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ABSTRACT

Porphyry copper deposits in British Columbia occur within or around the edges of large batholiths composed of nonmineralized and
fewer mineralized plutons. Identifying porphyry-fertile plutons and distinguishing them from barren plutons provides a significant
advantage to exploration geologists seeking to discover porphyry copper deposits. Trace-element composition of zircon, a com-
mon accessory mineral in granitoid rocks, provides clues to the magmatic-hydrothermal history of magmas capable of generating
porphyry copper deposits. This study identifies and characterizes the chemical signatures of copper ore-forming processes in zircon
from selected plutonic lithologies that form the Guichon Creek, Takomkane, Granite Mountain and Toodoggone batholiths, and
develops tools and strategies for the exploration of porphyry copper deposits in magmatic belts. A total of 1021 zircon grains from
42 rock samples representing various phases of each batholith were analyzed. Cathodoluminescence (CL) microscopy was used
to document texture and zoning characteristics of zircon grains and 1397 spots were analyzed by EPMA and LA-ICP-MS for trace-
element characterization.

Results show that porphyry-fertile Late Triassic and Early Jurassic plutons in BC have several distinct characteristics that indicate an
increased potential to generate porphyry copper deposits. Zircons from mineralized phases have low Th/U and high Yb/Gd ratios
that suggest fertile magmas were formed after certain amounts of fractional crystallization. Similarly, Ti-in-zircon temperatures
show that these plutons yield lower model temperatures of ca. 750°C to 600°C consistent with zircon crystallization in near-eutectic
conditions close to the solidus of hydrous granite.

Zircons from the mineralized plutons have small negative Eu anomalies (Eu /Eu * >0.35) whereas nonmineralized plutons show
variable Eu anomalies, which is interpreted to be largely controlled by crystal fractionation, particularly that of apatite and titanite.
The crystal fractionation of magmas alone does not produce ore deposits if the magma has a low oxidation state or low magmatic
water content, or both. The porphyry-fertile plutons have zircons with Eu anomaly values that are not significantly affected by Hf
concentration or Yb/Gd values, proxies for crystal fractionation, suggesting that the oxidation state and magmatic water remained
significantly high during the cooling history of the magma. This key fertility feature has been interpreted to reflect SO, degassing and
subsequent increased oxidation of parental porphyry melts (Dilles et al., 2015).

Our study, for the first time, shows that zircon texture correlates with its chemical fertility indices. Zircons from fertile plutons
characterized by oxidized (Eu anomaly >0.35), cooled (<750°C) evolved (Hf >9000 ppm) wet magmas, commonly show oscillatory
zoning with minimal irregular texture at rims, whereas, nonmineralized plutons commonly contain zircon with tabular or oscillatory
zoning and irregular texture characterized by new growth zones crosscutting older zones. The tabular zircons are more common in
older plutons (>195 Ma) and we interpret that zircons with irregular oscillatory zoning are common in hotter (above eutectic) melts.
These chemical and textural features of zircon along with other porphyry indicator minerals such as apatite and titanite (Bouzari et
al., 2018) provide new tools to evaluate porphyry potential of BC’s plutonic rocks.
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1. INTRODUCTION

Porphyry copper deposits are critical contributors to the British
Columbia (BC) economy. BCis Canada’s largest producer of cop-
per with more than S2 billion generated annually from copper
concentrate revenues won from BC porphyry copper deposits
(PwC Canada, PricewaterhouseCoopers, 2019). The economic
benefits of a new porphyry copper deposit discovery cannot be
overstated.

Information that improves an exploration geologist’s ability to
quickly determine porphyry copper prospective regions of BC, or
more specifically what igneous rocks are more likely to generate
a porphyry copper deposit, is more likely to result in exploration
success with a discovery. Thus, tools that aid in distinguishing
metal-fertile from barren plutons provide a significant advan-
tage to exploration geologists’ decision-making. This is par-
ticularly the case in BC, where many porphyry copper deposits
formed within or around the edges of large composite granitoid
batholiths, and the potential of individual rock bodies could be
evaluated.

Zircon (Zr[Hf]Si04) is a common accessory mineral in granitoid
rocks including those that generate and host porphyry copper
deposits. Although the isotopic compositions of zircons have
long been utilized to provide a chronometer that indicates the
age of the rock, recent research increasingly indicates that the
range of physical and chemical characteristics of zircons records
the evolution of its host magma and can provide information
on that magma’s ability to generate a porphyry copper deposit.
This porphyry copper mineralizing potential is known as fertility
and it may be possible to identify those highly fertile intrusions
in BC based on their zircon characteristics.

The physical characteristics of zircons such as size, shape, inclu-
sions and internal zoning can be reasonably determined with
various microscopic methods including optical microscopy, scan-
ning electron microscopy and cathodoluminescence imaging.
However, measuring the chemical features of the mineral grains
requires microanalytical techniques such as electron micro-
probes, or ion probes and lasers that are connected to mass
spectrometers. In particular, the development of stable, rapid,
high-resolution laser-ablation inductively coupled plasma-mass
spectrometry (LA-ICP-MS) analysis on zircon has led to an enor-
mous increase in the amount of high-quality isotopic and trace-
element data that geochemists and petrologists can access to
assist them in resolving problems associated with the geology of
igneous and metamorphic rocks (Jackson et al., 2003).

This study investigates district- to batholith-scale porphyry cop-
per deposit fertility indicators in zircons in four regions of British
Columbia: the Guichon Creek, Takomkane and Granite Moun-
tain batholiths, as well as the Toodoggone area (Fig. 1). In each
area, textural and geochemical features of zircons are character-
ized, and these results are used to develop tools and strategies

to improve exploration success for porphyry copper deposits in
these regions of BC. Results show that textural as well as geo-
chemical characteristics contribute to distinguishing porphyry-
fertile from nonmineralized or poorly mineralized plutons.

2. PORPHYRY-FERTILE MAGMAS AND ZIRCONS

Porphyry copper deposits form from hydrothermal fluids that
exsolve from magma in large crystallizing batholiths (Burnham
and Ohmoto, 1980; Dilles and Einaudi, 1992). These fluids accu-
mulate Cl, S and metals that preferentially partition from the
magma to the fluid. As these fluids rise and rapidly expand, they
fracture the host rocks thus increasing fluid-rock interactions
and decreasing the fluid’s temperature which results in epi-
sodic deposition of the silicate and sulphide minerals that form
porphyry copper deposits. Six key parameters (Burnham and
Ohmoto, 1980; Audétat and Simon, 2012) influence a magma’s
ability to form porphyry copper deposits: (1) oxidation state, (2)
temperature, (3) water, (4) metal, (5) chlorine and (6) sulphur
content.

Zircon is a robust accessory mineral that records physical and
geochemical processes and evolution of most crystallizing
granitoid magmas, including those that form porphyry copper
deposits. Zircon commonly has detailed internal textures and
zoning that provide clues to the environment and processes
in which it formed (Gagnevin et al., 2010). The crystallization
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Figure 1: Location map, showing Cordilleran terranes, studied batholiths and
major porphyry copper deposits in British Columbia (modified from Bissig and
Cooke, 2014).
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history of zircons provides unique insights into magma petro-
genesis. These insights are particularly well illuminated with
cathodoluminescence (CL) imaging which responds to subtle
changes in mineral character and characteristics (Hanchar and
Miller, 1993). Zircon textures illuminated with CL imaging and
coupled with the power of geochemical analyses by LA-ICP-MS
are best to determine the complex magmatic histories (Hanchar
and Miller, 1993; Wark and Miller, 1993; Gagnevin et al., 2010).

The zircon mineral structure can incorporate trace elements
such as Eu, Ce and Ti and their variations can be used to estimate
oxidation state and temperature of the parental magma (Lee et
al., 2017b). The chemical composition of zircon has been used to
elaborate many magmatic processes, including crystal fraction-
ation (Thomas et al., 2002; Lowery Claiborne et al., 2006), inter-
action with hydrothermal fluids (Thomas et al., 2002; Hoskin,
2005), magma mixing (Wang et al., 2002) and a potential source
indicator (Belousova et al., 2002).

The trace element compositions of zircon can also be used to
determine the temperature and oxidation state of the parental
magma. Investigations by Ballard et al. (2002) and Shen et al.
(2015) correlated the relative uptake of Ce*/Ce3* in zircon with
the oxidation state of barren and fertile porphyry copper-min-
eralized intrusive rocks in northern Chile and Central Asia. Dilles
et al. (2015), Lee et al. (2017b) and Banik et al. (2017) showed
similar relationships for porphyry copper deposits in Chile and
Nevada using the Eu concentration in zircon. Furthermore, Shen
et al. (2015), and Shu et al. (2019) demonstrated a correlation
between zircon Ce**/Ce* ratios and the size of the porphyry cop-
per deposits in Central Asia and China, respectively. These inves-
tigations concluded that zircon provides a most useful tool for
evaluating the porphyry copper fertility of plutons.

Not only is zircon an excellent recorder of time and magmatic
processes, it is also ideal because it is robust. Zircon is resistant
to subsolidus and hydrothermal alteration, and demonstrably
retains critically important pre-alteration and pre-mineralization
geochemical information. It is particularly useful in evaluating
porphyry copper deposits. Additionally, because zircon persists
in surficial sediments for tens or hundreds of kilometres beyond
the hydrothermal or geochemical footprint of magmatic-por-
phyry centres (Averill, 2011), it can provide clues that enable
detection of porphyry-fertile magmas at substantial distances
from their source (Lee et al., 2017a). Zircon recovery from soil,
rock and drill core samples is both feasible and affordable. Fur-
thermore, U-Pb and Pb-Pb geochronology of zircon using laser
ablation has matured to the extent that it constitutes a pre-
ferred method to accurately date mineralized and barren mag-
mas (e.g., Spencer et al., 2016; Chiaradia et al., 2013).

3. GEOLOGICAL SETTING

Much of British Columbia is underlain by Mesozoic island arc
and associated accretionary margin assemblages. Among these,
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the Quesnel terrane in south-central BC is characterized by an
Upper Triassic to Lower Jurassic island arc volcano-sedimentary
package with numerous contemporaneous plutons and batho-
liths, some with associated clusters of porphyry copper deposits
(Logan and Mihalynuk, 2014). In the southern Quesnel terrane,
the arc, plutons and batholiths form three arc-parallel belts that
become progressively younger to the east (Schiarizza, 2015).
The western Late Triassic plutonic belt is characterized by the
large calc-alkaline Guichon Creek and Granite Mountain grano-
dioritic batholiths, which host the Highland Valley and Gibraltar
porphyry copper districts, respectively (Fig. 1). The central plu-
tonic belt consists of Late Triassic alkaline plutons that are domi-
nated by monzonitic rocks, including the Copper Mountain, Iron
Mask and Mount Polley composite intrusions and related por-
phyry copper deposits. The easternmost belt consists of several
Early Jurassic calc-alkaline granodioritic batholiths such as the
Pennask and Takomkane batholiths, which host the Brenda and
Woodjam/Southeast Zone porphyry copper deposits, respec-
tively.

Within the current tectonic architecture, Stikine terrane is west
of Quesnel terrane, separated from it by the Cache Creek oce-
anic accretionary complexes. Late Triassic to Early Jurassic plu-
tons that intrude northeastern Stikine terrane have variable
compositions and the time-space-lithology classifications that
characterize southern Quesnel terrane have not been recog-
nized. The Toodoggone mineral district in northeastern Stikine
terrane consists of epithermal, skarn and porphyry style miner-
alization associated with a range of Late Triassic to Early Jurassic
plutonic lithologies.

The geology and the zircon fertility characteristics of the plu-
tonic rocks that comprise the Guichon Creek, Granite Mountain
and Takomkane batholiths of Quesnel terrane are evaluated, as
well as selected plutons in the Toodoggone mineral district.

3.1 Guichon Creek Batholith

The Late Triassic Guichon Creek batholith is a north-trending,
approximately 65 x 30 km body that intruded and thermally
metamorphosed the Upper Triassic Nicola Group basaltic to
andesitic volcanic and volcaniclastic rocks (McMillan et al.,
2009) of the Quesnel terrane, southwest of Kamloops (Fig. 2).
The batholith is composite and zoned, with earlier diorite and
quartz diorite border phases on the margins that surround pro-
gressively younger granodiorite phases towards the centre (Cas-
selman et al., 1995; Byrne et al., 2013; D’Angelo et al., 2017).
These mostly concentric phases, from the margins inward, are
the Border phase, the Highland Valley phases (consisting of
Guichon and Chataway subphases), the Bethlehem phases (con-
sisting of Bethlehem and Skeena subphases) and the Bethsaida
phase. The Bethlehem and Skeena subphases, and the Bethsaida
phase host most of the Highland Valley porphyry copper-molyb-
denum deposits (Valley, Lornex, Highmont, Bethlehem and JA).
Two mineralization events are recognized: an older Bethlehem
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Figure 2: Simplified geology of the Guichon Creek batholith, showing the main intrusive phases, mineral deposits and sample locations (summarized and redrafted
after McMillan et al., 2009).
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Figure 4: Geology map of the Granite Mountain batholith, showing the main intrusive units and sample locations (after Schiarizza, 2015).

phase-related event that formed the Bethlehem area deposits,
and the subsequent Valley, Lornex and Highmont deposit-form-
ing event that occurred in conjunction with the emplacement of
the Skeena and Bethsaida phases (Byrne et al., 2013; D’Angelo
et al., 2017). Economically, the Valley deposit is an active mine,
whereas Lornex and the Bethlehem deposits are past producers,
and the Highmont and JA are undeveloped deposits.

3.2 Takomkane Batholith

The Takomkane batholith is a large, 50 x 40 km Late Triassic—
Early Jurassic composite batholith 50 km east of Williams Lake
that hosts several mineralized porphyry centres. It intrudes

the Late Triassic alkaline Spout Lake pluton and is cut by Early
Jurassic ultramafic—mafic plutons and the Early Cretaceous Boss
Mountain Mine stock (Fig. 3). The Takomkane batholith consists
of two major units: the Late Triassic—Early Jurassic Boss Creek
unit (202.5 + 0.5-199.5 + 0.3 Ma) and the Early Jurassic megac-
rystic Schoolhouse Lake unit (195.0 + 0.4-193.5 + 0.6 Ma) (Schi-
arizza et al., 2009). A smaller-volume unit of quartz-feldspar
porphyry occurs within the Schoolhouse Lake unit. The Wood-
jam Creek unit (194.99 + 0.16 Ma, del Real et al., 2017) forms
the northwestern part of the batholith (Schiarizza et al., 2009).
It is texturally distinct but compositionally similar to the coeval
Schoolhouse Lake unit but has less quartz and lacks the charac-
teristic large K-feldspar megacrysts.
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Copper mineralization occurs within the Spout Lake pluton and,
to a lesser extent, within the Boss Creek and Schoolhouse units
(Schiarizza et al., 2009). Mineralization in the Spout Lake pluton
consists of occurrences described at Celo, Bory, Murphy Lake,
SL, Rover, and Harrison Creek (Schiarizza et al., 2009). These are
mostly chalcopyrite, pyrite and locally bornite and magnetite
veins. Similar mineralization occurs with the Boss Creek pluton
at Rodeo and Lucky Jack prospects. Mineralization within the
Schoolhouse Lake pluton occurs at the Granite Mountain pros-
pect in the central parts of the batholith which is characterized
by chalcopyrite and pyrite in shear zone hosted quartz veins sug-
gesting a significantly deeper setting for this style of mineral-
ization. The most economically significant Cu-Mo-Au porphyry
mineralization occurs along the northwestern boundary of the
batholith in the Woodjam area (including the Southeast Zone,
Deerhorn and Takom undeveloped deposits). These deposits
are hosted within a largely equigranular quartz monzonite unit,
for example at Southeast Zone, or in small porphyry dikes and
adjacent volcanic rocks, for example at Deerhorn (del Real et
al., 2017). Age relationships demonstrate that the Southeast
Zone (197.48 + 0.33 Ma), Takom (197.16 + 0.15 Ma), and Deer-
horn (196.34 + 0.19 Ma) intrusions were all emplaced over an
approximately one million year period as spatially discrete intru-
sive events (del Real et al., 2017) prior to emplacement of the
Schoolhouse units (195.0 * 0.4 Ma, Schiarizza et al., 2009). The
Woodjam Creek unit comprises the margin of the Takomkane
batholith. Its coarse-grained textures, geochemical and age simi-
larities with the other mineralized centers suggest that it prob-
ably represents a deeper emplaced intrusive stock (del Real et
al., 2017).

3.3 Granite Mountain Batholith

The Late Triassic Granite Mountain batholith is 18 x 10 km and
occurs 60 km north of Williams Lake near MclLeese Lake in
south-central BC and hosts the Gibraltar porphyry Cu-Mo mine
(Fig. 4). The batholith consists of three main phases, from south-
west to northeast: Border phase diorite to quartz diorite, Mine
phase tonalite and Granite Mountain phase leucocratic tonal-
ite. The Burgess Creek stock (Panteleyev, 1978), to the north-
east, comprises a heterogeneous assemblage of tonalite, quartz
diorite and diorite that intrudes the Nicola Group. The Gran-
ite Mountain phase (217.2 + 0.2 Ma, Schiarizza, 2015) is older
than the Mine phase (216.2 + 0.2, Mostaghimi, 2016). More
recently, Kobylinski et al. (2020) have divided the Granite Moun-
tain batholith into mineralized and barren phases. The barren
phase is the oldest phase with average age of 229.2 + 4.4 Ma
(226.8 + 8.3 Ma—232 + 11 Ma) whereas the mineralized phase
has been divided into three separate phases dated at 218.9 *
3.1 Ma, 213.2 + 2.4 Ma and 205.8 + 2.1 Ma (Kobylinski et al.,
2020). Dating of the Burgess Creek stock shows that it is 4 to
5 m.y. older than the adjacent Granite Mountain phase of the
batholith (Schiarizza, 2015) suggesting that the Burgess Creek
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stock may represent the border phase part of the batholith (Ash
et al., 1999).

The Granite Mountain batholith was originally considered to
intrude the Cache Creek terrane (Bysouth et al., 1995), but map-
ping by Schiarizza (2015) convincingly showed Nicola Group
strata on the northeastern margin of the Granite Mountain
batholith, thus indicating it is part of the Quesnel terrane. Inter-
pretations of aeromagnetic data confirm these observations
(Sanchez et al., 2015). Thus, the Granite Mountain batholith
is recognized as correlative with the Late Triassic, calc-alkaline
Guichon Creek batholith, which hosts the Highland Valley por-
phyry Cu-Mo deposits, 250 km to the south-southeast.

Mineralization at the Gibraltar mine is hosted in the Mine phase
tonalite of the Granite Mountain batholith, but small porphyry-
style mineral occurrences are also known in the Border phase
and the Granite Mountain phase (Schiarizza, 2015). The Mine
phase is typically altered whereas the Border phase and the
Granite Mountain phase are rarely altered. Moreover, the age
of the mineralization (215 + 1.0-210 + 0.5 Ma) based on three
Re-Os dates (Harding, 2012) indicates that the mineralization
was penecontemporaneous with the emplacement of at least
three pulses of the Mine phase (Kobylinski et al., 2020).

3.4 Toodoggone District Plutons

The Toodoggone district (NTS 094E) in northeastern British
Columbia, approximately 70 km southeast of Dease Lake, is a
35 x 17 km, NW-trending mineral district located in the east-
ern Stikine terrane (Fig. 5). Volcanic and sedimentary strata of
the Early and Middle Jurassic Hazelton Group underlie much
of the Toodoggone district and occupy an elongated structural
depression underlain by Late Triassic Takla Group volcanic rocks
and less-exposed Permian Asitka Group carbonate units. Clastic
sedimentary rocks of the Middle Jurassic to Cretaceous Bowser
Lake Group occur to the west and southwest of the Toodoggone
district (Diakow, 1990; Diakow et al., 1993, 2005). The Bowser
Lake Group sediments, and the younger Sustut Group piggyback
basin, were deposited above and protected the Toodoggone
district rocks from erosion until their subsequent unroofing.
The stratigraphic succession, from oldest to youngest, includes:
the Asitka Group, Takla Group, Hazelton Group and the Sustut
Group. The Toodoggone Formation rocks are equivalent to the
Telkwa Formation of the Hazelton Group (Diakow et al., 1991).

Porphyritic plutons and sub-volcanic stocks intrude the Toodog-
gone Formation strata. These intrusions are well-exposed in
the southern and eastern regions but are presumably barely
unroofed in the western and central parts of the district (Diakow
et al., 1993). These Early Jurassic granitoid bodies, designated
as the Black Lake Plutonic Suite (Woodsworth et al., 1988) form
part of an arcuate belt of Late Triassic and Early to Middle Juras-
sic stocks and composite batholiths that are exposed intermit-
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tently along the eastern margin of the Bowser Basin. The Black
Lake pluton is a pink granodiorite and quartz monzonite with
coarse to medium-grained phenocrysts of plagioclase, ortho-
clase, quartz, hornblende and biotite. The Giegerich and Jock
Creek (196.7 + 0.3 Ma, Diakow, 2006) plutons occur on the east-
ern margin of the district and the Duncan Hill pluton (197.9 +
1.8 Ma, Bouzari et al., 2019) occurs in the western and central
parts of the area.

The region is best known for its epithermal Au-Ag deposits (e.g.,
Lawyers, Shasta, Baker) but also hosts porphyry copper mineral-
ization (Bouzari et al., 2019). Kemess is the major porphyry cop-
per-gold deposit in the district and is associated with the small
Maple Leaf (199.6 + 0.6 Ma, Mortensen et al., 1995) granodio-
rite pluton (Duuring et al., 2009). Small, and probably deeply
eroded, porphyry copper mineralization at the Sofia prospect
occurs within the Jock Creek pluton. Several smaller and pre-
sumably less eroded plutons, such as the Sovereign pluton near
the Kemess deposit or those near the Brenda prospect, occur in
the central part of the area.

4. SAMPLES AND METHODS

A total of 127 rock samples were collected from select intrusive
phases at each locality. Hand-sawn samples were described and
thin sections studied using a petrographic microscope. A sub-
set of 42 samples, representing main intrusive bodies, were
selected for zircon separation and analysis, including 12 from
the Guichon Creek, 11 from the Takomkane and 6 from the
Granite Mountain batholiths, and 13 from the Toodoggone area.
The locations of these samples are shown on Figures 2-5 and
their descriptions are summarized in Table 1.

Samples were crushed using a Spark 2 electric-pulse disaggre-
gator at Overburden Drilling Management Limited (Nepean,
Ontario) to preferentially break the rock along mineral-grain
boundaries, thus providing a larger number of unbroken mineral
grains. Subsequently, mineral separation was performed at the
MDRU-Mineral Deposit Research Unit, The University of British
Columbia, using Frantz® magnetic separation and conventional
heavy-liquid methods.

Table 1: Samples from the Granite Mountain and Guichon Creek areas selected for analysis. Datum is WGS 84.

Sample# Latitude Longitude Batholith / Area Unit Rock type Description
13PSC-144 52.59492 -122.23555 Granite Mountain Burgess Creek leucocratic coarse-grained with plagioclase and quartz,
tonalite hornblende partly altered to chlorite
15Fb-40 52.58959 -122.18362 Granite Mountain Burgess Creek tonalite medium-grained, equigranular texture with fresh
mixed unit hornblende and abundant plagioclase
15FB-41 52.52951 -122.19940 Granite Mountain Granite leucocratic coarse-grained with equigranular texture with fresh
Mountain tonalite plagioclase and hornblende
15FB-44 52.47754 -122.21181 Granite Mountain Granite leucocratic coarse-grained with abundant plagioclase and
Mountain tonalite hornblende altered to chlorite, some quartz
15Fb-43 52.46574 -122.23056 Granite Mountain Mine phase tonalite coarse-grained with weak chlorite alteration,
abundant plagioclase and hornblende
15FB-45 52.47221 -122.22703  Granite Mountain Mine phase tonalite coarse grained with large chlorite alteredhornblende
and plagioclase
2238895 50.49782 -121.11262  Guichon Creek Bethlehem granodiorite coarse-grained with plagioclase, biotite and
phase hornblende
2238791 50.44327 -121.09645 Guichon Creek Bethsaida granodiorite coarse-grained with rounded quartz, plagioclase,
Phase biotite and hornblende
09FB-04 50.48893 -121.04612  Guichon Creek Bethsaida granodiorite coarse-grained with rounded quartz, plagioclase,
phase pervasive K-feldspar alteration
15FB-08 50.39096 -120.98263  Guichon Creek Bethsaida granodiorite coarse-grained with rounded quartz, plagioclase,
phase biotite and hornblende
2238842 50.45516 -121.16772  Guichon Creek Border phase  granodiorite coarse-grained with abundant hornblende and
plagioclase, local chlorite alteration
2238923 50.52728 -121.15450 Guichon Creek Border phase  granodiorite medium-grained with abundant plagioclase and
hornblende altered to chlorite
15FB-09 50.52579 -120.88048 Guichon Creek Border phase  quartzdiorite medium-grained, equigranular with abundant
plagioclase and hornblende
2238840 50.45164 -121.15509 Guichon Creek Border-Guichon granodiorite coarse-grained with abundant fresh hornblende and
phase plagioclase
2238828 50.45550 -121.13577 Guichon Creek Chataway granodiorite coarse-grained with abundant fresh hornblende and
variety plagioclase
2238825 50.45050 -121.14538 Guichon Creek Guichon variety granodiorite coarse-grained with abundant fresh hornblende and
plagioclase
15FB-25 50.39412 -121.08642  Guichon Creek Guichon variety granodiorite coarse-grained with plagioclase and hornblende,
weak chlorite alteration
2238818 50.44845 -121.12319 Guichon Creek Skeena variety granodiorite coarse-grained, equigranular texture, fresh

hornblende, plagioclase
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Table 1, cont: Samples from the Takomkane and Toodoggone areas selected for analysis. Datum is WGS 84.

Sample# Latitude Longitude Batholith / Area Unit Rock type Description
15FB-29 52.14648 -121.02687 Takomkane Boss Creek unit monzodiorite  coarse-grained equigranular with abundant
plagioclase, hornblende and quartz
15FB-31 52.18512 -121.11021 Takomkane Boss Creek unit monzodiorite fine-grained with abundant mafic and grey
plagioclase
15FB-34 52.14614 -120.95094 Takomkane Boss Creek unit monzodiorite  coarse-grained with grey plagioclase and hornblende
15FB-33 52.15144 -120.93864 Takomkane Buster Lake gabbro medium-grained with abundant oriented hornblende
unit
15FB-35 52.06296 -121.23232 Takomkane Quartz-feldspar quartz feldspar coarse-grained with abundant creamy plagioclase and
porphyry porphyry rounded quartz
15FB-36 52.07690 -121.21588 Takomkane Schoolhouse granodiorite coarse-grained with abundant plagioclase, K-feldspar
Lake unit and quartz
15Fb-37 52.01909 -121.05282 Takomkane Schoolhouse granodiorite coarse-grained with abundant plagioclase, K-feldspar
Lake unit and quartz
15FB-38 51.90980 -121.09556 Takomkane Schoolhouse granodiorite coarse-grained with abundant plagioclase, K-feldspar
Lake unit and quartz
15FB-28 52.09534 -121.25233 Takomkane Spout Lake monzodiorite  coarse-grained equigranular with abundant
pluton plagioclase and hornblende
10FB-01 52.22165 -121.36176 Takomkane Woodjam quartz coarse-grained equigranular with plagioclase, biotite,
Creek monzonite hornblende and quartz
11FB-01 52.25747 -121.34199 Takomkane Woodjam quartz coarse-grained equigranular with plagioclase, biotite,
Creek monzonite hornblende and quartz
16FB-11 57.34409 -126.80707 Toodoggone Alunite Ridge  granodiorite coarse-grained, equigranular with grey plagioclase,
pink K-feldspar, hornblende
16FB-12 57.34813 -126.80232 Toodoggone Alunite Ridge  syenite fine-grained, pink K-feldspar-rich
16FB-10 57.27540 -127.12509 Toodoggone Baker skarn monzogranite medium-grained with K-feldspar and pyroxene
dike
16FB-09 57.27354 -127.11803 Toodoggone Baker skarn monzogranite coarse-grained with plagioclase, K-feldspar, biotite
pluton and hornblende
16FB-04 57.28321 -127.06484 Toodoggone Black Gossan  monzonite coarse-grained monzonite porphyry with abundant K-
feldspar
16FB-15 Toodoggone Black Lake monzonite porphyry texture with plagioclase and hornblende in
mineralized fine, green groundmass (from drill hole KH-14-04 at
16FB-06 57.25537 -126.87157 Toodoggone Brenda syenite syenite medium-grained with abundant K-feldspar and some
dike epidote alteration
16FB-03 57.17791 -127.03520 Toodoggone Duncan pluton granodiorite coarse-grained equigranular with plagioclase, biotite,
hornblende and K-feldspar alteration
16FB-05 57.27311 -127.10072 Toodoggone Duncan pluton granodiorite coarse-grained with plagioclase, hornblende, biotite
and K-feldspar
16FB-16 Toodoggone Kemess post feldspar coarse-grained porphyry texture with plagioclase,
mineral dyke  porphyry biotite, quartz (from KH-14-04 at 980 m)
16FB-13 57.36287 -126.75617 Toodoggone Sofia granodiorite coarse-grained with abundant pink K-feldspar and
some magnetite alteration
16FB-14 57.36287 -126.75613 Toodoggone Sofia mafic phase? fine-grained mafic phase or body
16FB-17 Toodoggone Sovereign granodiorite coarse-grained with fresh plagioclase, hornblende
pluton (from KH-07-01A at 657)

Mineral grains were handpicked, mounted and polished in
preparation for electron-probe microanalysis (EPMA) and
trace-element laser-ablation inductively coupled plasma-mass
spectrometry (LA-ICP-MS) at the Pacific Centre for Isotopic and
Geochemical Research (PCIGR), University of British Columbia.
A total of 1021 zircon grains were mounted and analyzed. These
grains were studied and characterized by binocular, petrographic
and CL microscopy. Properties such as colour, shape, inclusion
populations and zoning were documented for each grain. Min-

10

eral grains and spots were then analyzed by EPMA for major ele-
ments and some trace elements before being analyzed by LA-
ICP-MS for a full trace-element characterization. A total of 1620
spots were analyzed by EMPA of which 1397 spots were ana-
lyzed by ICP-MS. Some spots analyzed by EPMA were too small
for ICP-MS analyses. In the case of smaller grains (<100 um),
one spot was analyzed per sample, whereas for larger grains
(>100 pum), two spots were analyzed per grain, one at the grain
centre and one at the rim.

Geoscience BC Report 2020-08



870 T€0 120 S9°0 8390 S0 00 SE0 090 SE€0 €9°0 Ajewouy n3
08 €69 £99 899 999 98L 98L €92 8¢L ovL 108 (3,) L uodaiz-ur-1L
a1y 0'95¢ 0'T6€ 0'ces SLSE 9/8 9t 9¢cL TSy SeL €801 Nge,
0'89€ 0'898 0°08€T 08791 0'C0TT 0'S6T 026S 0'ste 0'SPT 0'€TC 0'z6e Ne,
Tev S'6S 0911 0°€SE 9'GET Sve 0'€8 S0S L'ST (040} 4 S'L9 Yl,.,
0T [ € 09 L'c 1a> ST T 1a> 80 194 Adg,,
80 0¢c Te L'e 9C 1a> [ 80 1a> S0 6'¢ qd,,,
[ 8'¢e 9'TS 679 891 €01 L'ET S0t 09 00T €8T qd,,,
A’ 06 8¢ 0'S (024 1a> T 1a> 09 TT 1a> qd,.,
0°0886 0'L6V6 0°0990T 0°08TCT [ 40) 0'ev10T o'ovL0T 0°0908 0'9¢00T 0'TST6 0'SC06 H,,;
809 8'vE 6901 9'v6 €98 S'€9 eV 6'6€ 0'1€E 799 6'7€ L) P
0'8LC C'8€ET 0°'s¢S 0'6€€ A143 0'sLT 9'0T¢ 6CTC €LT1 L60€ 941 Ay
T'6C ST '¢s 0'6C 7'6C 8'v¢e 7'1c S'€C L'TT L0€ [a4* wl .
o/ct L'8Y 0'cee 1901 8'0TT L'S6 'S0T TLT1 9'vv €CET S'v9 LE o
9Vt €8 67y VLT 6l 7’81 9'T¢ 414 S8 9'LC €T OHo,
Sv9 8T 6°L0T 6°'S€ L'TY 6°ct 899 S'SL 80T €eL v'1e >n_m:
L'y €1 6L e 9T €€ S 6'S 97 9 €C al;
6°€l 6'C [4" 79 89 v'6 8Vl 681 vy 6'TC T8 P9,
90 1a> S0 S0 1a> S0 1a> T 1a> [ 80 na..
9T €0 e 60 80 0T €€ L'y 60 0's TC ws,. .
ST 1a> TT 1a> 1a> 1a> T 0c €0 8'C A PNg,;
1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 0 0¢ idy,.
8V S'¢ S €L1 a4’ 09 6'CT 06 7’9 811 9'8¢ Lo
1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> x4 L3
L0 1a> 60 60 VT S0 90 1a> 1a> 1a> 1a> AN,
ovLL 08¢ 0'0S€ET 0'1¥9 S'679 0°LLS v'vv9 0'818 S'6LC 0'698 voy Agg
081 S'S oy 9t FR3 0'sT 0°'sT 61T (4] v'6 Vit (11
6°598¢ 6°0S¢ §'8LC 0°€9¢ Tesc Sove L0vE 9's¢e [4143 €'9¢e 8'S0€ S,
0oct 0'0€0T 006 0°00T 009 0°0T¢C 1a> 1a> 095 008 0°06L €,
0'TvS 1a> 1a> 0'S0T 0°£0¢ 0'60¢ 0'69¢ o'vee 0°08L oSt 00vs dpe
S0 v'e 81 €¢ 1a> 1a> 1a> 1a> 1a> 1a> Ve 1,
{(wdd) sisAjeueossiw SN-dII-V1
800 00 120 900 L0°0 00 000 00 S0°0 €00 €00 n
811 L1 4N S9'1 991 6€'T a SST 0Ss'T I 091 H
6'99 16'79 88'99 149 €9'179 €€'99 's9 LE99 66'£9 £9'99 ¢0'L9 Lr4
8T'¢E ov'ce S6'TE v0'ce 6€'CE 617'T€E €0'TE VLTE 6€'CE 0C'te ET'TE IS
(% M) sisAjeueousiw agoad-uoa3oa|3
Jejngau Jengau Jeinga.ll Jengau Jengau Jengau Jengau Jengau Jengau passoJd Jeingau EIVETR
Je|nge} 2143U3dU0D Jejngey 2143U3dU0D 2143U32U0D 2143U32U0d J1JJUSJUOD  "U3JUOI-Je|ngel J143U32U0d 2143U32U0D 2143U3dU0D Suiuoz
6-70-¢0d ¢1-¢0-10d 61-,0-T0d 1-0¢-90-¢0d 6-€0-10d C-€-10-C1d C-€0-CTd C-€-80-¢1d T1T-11-10d  T-/1-¥0-C1d 8-90-¢Td #sishleuy
8¢-94ST €€-94G9T v€-949T 8€-949T S€-949T 10-940T €C68ETT 8T88ECT 8T88ECT S688ECT T6/L8ECT #ojdwes
)IoIpozuow oiqqe3  ayolpozuow aiuolpouesd  AlAydiod yp  @uuozuow z3b )olpoues3 a1uolpouesd  aydolpouesd  ajdolpouess  d1uolpouesd adAy ooy
e AAydiod
oje1inods  9ye7usisng 3934) ssog 9snoyjooyds  Jedsp[ay-ziD 934D welpoopn JapJiog Aemerey)d IEENTS waya|yleg epiesylag nun
auejwoyel 334D uoyain yujoyieg

'sa|dwes aueWOye] PUE 333D UOYDIND dY3 0} S} NS [eDIWAYI03Y) :Z d|qeL

11

MDRU Publication 450



940 SE0 €90 650 150 950 wo 850 £9°0 620 6C°0 8C°0 €C0 Ajewouy n3

€89 969 99 1474 v9 59 00Z T€L 29 T08 089 €08 (3,) L uodmz-ur-1y.

8'8€ET 0'69€ ¥'95¢ S'8GT 0°0LE 0'Tvy 0°LVE 0'T0C 09LC 0°0€C 996C €0S sy Nge,

0€Ty oovLT 0'T9L 0’788 0'0ZET 0°06ST 0'TL0T 0'8¥S 0'TZ6 oovL 0Z18 0'vST 09TT Nge,

€LE 0°€9T 0'80T £'9S 0'0ctT 0'0T¢C 0TSt 0'68 T'eot 08¢ 9LST ST LT Yl,.,

90 0'€ 91 0T ¢ 6'¢ L't 9T TC 80 T€E 1a> S0 Adgy,

0T €T 8T TT 9T 9'€ 8'C ST €T 6T €T 1a> S0 qd,,,

19T oLy 0'0¢ 9'0¢ 0s 0’19 L'y 0LT 9've €'Ce (a4 TL S9 qd,,,

TE ST Sy [ 1a> €€ 1a> 1a> s L9 08 S'S 1a> qd,q,

o'ovToT 0'0TT8 0°0G6S8 0'TrTe 0'otze 0'TLL8 0°9€00T 0'0€€8 0v1iT6 004821 0'0€0TT 0'0zeoT 0'8S¥0T M,

LS T'v0T L'€6 6'6€ €LY S'16 69, 9'v9 €98 568 £'S0T 068 €S Ly Py

ST 0Zsy 1'88€ v'L9T 8987 L'¥8€E 0°9€€E 0'69¢ 0'0LE 0'TSE 0°'SES S'T6€ e9e Ay

T6T a4 8'8¢€ ST 9'LT €LE 8'C¢E 9T 9'€E o0ce 19s '8¢ L'6T wp.

9L 9'v8T 'estT L'T9 S'L9 LEVT €9¢€T 10T C'8€ET €911 VA4S ST Tt 13,5,

€T 9've 9T 80T 91T S9T 0'vT 6LT €'5C S6T 0°0S 0'0€ o€ OH,,,

VLT 0Z8 P9 8'€T 9'sC 7’19 §'SS €8¢ £09 87y 9'6CT 0zL €18 >om£

81 'S 1374 91 8T 1374 ot 8'C 1334 TE 9'6 0's 79 qle..

9 Sat [ (74 LS 81T €01 69 9'€T 9L L'ST 6CT 7'6T PO,

S0 L0 60 1a> 1a> 60 S0 S0 €1 1a> 0T S0 90 n3.

60 €T ST L0 60 4 €T 60 'C T 194 6T €€ ws,, .

1a> 80 TT 1a> 0 60 80 1a> 0T 1a> 61 S0 €1 PNy,

1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> iy,

S9 8'8T 6'TT €L 80T S'6T 0€T 0Tt 90T €6 S0t T8 8'S 9,1

1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> Bl

80 8'C 7T L0 7T 9T €T 7T L0 60 [ 60 1a> AN,

0'90% 0'9€TT 0°098 0'TveE 0'69€ 0498 0'SLL 0'£6S 08 0789 0°009T 0'€v6 9°5C6 Agg

6t LS v'E 0L o€ €€ 09 S8 1a> €T VLT L'y 8'LT T

TLee 08¢ £'88T 0°€8T 8Z6T S'8T¢ 6'TCC TSLT 1°80¢ €'TS€E T'59¢€ L'6TY 0°€LT S,

1a> 1a> o'ore 1a> 1a> 0'0ST 1a> 1a> 1a> 1a> 0'0L 0'sT 0097 ed,

0881 0°000T 1a> 0'0€ 0'T6 0'sT¢C 0'cLe 06T 0'S0T 0'60€ 00s€ 0'vv6 0'1EE dpe

1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 1a> 6'S '8 1a> 1a> n,

{(wdd) sisAjeueosdiw SN-dOI-V1

L0°0 800 900 800 10 110 700 110 L0°0 800 €00 €00 L0°0 n

0Tt 0€'T T 0€'T 8¢'1 A 8¢€'T LY'T 0S'T (9T 8¢€'T Lzt SET H

199 TTL9 0.9 T899 €9°29 §S9'99 60°29 T'L9 0699 T19'99 5.9 1899 v'99 iz

cLee wee [4w43 81'CE 6¥'C€ ¢6'TE 0L'1€ 6L'T€ LETE TLTE €E'TE Tr'ze V6'TE IS

(% IM) sisAjeueosoiw agoud-uoa3o9|3

Jeingau Jeingau passotd Jeingau Je|ngau Jeingau Jengaus Jeingau Jeingau Jeingau Jeingau passoud Je|ngaudl EILVET]

21J3Ua2U0d J143UBJUOD "UIIUOI-Je|Nge)} 2143Ua2U0d J1JJU2JUOD  DLIUDUOD  DMIUSDUOD  DIUIJUOD  DLIIUIDUOD J1JJUBJUOD  DMJUBIUOD  DJ1IIUIIUOD "UIDUOI-IB|NCe} Suuoz

¢-CT-10-¥2d  ¢-€-€0-8¢d ¢-8-L0-v¢d ¢-8-¥0-8¢d T-T-¥0-¥¢d T-8T-€0-¥¢d  1-G-¢0-¥¢d T-S-C0-87d ¢1-90-8¢d  T-L-0T-CTd  ¥¢-80-T0d  t-T0-T0d T-ST-90-T0d #sishjeuy

91-949T T1-91-94 90-949T ¥0-9194 60-949T £T-949T 50-949T €1-9194 S1-9194  vP1-DSdET 0t-94ST -94ST €v-q4ST #3|dweg

AiAydiod “spjay ayuozuow EMIENLS 9)Juozuow  a1Jolpouesd d)uolpoues3  B)olpouesd  doIpouesd ?juozuow a1ljeuol ayjeuoy a1jeuol ayjeuoy adAy yooy
MAp (uesson (usexs (ssawa)y|) pazijesauln 3994 PaXIW 334D  UIRIUNOIN

Ap ssawiay 28pry anunly 9)Ip epuaig >de|g) uedung Jayeg) ueaung uglaianos uejung eyos e yoelg ssaging ssaging aueID aseyd auln nun

auo88opoo) uleuNO|A d)ueln yujoyleg

"sa|dwes au0880p00] pue UIBIUNOIA 9}IUBID BY) 0} S} NS [EIIWAYI0D U0 ‘g d|qeL

Geoscience BC Report 2020-08

12



4.1 Analytical Methods

A Cambridge Image Technology Ltd MK 4A model cold cathodo-
luminescence (CL) stage mounted on a petrographic microscope
was used to study the internal textures of the zircon grains. The
samples were irradiated in a vacuum chamber with an electron
beam of approximately 15 kV and the current set at 350-500
MA. Petrographic studies of zircon grains under transmitted light
and CL were used to select areas free of inclusions for analysis.

Electron-probe microanalyses of zircon was conducted using
a fully automated CAMECA SX-50 instrument, operating in the
wavelength-dispersion mode with the following operating con-
ditions: excitation voltage, 15 kV; beam current, 20 nA; peak
count time for Si and Zr, 20 s; background count-time for Si and
Zr, 10 s; peak count time for Hf and U, 100 s; background count-
time for Hf and U, 50's; spot diameter, 5 um. Data reduction was
done using the ‘PAP’ ¢(pZ) method (Pouchou and Pichoir, 1985).
For the elements considered, the following standards, X-ray
lines and crystals were used: zircon, SiKa, TAP; zircon, ZrLa, PET;
Hf metal, HfLa, LIF; UO, glass, UMa., PET.

Analyses using LA-ICP-MS were carried out with a Resonetics
m50-LR 193 nm Excimer laser coupled to an Agilent 7700x ICP-
MS with laser diameter of approximately 34 um. Ablation time
was 40 s with He gas flow (750 ml/min He and 2 ml/min N,).
Thirty-three masses were analyzed, including °*Zr as the internal
standard, using the concentrations obtained by EPMA. Glitter
4.0 software was used to determine elemental concentrations
using a NIST SRM 612 glass standard for external standardiza-
tion. Intervals for data reduction were chosen based on the flat-
test part of the °*Zr plateau, typically ~2 seconds after the laser
turned on and ~2 seconds before the laser was turned off. During
the data reduction a careful check on the multi-element mass
spectra eliminated any possible impurities that may have been
encountered across the depth profile of each laser-ablated area
by assessing the °!Zr profile and inspecting for depressions, and
examining for spikes of other masses that indicated the pres-
ence of inclusions. In total, 1397 spots were analyzed from 1021
zircon grains of which 205 spots analyzed were rejected. The
precision and accuracy of the analyses undertaken during this
study are better than +10%. Table 2 provides results of chemical
analyses of representative zircon grains from each batholith.

5. ZIRCON TEXTURES

Zircon grains in the studied plutons display a great variety of
textures. Zircon typically occurs as 100 to 500 um long grains
with complex internal zoning but the grain size does not vary
significantly between various plutonic phases. Cathodolumines-
cence imaging was used to characterize the texture of the zircon
grains. Zircon zoning is classified into five types (Fig. 6):

Oscillatory zoning is the most common type of zoning (Fig. 6a),
creating zones of green, dark green and grey luminescence.
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Cyclic zoning of fine (<1-5 um) to thicker bands (>10 um) is com-
mon and occurs around a larger core with uniform luminescence.
Some zircon grains locally have a black luminescent core, with
an irregular shape resembling an antecryst. Tabular zoning is
common in elongate zircon grains (Fig. 6b), which occurs as thick
(10-40 um) parallel bands (ca. 5-8) of green, light green, grey
or black coloured luminescence; however, fine parallel zoning is
not common. Tabular-oscillatory zoning is simply a combination
of tabular and oscillatory zones in a single grain (Fig. 6¢) and is
characterized by tabular zoned zircon cores rimmed by oscilla-
tory zones. However, zircon grains with oscillatory zones rimmed
by tabular zones were not observed. The observed relationships
suggest that zircons with tabular zoning in each sample always
formed prior to the zircons with oscillatory zoning. Sector zon-
ing occurs in some zircons that show oscillatory zoning (Fig. 6d).
Irregular zoning commonly occurs in zircon with oscillatory zon-
ing and is distinctly different; in such grains, new growth zones
crosscut older zones (Fig. 6e, f), thus suggesting that new zircon
zones formed by modifying (resorbed or recrystallized) or on top
of older zones. Similar irregular zoning can be ascribed to some
disequilibrium processes during zircon growth (Gagnevin et al.,
2010). Geisler et al. (2007) inferred a diffusion-limited dissolu-
tion—recrystallization process along a reaction front as a cause
for disequilibrium during zircon growth.

6. ZIRCON TRACE-ELEMENT CHEMISTRY

Zircon is a robust mineral that can crystallize from melt over a
wide range of magmatic temperatures, depending on the bulk
composition of the host magma (Harrison and Watson, 1983).
Zircon structure can incorporate many trace elements due to
sluggish diffusion for most trace elements in zircon (Cherniak
and Watson, 2003). Moreover, because of the slow rates of oxy-
gen diffusion for these elements (Cherniak et al., 1997), zircon
retains its initial compositions and provides a record of the mag-
matic processes that occurred during zircon growth such as crys-
tal fractionation, oxidation state and temperature, all important
factors in the formation of porphyry copper deposits (Thomas
et al., 2002; Belousova et al., 2006). Zircons in plutonic rocks
associated with porphyry copper deposits typically display low
abundances of light rare-earth elements (LREE) and high rela-
tive abundances of heavy rare-earth elements (HREE), with posi-
tive Ce and negative Eu anomalies (Ballard et al., 2002; Dilles et
al., 2015). Typically, in mineralized intrusions, the Ce anomaly is
larger and the Eu anomaly smaller in magnitude, compared to
nonmineralized intrusions (Ballard et al., 2002).

6.1 HREE Enrichment

The Th/U versus Yb/Gd plot shows that zircon composition
evolved on a curved path for all batholiths, with Yb/Gd increas-
ing as Th/U decreases (Fig. 7). The Guichon Creek batholith dis-
plays a wide range of Th/U and Yb/Gd values for zircons from
both barren and mineralized phases (Fig. 7a). However, most
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Figure 6: Cathodoluminescence images of zircon grains, showing various types of zoning: a) oscillatory zoning in a zircon grain, with some irregular zoning where
younger zones crosscut older zones near the rim (indicated by the arrow); b) tabular zoning, with oscillatory zoning evident near the rim (indicated by the arrows);
c) tabular zoning rimmed by oscillatory zoning (indicated by the arrows); d) oscillatory and sector zoning; e) and f) irregular rim zoning impinging on the core zoning
(indicated by the arrows). Batholith, pluton and sample number are shown at the bottom of each image.

zircons from the earlier phases, such as the Border and Guichon
phases, have high Th/U and low Yb/Gd (>0.45 and <15 respec-
tively), whereas mineralized phases, such as Bethsaida and
Skeena, have zircons with lower Th/U and higher Yb/Gd (<0.45
and >15 respectively). Similarly, in the Takomkane batholith
area, results from zircons recovered from the older phases (e.g.,
Spout Lake, Buster Lake and Boss Creek) show a curved path,
with a wide range of compositions but with higher Yb/Gd and
lower Th/U for the Boss Creek relative to the Spout Lake phase

14

(Fig. 7b). Zircon compositions of the mineralized Woodjam Creek
phase, clustered in the middle of the curve, present a range of
Yb/Gd and Th/U that are strikingly similar to those of the Beth-
saida phase of the Guichon Creek batholith. Zircons from the
Schoolhouse Lake and quartz-feldspar porphyry phases of the
Takomkane batholith are scattered and largely fall off the main
curve (Fig. 7b). The zircons from the Granite Mountain batho-
lith follow a similar curve on Yb/Gd versus Th/U plot (Fig. 7c),
with the mineralized Mine phase, which occurs in the middle of
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the curve, displaying similar Th/U to those of zircons from the
Guichon Creek and Takomkane batholiths (between 0.25 and
0.45) but slightly lower Yb/Gd (>10). Samples from the Toodog-
gone area show a broad curved path, with overlap of Th/U and
Yb/Gd of the various phases (Fig. 7d). Zircons from the mineral-
ized phases at Kemess, especially Black Lake, and Sofia have low
Th/U (<0.5) and high Yb/Gd (>20).

6.2 Crystal Fractionation

The decrease in Th/U in zircons is attributed to crystal fraction-
ation producing residual melts with relatively high U and Th con-
tents but low Th/U, because U is strongly portioned into zircon
relative to Th (Miller and Wooden, 2004). The Yb/Gd increase
is attributed to apatite, hornblende and titanite crystallization:
as the magma cools and crystallizes, apatite, hornblende and
titanite fractionation preferentially depletes the melt in MREE
(mid rare earth elements Sm, Eu, Gd, Th, Dy, Ho), causing ele-
vated HREE (heavy rare earth elements Er, Tm, Yb, Lu) in zircon
relative to MREE, and thus high Yb/Gd. The similarity of Th/U
and Yb/Gd in zircons from the mineralized phases suggests that
fertile magmas have undergone a certain amount of fractional
crystallization. The variation in zircon compositions along the
observed evolutionary paths reflects different proportions of
apatite, hornblende and titanite in the sequence of crystalliza-
tion (Lee at al., 2017b). This is more notable for zircons from the
Mine phase of the Granite Mountain batholith that have slightly
lower Yb/Gd (10-25) relative to the Bethsaida and Woodjam
Creek phases, for example (Yb/Gd = 20—40), which suggests less
fractionated rock. The distribution pattern of Th/U and Yb/Gd
of zircons from the poorly mineralized Schoolhouse Lake and
quartz-feldspar porphyry units of the Takomkane batholith is a
broad poorly defined curved path suggestive of a crystal frac-
tionation path (Fig. 7b).

Scattering, or poorly defined fractionation paths, are probably
due to the melts assimilating U-, Th- and REE-enriched crustal
materials during magma evolution. Lee et al. (2017b) came to
the same conclusion and suggested that poorly mineralized
rocks at El Salvador, in Chile, display evidence of crustal mixing
and contamination, whereas the mineralized phases show no
evidence of contamination but simple crystal fractionation.

6.3 Eu Anomaly and Oxidation State

The europium anomaly (Eu,/Eu,*) is typically calculated as the
ratio of chondrite-normalized Eu abundance relative to Sm and
Gd. Europium in magma exists mainly as Eu?*, which preferen-
tially partitions into crystallizing plagioclase feldspars and thus
generates a negative Eu anomaly in the residual magma and
subsequent crystalizing zircon. Higher oxidation states promote
an increase in the abundance of Eu®*, which favours partition-
ing into zircon and thus decreases the negative Eu anomaly in
zircons. Ce**/Ce?* ratios of zircon are also indicators of oxidation
state of the melt but for several reasons measurement of the

MDRU Publication 450

crystal W s g) Guichon Creek B Bethsaida
45| fractionation Sk
eena
trend Lad
40 n .. . W Bethlehem
- ] . ¢ Chataway
35 - * * Guichon
- L) KN * Border-Guichon
30
Q * ll. ,. * s * Border
g 25
20
15
10
0.1 0.2
100 b) Takomkane Qz-feldspar porphyry
crystal Schoolhouse Lake
90 fractionation crustal contamination B Woodjam Creek
80| trend P R * Boss Creek
7 + Buster Lake
- 70 _| * Spout Lake
Q 6o
> 50 \
40 \'
30 L SO D—
.
20 L NS
0.6 0.7
60 -
B Mine
55 Granite Mountain
50 + Burgess Creek
° * Burgess Creek mixed
45
40
©
O 35
o
> 30
25
20 N
15 o
10
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.6°
80 L] Kemess dike
d) Toodoggone Alunite Ridge dike
70 Brenda dike
» W Jock Creek (Sofia)
60 o A u M Black Lake (Kemess)
\ .. n * Sovereign
- & e \‘ a Duncan (Black Gossan)
o 501 . gom  m * Duncan (Baker)
S 4 .‘i‘\ o mm ¢ Duncan (North Kemess)
> 40 ‘e "‘ $ L
! ‘&ﬁ}v;"-
n P <
23
30 . 3 ‘.”ﬁ e ‘.-0~ (P B
o *n n L N 4
201 ¢ Boog T M o™= T
] Ty
.
10 *
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Th/U
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concentration. Zircons from nonmineralized phases have variable Eu values a)
Guichon Creek batholith; b) Takomkane batholith; c) Granite Mountain batho-
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Ce,/Ce, * = (Ce/(La *Pr,)"> anomaly is difficult (e.g., Dilles et
al., 2015). For example, both La and Pr are very low in abun-
dance in zircon and below the detection limit in many of our
analyses.

Hafnium is an incompatible element and its content in zircon is
used as a proxy for degree of crystallization and generally corre-
lates with a decrease in modal temperature (Dilles et al., 2015).
The Eu anomaly versus Hf plot shows distinct variations in BC
porphyry-related plutons (Fig. 8a—d).

In the Guichon Creek batholith, zircons from the nonmineralized
Border, Guichon and Chataway phases show an increase in Hf
concentration as the Eu anomaly decreases; however, most non-
mineralized samples have Eu anomalies that are <0.3 (Fig. 8a).
Zircons from the mineralized Bethsaida, Skeena and Bethlehem
phases have variable Hf concentrations, with samples from the
Bethsaida and Skeena phases showing higher Hf concentrations
than those from the Bethlehem phase, which suggests that the
Bethsaida and Skeena phases formed at lower temperatures
than the Bethlehem phase. Lee et al. (2017a; 2020) reported a
similar trend. More importantly, zircons from all three mineral-
ized phases have Eu anomalies >0.32, suggesting that magmatic
cooling and crystallization in these mineralized phases occurred
under higher oxidation states that prevented the decrease in Eu
anomaly values, in sharp contrast to values of the nonmineral-
ized phases.

Zircons from the Takomkane batholith show similar Eu and Hf
relationships to those of the Guichon Creek zircons. Samples
from the Spout Lake, Buster Lake and Boss Creek plutons show
zircons with a wide range of Eu anomalies and Hf concentrations
that roughly define a curved line (Fig. 8b). Zircons from the min-
eralized Woodjam Creek unit display a distinct Eu anomaly trend
that is >0.35. Zircons from the younger but nonmineralized
phases of the Schoolhouse Lake and quartz-feldspar porphyry
units also display a cluster of Eu anomaly values >0.35. However,
zircons from these two units show a higher Hf concentration
relative to that of the Woodjam Creek unit samples, suggesting
that magmas were more fractionated in these younger units.

Zircons from the Granite Mountain batholith show the same
range of Hf concentrations as those from the Guichon Creek and
Takomkane batholiths, but the Eu anomaly values in zircon for
the nonmineralized phases and mineralized Mine phase overlap
and are mostly low (<0.35), which suggests that much of this
batholith crystallized under a low oxidation state (Fig. 8c). Koby-
linski et al. (2020) showed similar low values for the Eu anom-
aly suggesting low oxidation states for this batholith. However,
Kobylinski et al. (2020), based on Ce*/Ce3* and calculated fo,
showed that mineralized phases of the Granite Mountain batho-
lith were slightly more oxidized (FMQ = +1.7 + 0.7) relative to
barren phases (FMQ = +1.3 £ 0.5). This along with field observa-
tions that mineralized porphyry dikes cut the Mine phase (see
above), suggests that the so-called Mine phase represents a
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multi-phase intrusive body and potentially more oxidized phases
have not been exposed.

Zircons from select plutons in the Toodoggone district also show
a wide range of Hf concentrations. Zircons from the mineral-
ized phase of the Black Lake plutonic suite at the Kemess mine
and from the Jock Creek pluton at the Sofia mineral occurrence
show an Eu anomaly that is >0.35. The zircon grains from other
phases, such as those from the Duncan and Sovereign plutons,
have variable Eu anomaly values that range from 0.2 to >1. Thus,
even with significant overlap, the very low Eu anomaly (<0.35)
does not occur in zircons of the mineralized phases.

6.4 Oxidation State: Effect of Titanite and Apatite Crys-
tallization or Magmatic Water

The Eu anomaly in zircon is commonly used to characterize the
oxidation state of the magma due to the fact that at a higher
oxidation state most Eu is present in the trivalent state and is not
partitioned into fractionating plagioclase (Frey et al., 1978; Dilles
et al., 2015). Alternatively, the lack of a significant Eu anomaly
can also be caused by high magmatic water contents, which sup-
presses plagioclase fractionation (Richards, 2011). Loader et al.
(2017) argued that the fractionation of titanite and apatite also
has the potential to impart a positive Eu anomaly on residual
melts, which may be inherited by zircon when it subsequently
crystallizes.
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Plots of the Eu anomaly in zircon versus Yb/Gd (Fig. 9) are used
here to further characterize the Eu anomaly and the effect of
crystal fractionation, oxidation state and magmatic water con-
tent. As indicated previously, the Yb/Gd is a proxy for fraction-
ation of apatite, hornblende and titanite, which depletes the
melt in MREE causing an increase in zircon of HREE relative to
MREE (high Yb/Gd). Zircons from the nonmineralized plutons
have a wide range of Eu anomaly values (<0.2 to >0.6) and Yb/
Gd (~10 to >40). Zircons from the mineralized plutons, except
the Mine phase of the Granite Mountain batholith, display a
similar range of Yb/Gd but generally have a distinctly higher Eu
anomaly (20.35).

The above relationships suggest that apatite and titanite frac-
tionation had different effects on mineralized and nonmin-
eralized plutons. Zircons from the nonmineralized phases of
all batholiths show a positive correlation between Yb/Gd and
Eu /Eu * (Fig. 9a—d). Thus, as the melt became more fraction-
ated with crystallization of apatite and titanite (i.e., higher Yb/
Gd), the Eu anomaly increased, becoming less negative. There-
fore, the increase in the Eu anomaly could be related to apatite
and titanite fractionation, as described by Loader et al. (2017),
although the effect of an increase in oxidation state cannot be
ruled out. However, the Eu anomaly values of zircons from the
mineralized phases do not correlate well with Yb/Gd (Fig. 9).
Excepting the Mine Phase, the mineralized phases have an Eu
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Figure 9: Europium anomaly in zircons versus Yb/Gd, as a proxy for apatite and titanite fractionation, showing that the Eu anomaly values in zircons from the mineralized
plutons is not affected by apatite and titanite fractionation: a) Guichon Creek batholith; b) Takomkane batholith; c) Granite Mountain batholith; d) Toodoggone area.
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anomaly that is >0.35 whether Yb/Gd are high or low, suggest-
ing that apatite and titanite crystallization did not significantly
influence the Eu anomaly in zircons of the mineralized plutons.

The variation in Yb/Gd together with the petrographic evidence
indicates that apatite and titanite fractionation occurred in the
mineralized plutons but did not affect the Eu anomaly in zircon.
It is possible that the effect of apatite and titanite crystallization
on the Eu anomaly of zircon was largely minimized or nullified
by a high oxidation state and water content of the mineraliz-
ing magma. This conclusion is based on the consistently high Eu
anomaly at variable Hf concentrations (Fig. 8), that emphasizes
the importance of magmatic water content and fluid saturation
in porphyry-fertile plutons (see also Dilles et al., 2015).

6.5 Ti-in-Zircon Temperature

The temperature of zircon crystallization can be estimated using
the Ti-in-zircon thermometer of Watson and Harrison (2005)
and Watson et al. (2006), corrected to an activity of Ti0,=0.7,
to reflect titanite and titanomagnetite saturation (Watson and
Harrison, 2005; Ferry and Watson, 2007). This Ti-in-zircon tem-
perature allows the trace-element variations of zircon to be
viewed as a function of temperature. The Hf content of zircon is
an effective proxy for the crystallization of zircon in a melt and
typically increases with cooling, whereas REE contents, including
Ti, and calculated temperatures, decrease (Watson et al., 2006;
Dilles et al., 2015; Lee et al., 2017b).

Despite some scatter in the data, probably due to analytical
uncertainties and small variations in the activity of TiO,, Figure
10 illustrates that increases in the Hf content correlates with
decrease in Ti-in-zircon temperature for both fertile and non-
mineralized units, in most evaluated plutonic suites. At Guichon
Creek, zircons from pre-mineral phases of the batholith have
model temperatures ca. 850°C— 700°C (this study; Lee et al.,
2020). In contrast, zircon in mineralized phases of the batholith,
i.e., Bethlehem, Skeena and Bethsaida, yield lower model tem-
peratures ca. 750°C-600°C consistent with zircon crystallization
in near-eutectic conditions close to the solidus of hydrous gran-
ite (this study, Fig. 10a; Lee et al., 2020). Within the mineralized
phases, the Bethlehem phase was ca. 100-150°C hotter than
Skeena and Bethsaida phases.

Zircons from the Takomkane batholith show similar trends of Hf
and Ti-in-zircon temperature. Zircons from the Spout Lake plu-
ton yielded temperatures >750°C whereas zircons from other
phases of the batholith, including both mineralized and nonmin-
eralized, yield model temperatures <750°C (Fig. 10b).

Zircons from all phases of Granite Mountain batholith yield tem-
peratures ca. 850°C—600°C with no distinction between miner-
alized and nonmineralized phases of the batholith (this study;
Kobylinski et al., 2020). Moreover, most of zircon’s calculated
temperatures were above the eutectic temperature (ca. 750°C).
This is different compared to all of the other mineralized batho-
liths, except the Spout Lake pluton which has elevated tempera-
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Figure 10: Ti-in-zircon temperatures versus Hf plot. Temperatures calculated assuming a melt activity of TiO2 = 0.7, after Ferry and Watson (2007). Most mineralizing
plutons (except the Granite Mountain) yield temperatures of 750°C to 600°C, coincident with conditions close to the solidus of hydrous granite. Nonmineralized plutons
yield similar or higher temperatures.
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tures of ca. 750°C, and further suggests that the studied samples
of the Granite Mountain Mine phase is probably not the main
causative porphyry phase (see also Kobylinski et al., 2020). Field
observations and evidence from Eu anomalies further support
this possibility.

Toodoggone district zircons do not show distinct temperature
variation with regard to Hf concentration. This could be due to
the limited number of samples analyzed from each phase, how-
ever, most of the analyzed zircon grains yielded model tempera-
tures <750 °C (ca. 600-750°C).

Results from the calculated Ti-in-zircon temperatures suggest
that mineralized porphyry plutons yield model temperatures
that are <750°C, which is consistent with zircon crystallization
from magmas with near-eutectic conditions close to the solidus
of hydrous granite (e.g., Dilles et al., 2015). However, this is not
unique to just the mineralized porphyry bodies because some
nonmineralized porphyry units may have also crystallized below
750°C. Therefore, although eutectic temperatures of crystalliza-
tion of magmas is an important factor in the generation of the
porphyry-type mineralization, other factors such as oxidation
state, water, sulphur and copper budget of the melt are equally
critical.

6.6 Correlation Between Trace-Element and Zircon Tex-
ture

Zircon grains can display complex and fine textural zoning. The
correlation between these textures and zircon chemistry is
usually difficult to establish because of the fine nature of the
textural variations in zircon (<10 um) and the laser-beam size
selected for LA-ICP-MS analysis (34 um in this case). However,
this study shows that there is a correlation between the type
of zircon grains and their trace-element chemistry. Figure 11a
shows the Eu anomaly plotted against Hf content for all stud-
ied zircon grains, classified according to their type of zoning.
Zircon grains with an elongated shape and tabular zoning have
distinctly lower Eu anomaly values, whereas zircon grains with
oscillatory zoning display a wide range and higher Eu anomaly
values (20.35). Zircon grains that display tabular-oscillatory zon-
ing typically have similar compositions to those with tabular
zoning; however, some zircon grains have elevated Eu anomaly
values like oscillatory zoned zircons. The reason for this relation-
ship is an artifact since the cores were mostly analysed in the
tabular-oscillatory grains since the rims were typically too nar-
row and only analyzed if thick enough (>40 microns).

U-Pb age calculations for a subset of grains (Fig. 11b) show that
zircon grains with tabular zoning and a low Eu anomaly are nota-
bly older than 195 Ma. The zircon grains with oscillatory zoning
and a high Eu anomaly have a wide range of ages but their abun-
dance shows a reverse relationship with age. This relationship
suggests that the plutons emplaced between 200-185 Ma (i.e.,
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Figure 11: Diagram showing the distribution of zircon textures; a) Europium
anomaly in zircon versus Hf plot; b) Europium anomaly in zircon versus age plot.
Zircons with higher Eu anomaly commonly show oscillatory zoning whereas zir-
cons with tabular or tabular-oscillatory zoning have a lower Eu anomaly and are
older.

Early Jurassic porphyry belts) are more dominantly character-
ized by high Eu anomalies whereas those older (i.e., Late Trias-
sic) contain plutons with mix of zircons showing low Eu anoma-
lies (tabular) and high Eu anomalies (oscillatory zoning).

Zircon grains with oscillatory zoning either show regular zon-
ing (Fig. 6a) or irregular zoning (Fig. 6e,f) characterized by new
growth zones that truncate or even crosscut older oscillatory
zones. Figure 12a,b shows the compositional differences of zir-
cons with regular and irregular zoning from the Guichon Creek
batholith. Zircons with irregular oscillatory zoning occur within
the Border phase, Guichon and Chataway phases. These zir-
cons show a trend of a decreasing Eu anomalies with increas-
ing Hf concentrations, i.e., crystallization of magma (Fig. 12a).
Zircons with regular oscillatory zoning occur in all rock types
of the Guichon Creek batholith. Such zircons have high (>9000
ppm) Hf concentrations and their Eu anomaly values lack dis-
tinct variations with Hf concentrations (Fig. 12b). More impor-
tantly, nearly all the zircons from the Bethlehem, Skeena and
Bethsaida phases, (i.e., the mineralized phases of the Guichon
Creek batholith) show regular oscillatory zoning and the zircons
have Eu anomaly values of >0.35 (Fig. 12b). Zircons from the
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Figure 12: Distribution of regular oscillatory zoned zircon and irregular zoned zircon; a) Guichon Creek zircons with irregular oscillatory zoning show variable Eu
anomaly values correlating with Hf concentration; b) Guichon Creek zircons with regular oscillatory zoning are characterized by high (>9000 ppm) Hf concentrations
and no linear relationship except elevated Eu anomaly values corresponding to mineralized phases; c) and d) Zircons from Takomkane batholith show overlapping
relationships of zircons with higher Eu anomaly and higher Hf concentrations are commonly those with regular oscillatory zoning.

other batholiths studied show mixed relationships with regard
to the regular versus irregular oscillatory zoning. For example,
zircon grains with both regular and irregular zoning from Takom-
kane batholith show a decreasing trend of the Eu anomaly with
increasing Hf concentrations, whereas others do not (Fig. 12c,d).
However, within this mixture it is apparent that zircons with
higher Eu anomaly values and higher Hf concentrations typically
have regular oscillatory zoning (Fig. 12d).

It is beyond the scope of this report to discuss the causes of
regular or irregular zoning in zircon (e.g., Gagnevin et al., 2010;
Geisler et al., 2007). However, comparison of Figures 10 and 12
suggests that zircons with regular oscillatory zoning are more
abundant at near-eutectic temperatures (<750°C). This is par-
ticularly critical in terms of the magma oxidation state and mag-
matic water content suggesting that zircons with regular oscil-
latory zoning are formed at favourable magmatic temperature,
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oxidation state and water content of magma for the generation
of porphyry mineralization compared to zircons with other tex-
tures. Therefore, the shape and texture of zircon grains can be
used as indicators to screen plutons for fertility.

7. CONCLUSIONS

Zircons from porphyry-fertile batholiths in BC have character-
istics that record distinct chemical and physical properties that
indicate an increased potential to generate porphyry copper
deposits. Zircons from mineralized phases of the Guichon Creek
and Takomkane batholiths and Toodoggone area have small
negative Eu anomalies (Eu,/Eu * 20.35). These values reflect:
1) high magmatic water content and consequent suppression of
early plagioclase crystallization (e.g., Ballard et al., 2002); and 2)
late magmatic oxidation that results in the loss of SO,-rich mag-
matic-hydrothermal ore fluids during late-stage crystallization of
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granite (Dilles et al., 2015; Lee et al., 2017b). Zircons from the
mineralized Mine Phase of the Granite Mountain have negative
Eu anomalies (Eu,/Eu * 0.2-0.35).

The similar low Th/U and high Yb/Gd ratios of zircons from min-
eralized phases suggest that the fertile magmas were formed
from a fractionated melt. Similarly, Ti-in-zircon model tempera-
tures, with the exception of the Mine phase, Granite Mountain,
indicate that fertile plutons yield lower model temperatures
ca. 750°C-600°C consistent with zircon crystallization in near-
eutectic conditions at close to the solidus of hydrous granite
melt. Zircon crystallization temperatures determined from the
mineralized Mine phase yield temperatures ca. 850°C—750°C.
Results of this study show the importance of factors other than
crystal fractionation and cooling for generating fertile magmas.

In each magmatic complex that forms a batholith, the mineral-
ized magmatic phases or plutons are associated with pre- and
post-mineral plutons that are poorly mineralized or nonmineral-
ized. These nonmineralized plutons show variable Eu anomaly
values, which are interpreted to reflect crystal fractionation,
particularly apatite and titanite (Loader et al., 2017). Therefore,
crystal fractionation within these magmas alone does not pro-
duce ore deposits, particularly if the magma has a low oxidation
state or low magmatic water content, or both. Crystal fraction-
ation also accompanied cooling of the mineralized plutons, but
unlike the nonmineralized plutons, the effects of apatite and
titanite crystallization were suppressed by a high oxidation state
which itself probably resulted from high water content of the
magma and SO2 degassing (Dilles et al., 2015). Therefore, an Eu
anomaly distribution in plutons that is not significantly affected
by Hf concentration or Yb/Gd values (i.e., crystal fractionation),
suggests that oxidation state and magmatic water content were
significantly high during the cooling history of the magma. This
distinct chemical character of zircons identifies plutons that are
capable of forming porphyry copper deposits.

Also important is the correlation of zircon textures with com-
position and fertility. Zircons from fertile plutons have oscilla-
tory zoning with notable but thin irregular textures at their rims
whereas nonmineralized plutons have tabular or oscillatory
zoning commonly with irregular textures. The correlation of
regular oscillatory zoned zircons with high Eu anomaly values
(>0.35) and high Hf concentration (>9000 ppm) suggests that
oxidized, cooled (<750°C), wet magmas promote regular oscilla-
tory zoning. Such zircons locally show narrow irregular rims that
truncate and crosscut earlier growth zones (see Fig. 6a) which
are interpreted to be related to local dissolution—recrystalliza-
tion process. On the other hand, less oxidized, hotter and drier
melts promote zircons with tabular and irregular oscillatory zon-
ing. Despite some overlap in the data sets, recognition of these
important zircon textures can provide a quick method to esti-
mate and evaluate the fertility characteristics of the host rocks.
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In summary, the key features of zircon that indicate porphyry-
fertile plutons in BC are:

e  zircons with oscillatory zoning, particularly those with
regular zoning patterns;

e  zircons with evidence of simple crystal fractionation,
with values on the Yb/Gd versus Th/U curve which
suggest fractionation without crustal contamination;

e  zircons with Ti-in-zircon model temperatures <750°;

e  zircons with Eu anomaly values 20.35 that suggest a
high oxidation state and high magmatic water content;
and

e  zircons with Eu anomaly values that are not depen-
dent on Hf concentration or Yb/Gd values, suggesting
that magmatic water content and oxidation state were
high and remained high during much of the magma
crystallization.
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