphyry copper deposits comprise a wide range of metal
tenor and a corresponding diversity of paragenesis and fabric
(e.g., Clark, 1993) but commonly have large alteration and
geochemical footprints (e.g., Titley et al., 1986; Cunningham et
al. 2004; Halley et al., 2015; Byrne et al., 2020). Trace element
geochemical data provide a useful tool to map the footprint
of a porphyry deposit, but a key question is always how deep
and where the potential mineralization occurs. Therefore,
interpreting the geochemical data for vectoring purposes
laterally or vertically becomes an important issue, especially
where laterally extensive advanced argillic alteration zones,
possibly asymmetric mushroom-shaped geometries with
respect to a porphyry system at depth, are present (Figure
1). The application of MPIx-Lateral and MPIx demonstrates
that trace element geochemical data can be used to map the
lateral and vertical zonation of the porphyry system. This simple

Geoscience BC Report 2022-03 — MDRU Publication 456

approach provides indices to compare prospects in a district,
identify size and level of exposure, and target drilling.

Red Luminescent Quartz

The luminescence colour and intensity of quartz is diagnostic
of mineralizing fluid events in porphyry copper deposits and
reflects the physical and chemical environment of quartz
formation (Gotze et al., 2004; Rusk et al., 2006, 2011).
Pervasive silicification and veinlets of quartz commonly occur
with pyrophyllite, and dickite-kaolinite, in silicified rocks
of advanced argillic altered rocks typically shows dark red
luminescence, with the pyrophyllite and clays displaying blue
luminescent color. Younger generations of quartz that cut the
red luminescent quartz or quartz that occur distally with green
muscovite-chlorite alteration do not show luminescence (i.e.,
dark CL). The exception is the coarse, commonly banded quartz
veins related to low to intermediate sulphidation epithermal
veins at Quartz Lake near Alunite Ridge. These late veins have a
yellow luminescence color.

Quartz luminescence is controlled by temperature and its trace
element composition. The red luminescent quartz described
in this study is comparable to the Ti-poor, late quartz at Far
Southeast porphyry copper deposit, Philippine occurring with
the ore-stage chlorite-sericite alteration (Bennett, 2014).
Bennett (2014), based on textural evidence and fluid inclusion
studies has shown that the red CL quartz formed at low
temperature (<400°C) and overprinted early, blue luminescence,
Ti-rich quartz, which formed at higher temperature (>400°C).
Similar relationships have been shown at Butte, Montana,
and porphyry and epithermal veins in Maricunga Belt, Chile
(Bennett, 2014), and at Taiyangshan porphyry deposit, China
(Qui et al., 2021). Maydagan et al. (2015) and Rusk et al. (2011)
have shown that early-stage quartz veins in porphyry deposits
(A or B veins, Gustafson and Hunt, 1975) have bright CL and are
Ti-rich. As temperature decreases, Al concentrations increase,
and quartz displays relatively darker CL. The yellow luminescent
quartz veins at low to intermediate sulphidation epithermal
veins at Quartz Lake are comparable to the late fracture-
controlled euhedral quartz associated with ore minerals at
Veladero high-sulphidation epithermal deposit, El Indio-Pascua
belt, Argentina (Holley et al., 2017). These veins formed at a
low-temperature hydrothermal environment, mostly 200°C
(Holley et al., 2017), and indicate rapid precipitation in a
reduced environment (Gotze et al., 2015).

These observations suggest that the red luminescent quartz
described here probably link with the ore stage red luminescent
quartz veins that typically form with porphyry veins. Fluid
inclusion data are not available and difficult to obtain due to
the fine-grained nature of quartz, but given the occurrence
of dickite and pyrophyllite with the red luminescent quartz,
a temperature range of 200-250°C is expected. These are
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overprinted and surrounded by dark luminescent quartz that
occurs at a greater distance. Therefore, the characterization
and identification of red luminescent quartz can be particularly
useful for vectoring in areas with large quartz-clay alteration
zone, making it difficult to map alteration, especially when
other key high-temperature minerals are not exposed.

CONCLUSIONS

Zones of advanced argillic alteration are favourable exploration
targets because they can host epithermal high sulphidation
type gold and/or underlie porphyry type copper mineralization.
However, mineral exploration within advanced argillic zones
is difficult because of the large size of the altered areas, the
intense nature of the alteration, and the subtle mineralogical
changes. Three sites characterized during this study represent
examples of advanced argillic altered zones in BC. The absence
of large kaolinite- or alunite-altered areas suggests that much
of the shallow parts of advanced argillic altered zones are not
preserved in BC. However, a range of shallow to deep parts of
lithocaps are preserved. At Alunite Ridge, the quartz-alunite
alteration with vuggy quartz texture is an example of a shallow
setting, whereas pyrophyllite-andalusite-corundum alteration
with nodular textures at Kemess North developed at the base
of advanced argillic alteration just above a porphyry centre.
Results from this study provide several criteria and tools to map
both vertical and lateral zoning within the advanced argillic
altered area:

1. Zones of advanced argillic alteration in BC typically
contain muscovite and are surrounded by muscovite-
chlorite alteration. The occurrence of muscovite probably
suggests a deeper level (higher temperature) lithocap
setting but may also suggest that lower temperature
assemblages, such as pyrophyllite-clays, have overprinted
earlier alteration (telescoping) as a result of uplift and
downward collapse of the hydrothermal system (Sillitoe,
2010). Results from this study shows that the muscovite
crystallinity index calculated from SWIR data provides a
vector for higher temperature, central/deeper zones, of
the system in BC.

2. Colour of the muscovite alteration can be used as a field
vectoring tool. The muscovite colour changes vertically
and laterally, with respect to the main up-flow zone,
from green muscovite-chlorite at depth, to pale-green
muscovite and to white muscovite-(clay) alteration
towards the shallower and more central portion of
the system. The green and pale-green muscovites
typically have phengitic composition, whereas the white
muscovite is K-rich.

3. Whole rock geochemical data can be used to predict
alteration mineralogy and zoning. The Mg-K-Al diagram
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provides a tool to map white muscovite-clay-(aluminum-
rich minerals), pale-green muscovite, green muscovite-
chlorite, and chlorite-dominated alteration assemblages.
The white muscovite-clay-(aluminum-rich) group can
be further subdivided, separating Al and alunite-rich
minerals using the K/Rb-Al molar diagram.

4. I|dentification of pyrophyllite and aluminum-rich
minerals such as andalusite, corundum, and diaspore
provides a key component in vectoring towards
porphyry copper mineralization at the base of lithocap.
These minerals can be identified in the field by nodular
texture (or patchy silica) such as those in Kemess
North. Pyrophyllite is best identified by SWIR, whereas
aluminum-rich phases typically require petrography or
whole-rock geochemical analysis. At the larger scale, the
relative loss of Na and Ca can be quantified—relative
to immobile Al—using the proposed index, to map the
intensity of muscovite and advanced argillic alteration,
and to vector towards areas with high fluid-flow and
potentially to the more central parts of alteration above
a porphyry centre.

5. Preliminary data collected during this study suggest
that quartz in more central parts of the advanced argillic
alteration zone displays red luminescence and typically
occurs with blue luminescent pyrophyllite and clays,
whereas later overprinting and distal quartz display dark
luminescence.

6. Rock physical properties correlate with alteration type
and intensity and can be used as vectors. Magnetic
susceptibility and rock densities decrease towards central
parts of the advanced argillic alteration zones, whereas
porosity commonly increases. Rock physical properties
provide criteria to better interpret geophysical data and
explore areas where advanced argillic altered zones are
partly covered by younger sediments.

7. Trace element geochemical data can be effectively used
to map lateral and vertical vectoring components in an
area with MPIx-Lateral and MPIx. This simple approach
provides indices to compare prospects in a district,
identify size and level of exposure, and target drilling at
depth.
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