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Abstract

The detrital zircons in tills overlying the Guichon Creek batholith, British Columbia, Canada, have trace ele-
ment concentrations and ages similar to those of zircons from the bedrock samples from which they are inter-
preted to have been sourced. Rocks from the core of the batholith that host porphyry copper mineralization
have distinct zircon compositions relative to the distal, barren margin. We analyzed 296 zircons separated from
12 subglacial till samples to obtain U-Pb ages and trace element compositions. Laser ablation U-Pb ages of the
detrital zircons overlap within error with chemical abrasion-thermal ionization mass spectrometry U-Pb ages
of the Late Triassic Guichon Creek batholith and confirm that the detrital zircons are likely derived from the
batholith. The youngest intrusions of the batholith produced the Highland Valley Copper porphyry deposits and
contain distinctive zircons with elevated Ew/Eunx® >0.4 attributed to high magmatic water contents and oxida-
tion states, indicating higher porphyry copper potential. Zircon from till samples adjacent to and 9 km down-ice
from the mineralized centers have mean Ew/Eux® >0.4, which are indicative of potential porphyry copper min-
eralization. Detrital zircon grains from more distal up- and down-ice locations (10-15 km) have zircon EwEux®
mean values of 0.26 to 0.37, reflecting background values. We conclude that detrital zircon compositions in
glacial sediments transported several kilometers can be used to establish the regional potential for porphyry
copper mineralization.

Introduction valences—compositions of zircon can record the higher oxi-

The demand for copper is expected to increase in the next few dation state of fertile magmas compared to barren ones (Bal-

decades as a result of the growth of developing economies, the lard et ‘11 2902; Burnham et al., 2015; Dilles et “1 2015). .
electric car revolution, and the requirements for conductors Certain m.merals from. ore systems hgve .chemlcal Composi-
in green technologies (Elshkaki et al., 2016; Ali et al., 2017: tions reflecting a potential for m;nerahza’aon. Some of these
Sverdrup et al., 2019). Over the last decade, the average cost mlperals are resistant to 'weathenng, can be preserved in sur-
per mineral discovery has increased in part due to progressive ficial deposits such as till or stream sediments, afld can be
exploration under cover (Schodde, 2017). Exploration for bur- used for porphyry GXPIOMUOI% under cover (Averill, 200%5 Kel-
ied deposits is more challenging and expensive and often less le.y et al-., 201,1; P 1‘?Uffe etal, 20165_ Plouffe and Fer bey,.2017).
successful (Schodde, 2017); therefore, new tools are required Zircon is an ideal mdlcator due to its robust pature, resistance
to increase exploration success. to secondary alteration, and ability to provide age and com-
Porphyry copper deposits are a major global source of cop- positional .records of the magmas from which it gr'ystallize.d.
per and are formed in magmatic-hydrothermal systems that Although it has been suggested that the composition of zir-
contain resistate igneous accessory and hydrothermal altera- ~ O™ 8rains from detrital sediments could be used in mineral
tion minerals. The chemistry of accessory minerals such as exploration to indicate porphyry mineralization potential in
zircon, apatite, and titanite in magmatic rocks has been used =~ ''P71¢€ Or rver catchment regions (Ballard et al., 2002; Dilles
to assess the propensity of an intrusion to generate porphyry et al., 2015; Lu et al., 2016), the concept has never been fully
copper deposits—a property commonly referred to as por- docume;nted. . ) .
phyry fertility (Ballard et al., 2002; Dilles et al., 2015; Bouzari In this study, zircon grains were recovered from subglacial
et al., 2016: Lu et al., 2016, 2019; Lee et al., 2017: Shu et al., till samples acquired at various distances from the ore-forming

2019). The Ce and Eu—two rare earth elements with dual intrusions and pogphyry Cu deposits of the Highland Valley
Copper district of south-central British Columbia, Canada.

tCorresponding author: e-mail, rlee@eoas.ubc.ca The trace element compositions were acquired from the till
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zircons. The objective is to test if the fertility signal recorded
in the rare earth element (REE) composition of zircon in the
Guichon Creek batholith (Lee et al., 2020) could be detected
in detrital grains. Although the composition of detrital zircons
from till derived from the nearby Gibraltar porphyry Cu-Mo
deposit, Canada, had been addressed (Plouffe et al., 2019),
that study had limited samples. Our study is the first to sys-
tematically test the variability of a significant number of detri-
tal zircon grains recovered from a suite of regional samples of

subglacial till.

Geology of the Guichon Creek Batholith

The Guichon Creek batholith, British Columbia, Canada, was
emplaced into the Late Triassic Quesnel terrane sedimentary
and volcaniclastic rocks (McMillan et al., 2009; Byrne et al.,
2013; D’Angelo et al., 2017). The N-trending 65- X 35-km
batholith comprises at least five concentrically zoned coge-
netic magmatic units (Fig. 1). The earliest intrusion within
the region is the ~217 Ma Gump Lake stock located along the
eastern margin of the batholith (Lee et al., 2020).
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Fig. 1. Simplified bedrock map of the Guichon Creek batholith modified after
McMillan et al. (2009). Ice-flow direction and till locations from Ferbey et
al. (2016). Average till zircon Ew/Eux® values determined from this study
and highlighted to show distribution from up-ice to down-ice locations. B =
Bethlehem deposit, GCB = Guichon Creek batholith, GLS = Gump Lake
stock, H = Highmont deposit, L = Lornex deposit, V = Valley deposit. Bed-
rock sample locations from D’Angelo et al. (2017) and Lee et al. (2020) and
represent chemical abrasion-TIMS ages and zircon trace element composi-
tion presented in subsequent figures. Inset denotes location of study in south-
central British Columbia.
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The margin of the batholith consists of gabbros, diorites,
and granodiorites, with more felsic granodiorites to monzo-
nites forming the units that constitute the interior and core of
the batholith. The age of intrusive rocks ranges from ~218 to
~207 Ma decreasing inward from margin to core (Ash et al.,
2006; D’Angelo et al., 2017; Whalen et al., 2017; Lee et al.,
2020). The older margin rocks are related to an initial mafic
pulse, followed by two to three later evolved magmatic pulses
that formed the interior and core (D’Angelo et al., 2017). Mul-
tiple centers of porphyry copper-molybdenum mineralization
(Fig. 1) are preferentially hosted in the younger phases at or
near the core of the batholith (McMillan et al., 2009; Byrne
et al., 2013). The porphyry deposits contain over a billion
tonnes (Gt) of ~0.25% Cu (Byrne et al., 2013; D’Angelo et al.,
2017; Teck Resources Limited, 2019) with the main centers
of mineralization forming the Valley, Lornex, and Highmont
deposits, which are dated at 208.4 + 0.9 Ma (Re-Os age; cf.
D’Angelo et al., 2017). Additionally, both syn- and postmin-
eral dikes were emplaced within the core of the batholith,
but these units have relatively small volumes compared to
the main intrusive phases (McMillan, 1985). Locally, pregla-
cial sediments and volcanic rocks cover these intrusive units
(Bobrowsky et al., 1993).

All of the Guichon Creek batholith intrusive units contain
zircon as an accessory crystal phase. Trace element composi-
tion of zircon from the Guichon Creek batholith records the
magmatic evolution of each intrusive unit, and composition of
zircon from the younger intrusions correlates with the forma-
tion of porphyry copper mineralization (Lee et al., 2020). Due
to their size, robust nature, and density, the zircon grains can
survive glacial erosion and transport and be recovered from
till heavy mineral concentrates.

Glacial history

The Guichon Creek region is part of the Thompson Pla-
teau, which consists of a gently rolling upland with isolated
rounded mountain ridges. Over most of the upland where
the tills were sampled, bedrock is mantled by <4 m of till, on
average, but up to 10 m in topographically lower areas (Fig.
2a, b; Plouffe and Ferbey, 2015). During the most recent
glacial event, termed the Fraser glaciation in British Colum-
bia (Clague and Ward, 2011), which lasted from ca. 28 to
11.5 ka, the southern sector of the Cordilleran ice sheet
covered this region and flowed in a south to southeastward
direction from an ice divide located to the north, around
52°N latitude. The orientation of streamlined landforms
(flutings, drumlins, crag-and-tails) and striations defines this
regional ice movement (Plouffe and Ferbey, 2015). Glacial
dispersal of mineralized debris derived from the mineral-
ized zones has resulted in elevated Cu and Mo concentra-
tions (>370 ppm Cu and >5 ppm Mo in the silt plus clay
fraction) and high abundances of chalcopyrite (ore mineral;
>50 grains/10 kg bulk sediment screened <2 mm) detect-
able in the till matrix at least 10 km down-ice from mineral-
ized zones (Ferbey et al., 2016; Plouffe et al., 2016; Plouffe
and Ferbey, 2017). These dispersal patterns confirm that
copper and molybdenum mineralization at Highland Valley
Copper was exposed to glacial erosion. However, some of
the mineralization is overlain by Eocene volcanic rocks and
preglacial sediments, resulting in limited glacial erosion of
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Fig. 2. A. Typical till sampling site in a roadside section. Shovel for scale is 155 cm. B. Massive diamicton with pebble- to
cobble-sized clasts in a silty-sand matrix interpreted as subglacial till. The pick-hoe is 46 cm long. C. Selected images of zir-
con recovered from till in the Guichon Creek batholith region. D. Selected representative cathodoluminescent images of till
zircon grains. The majority of the grains were rounded or broken with distinct oscillatory growth zoning and sector zoning.

the syn- to postmineral dikes in this area (Bobrowsky et al.,
1993; D’Angelo et al., 2017; Reman, 2019).

Methods
Till sampling strategy

Twelve till samples were collected within the Guichon Creek
batholith region at depths of 130 to 150 cm below the sur-
face in well-compacted, massive, generally fissile, silty-sand
to sandy-silt diamictons with abundant striated clasts (Fig. 1;
Ferbey et al., 2016). These deposits are interpreted as a sub-
glacial till facies (Fig. 2a, b). Nine to 15 kg of till were pro-
cessed to recover a heavy mineral concentrate (0.25-0.5 mm;
>3.2 specific gravity) as outlined in Ferbey et al. (2016). The
majority of the samples were selected from within the core
of the batholith at distances of 0.25 to 10 km down-ice from
mineralization (Fig. 1). Sample DZ 1, located 10 km up-ice
from the main deposits at Highland Valley, and DZ 11, located
12 km down-ice from the main mineralization, occur within
the marginal rocks of the batholith (Table 1). Sample DZ 12 is
also within the margin of the Guichon Creek batholith but sits
off-trend of the glacial transport direction of mineralization
and the fertile magmatic rocks.

Zircon grains (n = 296) were picked from the heavy min-
eral concentrates of the 12 selected till samples (Fig. 2c).

Fourteen to 31 zircon grains per sample were put into grain
mounts and evaluated under transmitted and reflected light
and cathodoluminescence images (Fig. 2d) collected using
a Philips XL-30 scanning electron microscope (SEM). Ura-
nium-Th-Pb age dating and trace element composition were
determined by laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) at the Pacific Center for
Isotopic and Geochemical Research (PCIGR) at the Univer-
sity of British Columbia, with at least two analytical spots per
grain using the methodology described in Lee et al. (2020).
A detailed description of till sampling methods, processing,
and analytical protocols is provided in Appendix 1, “Sampling
Methods and Analytical Techniques,” with full results pro-
vided in Appendix Table A1.

Mineralization proxy

Zircons do not directly indicate mineralization in magmatic
rocks, but their trace element compositions can be used to
characterize the magmatic conditions and compositions at
the time they crystallized. In oxidized hydrous magmas that
form porphyry copper deposits, zircons are characterized by
weaker negative Eu anomalies (EwEux®), which are typical
of arc melts because of the suppression of plagioclase fraction-
ation due to high water content, and thus less Eu uptake in the
mineral and its enrichment in the residual melt (Ballard et al.,
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Table 1. Guichon Creek Batholith Till Sample List with Zircon Ce and Eu Anomaly Values

EwEun® value? Ce/Cec* value’
Distance to
Sample HVC! (km) Longitude Latitude Ice Flow Grains? Spots? Range Avg. Range Avg.
DZ1 10; V -121.159 50.543 Up-ice 31 60 0.19-0.63 0.33 42-2 612 634
DZ2 0.25; V -121.064 50.485 Lateral up-ice 30 59 0.22-0.82 0.42 53-9,225 795
DZ3 6.5; V -121.073 50.432 Lateral down-ice 14 21 0.22-0.83 0.45 72-5,208 858
D74 1.0, H -120.976 50.434 Lateral down-ice 28 44 0.18-0.74 0.40 44-8,944 1,025
DZ5 0.5; H -120.984 50.429 Down-ice 20 35 0.18-0.72 0.42 53-4,822 743
DZ6 1.5; H -120.987 50.417 Down-ice 15 28 0.21-0.79 0.39 57-1,253 451
DZ7 6.0; L -120.999 50.405 Down-ice 30 52 0.19-0.76 0.45 93-1,814 683
DZ8 6.25; L -120.991 50.399 Down-ice 27 46 0.24-0.78 0.47 43-9,730 1,030
DZ9 9.0; LL -121.001 50.368 Down-ice 22 38 0.25-0.70 0.43 63-2,957 675
DZ10 10; L -120.971 50.359 Down-ice 18 35 0.15-0.89 0.37 43-4,326 962
DZ11 12; L -120.912 50.36 Down-ice 30 60 0.18-0.61 0.32 47-3,118 832
DZ12 9.0, H -120.866 50.417 Lateral down-ice 31 59 0.13-0.36 0.26 54-4,045 871

1Direct line distance from Highland Valley Copper (HVC) porphyry deposit; H = Highmont, L = Lornex, V = Valley

2Total number of grains recovered and picked for analysis by LA-ICP-MS

3Number of analytical spots used per sample after quality control validation of data set

“Europium anomoly calculated after Dilles et al. (2015)
5Cerium anomoly calculated after Lee et al. (2020)

2002; Burnham et al., 2015; Dilles et al., 2015; Lu et al., 2016,
2019; Lee et al., 2017). Europium in magmatic zircon can be
used as an indicator of the magmatic oxidation state, high water
content, and coincident release of SOs-rich magmatic-hydro-
thermal ore fluid (Dilles et al., 2015); therefore, Ew/Eux® is an
indicator for porphyry copper mineralization potential.

Similar to Ew/Eux®, the Ce*#/Ce*> ratio in zircon is a proxy
for magmatic oxidation state and, therefore, an indicator of
an intrusion potential to form porphyry mineralization (Bal-
lard et al., 2002). However, the calculation of the Ce+4/Ce*3
ratio in zircon requires whole-rock geochemical composition
and assumptions about the nature of the partitioning of REEs
between zircon and melt (Ballard et al., 2002). Since detrital
zircon grains are detached from their host rock, their whole-
rock composition cannot be determined and used to calculate
the Ce+*/Ce*? ratio. To overcome this limiting factor, we use
the Ce/Cec” ratio, which is calculated using a power equa-
tion curve of the zircon middle and heavy rare earth elements
(MREEs and HREEs) to determine Ce*, as a proxy to magma
redox conditions (Zhong et al., 2019; Lee et al., 2020). Addi-
tionally, we evaluate the Ce/Nd ratio and Y concentrations
in zircon, as they have also been shown to identify fertility
potential (Lu et al., 2016). The zircon magmatic oxybarom-
eter equation of Loucks et al. (2020) was used to determine
change in the fayalite-magnetite-quartz redox buffer (AFMQ)
in the detrital samples. All results and AFMQ calculation are
presented in Appendix Table Al.

Results: Till Zircon Age and Composition

Uranium-Th-Pb ages and trace element concentrations were
determined from 564 spot analyses on 296 till zircons grains.
Detrital zircon ages have a Gaussian distribution and range
from 240 to 190 Ma, with the highest frequencies correlating
with the accepted age range of the batholith 218 to 207 Ma
(Fig. 3; D’Angelo et al., 2017; Lee et al., 2020). Ninety-nine
percent of the analyses are Late Triassic in age with one grain
yielding an Eocene age (App. Table Al). This Eocene zircon
is not considered in the following reported results.

Hafnium concentrations in the detrital zircon range from
8,000 to 14,500 ppm (Fig. 4), and trace element concentrations
vary in the following ranges: Y (149-1,814 ppm), Nb (0.09-
1.25 ppm), Ta (0.046-1.148 ppm), ZREE (138-1,329 ppm),
Th (3.9-305 ppm), and U (22-774 ppm). Values of Nb, Ta,
Th, and U positively correlate with Hf in the detrital zircon
(Fig. 4). These ranges of concentrations are characteristic of
granitic zircons in general (Belousova et al., 2002) and the
Guichon Creek batholith specifically (Lee et al., 2020).

EwEux® values in till zircons vary within each sample
and range from 0.13 to 0.89 (Fig. 5). Following a northwest-
southeast transect parallel to ice-flow movement, the average
EwEux® values fluctuate from 0.3 in up-ice sample DZI,
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Fig. 3. Histogram of U/Pb LA-ICP-MS ages for detrital zircon grains, bin
width approximately 20. Ages listed in diagram represent chemical abrasion-
TIMS and SHRIMP-RG bedrock ages. GCB = U-Pb age distribution of
Guichon Creek batholith rocks (ID’Angelo et al., 2017; Whalen et al., 2017),
GLS = Gump Lake stock (Lee et al., 2020), Min = age of mineralization at
Lornex deposit (Re-Os, cf. D’Angelo et al., 2017).
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remain =0.4 for over 9 km down-ice from mineralization in
seven samples out of eight (DZ2 to DZ9), and are <0.4 further
down-ice (Fig. 6a; Table 1). Zircons from the sample above
the marginal zone of the intrusion (DZ12) yielded an average
EwEux*value of 0.26 (Fig. 6a). Over 56% of the Eu/Eux* val-
ues for samples DZ2 to DZ9 (samples down-ice from mineral-
ization) are =0.4, compared to 13% of the values for samples
DZ1, DZ10, and DZ11 (up-ice and distal down-ice flow).

The Ce/Cec* values in till zircon, calculated using the meth-
ods described in Lee et al. (2020), range from 42 to 9,730
(Table 1; Fig. 5B). Along the northwest-southeast transect,
the higher average Ce/Cec* values are centered on the core
of the intrusion, but there is no clear systematic pattern with
increasing distance down-ice (Fig. 7; Table 1). The highest
Ce/Cec® ratios in till (>8,000) occur in zircons from samples
DZ2, DZ4, and DZS that are located directly adjacent to min-
eralization and 6 km down-ice from mineralization.

Lastly, we applied Loucks et al. (2020) magmatic oxyba-
rometer using the Ti, Ce, and U content of zircon. Calculated
AFMQ values after Loucks et al. (2020), range from —2.75
to 2.39 in till zircon grains. The average and mean values are
similar across all 12 till samples with no difference between
samples located up-ice and down-ice from the mineralized
core or from the marginal zone. In the Guichon Creek batho-
lith samples from Lee et al. (2020), the calculated AFMQ
values range from —1.5 to 4.5, with the highest values occur-
ring in the syn- to postmineral dikes located in the core of the
batholith. Box and whisker plots of zircon AFMQ in the vari-
ous phases of the Guichon Creek batholith and in till along
the northwest-southeast transect are provided in Appendix
Figure Al

Discussion

The ages of the till zircon grains are consistent with an ori-
gin from the Guichon Creek batholith, as would be expected
from samples collected in subglacial till overlying the intru-
sion (Fig. 3). Till zircon ages are within error of the accepted
age range of the Guichon Creek batholith (Fig. 3), using the
LA-ICP-MS analytical method, which has larger uncertainties
than the single-crystal thermal ionization mass spectrometry
(TIMS) or SHRIMP-RG determinations used by D’Angelo
et al. (2017), Whalen et al. (2017), and Lee et al. (2020). A
Guichon Creek batholith provenance for most till zircon grains
is also indicated by their trace element compositions (Y, Nb,
Ta, Th, U, REEs); these match published values (Fig. 4; Lee
et al., 2020). The compositions of some till zircon grains do
not correspond to the Guichon Creek batholith composition
fields defined by Lee et al. (2020) (Fig. 4). These uncorrelated
till grains could have originated from unknown lithological
sources, both distal to and within the Guichon Creek batho-
lith, that were not sampled by the Lee et al. (2020) study.
Given that ages of the till zircons correspond to the Guichon
Creek batholith, we interpret the population of zircon grains
in till to be dominantly derived from the underlying Guichon
Creek batholith with potentially rare grains from unknown
sources. Therefore, we did not reject any zircon grains from
our composition study. Lastly, based on composition alone,
the till zircon grains are unlikely to be derived from younger
dikes, which have distinct zircon composition compared to
the main Guichon Creek batholith intrusions and till zircon
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Fig. 6. Box and whisker plots of Ew/Eux® zircon composition for A. detrital zircon grains presented approximately along
northwest-southeast section with distance up- and down-ice from Highland Valley Copper deposits (see Fig. 1) and B.
Guichon Creek batholith rocks after Lee et al. (2020). Shaded color distribution fields of bedrock samples correlate with Fig-
ure 1; colored boxes in detrital samples correlate with Figure 3. Detrital samples adjacent to and down-ice from bedrock core
samples that host mineralization have elevated Euw/Eux® values, whereas samples up-ice and along margin have Ew/EuN*
values less than 0.4. Total number of analyses for each sample listed above plot, solid circles denotes average value for each
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samples (Fig. 4). This interpretation is supported by the fact
that the dikes represent a very small source area compared
to the rest of the intrusion and were, for the most part, cov-
ered during the last glaciation cycle and were not subjected
to glacial erosion (Bobrowsky et al., 1993; Ferbey et al., 2016;
Reman, 2019).

The EwWEux® in Guichon Creek batholith zircons system-
atically increases from the older, more mafic marginal zones
(EwEux® <0.4) to the younger felsic core zones, which host
the copper deposits with mean Ew/Eux® values >0.5 (Fig. 6b).
Globally, magmatic zircon in porphyry copper deposits typi-
cally yields EWEux® >0.4, related to the high water content
and oxidation state of fertile intrusions (Ballard et al., 2002;
Dilles et al., 2015; Shen et al., 2015; Lu et al., 2016, 2019;

Lee et al., 2017). The oxidized and hydrous nature of the
core intrusive rocks (EwEux® >0.4) is detected in till zircon
above and over 9 km down-ice from mineralization (Fig. 6a).
Zircon from till samples located up-ice (DZ1), more than 12
km down-ice (DZ10 and DZ11), or in the marginal zone of
the Guichon Creek batholith (DZ12) yielded mean Ew/Eun®
values <0.4 (Fig. 1), which is attributed to unmineralized or
barren intrusions (Ballard et al., 2002; Lu et al., 2016). Based
on these results, we suggest that the analysis of Ew/Eux® in
detrital zircon can be used as a regional discriminatory tool
for fertility evaluation (Fig. 6). Additionally, fertility diagrams
such as those shown in Figure 5 are based on extensive stud-
ies of porphyry copper deposits with significant discussion on
their use as defining the oxidation state and fluid conditions of
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Fig. 7. Box and whisker plots of Ce/Cec*® zircon composition for A. Guichon Creek batholith detrital zircon samples and B.
Guichon Creek batholith rocks. Format of the diagram same as in Figure 6.

the magma, with potential use in detecting porphyry copper
deposits (Ballard et al., 2002; Dilles et al., 2015; Shen et al.,
2015; Lu et al., 2016; Lee et al., 2017; Loader et al., 2017).
Zircons from the till samples collected from the core of the
batholith dominantly fall within the fields interpreted to be
related to mineralization, relative to those zircons in the till
samples collected distally from the main porphyry centers.
Contrary to EWEux®, the average Ce/Cec* values in detri-
tal till zircons do not record an anomalous signal over the

Guichon Creek batholith (Fig. 7a). In the Guichon Creek
batholith intrusive phases, Ce/Cec” ratios in zircon range
from 35 to 16,500 across the margin to core samples (Fig. 7b),
with the highest values (>1,000) in the syn- to postmineral
dikes and one of the core samples. The elevated Ce/Cec* and
elevated AFMQ values (App. Fig. Al) in the late dikes are
attributed to filter pressing from late magmatic crystalliza-
tion yielding elevated Ce as well as Y, Nb, Ta, and REEs (Fig.
4) and reflect the late stage of the oxidation and fluid state
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of the magma and not the main buildup to the mineraliza-
tion potential of the magma, observed in the main igneous
intrusions (Lee et al., 2020). In addition, the water content in
the earlier intrusive phases of the Guichon Creek batholith
could have contributed to the low Ce/Cec* values in zircon
from these phases (cf. Lu et al., 2019). Lastly, the small areal
extent of the young stock and dikes (D’Angelo et al., 2017,
Lee et al., 2020), which were partially to completely cov-
ered by preglacial sediments and volcanic rocks (McMillan,
1985; Bobrowsky et al., 1993), was not significantly eroded
during glaciation, and therefore the young stocks and dikes
contributed few zircons to the tills and were not captured by
our samples. Consequently, the heterogeneously distributed
Ce/Cec” values in till zircon throughout the district are unre-
lated to the spatial relationship with mineralization but rather
reflect the variability of Ce/Cec* in magmatic rock zircons.
While the calculated Ce/Cec*® and AFMQ (App. Fig. Al) of
the detrital zircon grains fall within error of the whole-rock
values, there are no significant trends that can be correlated
to mineralization potential. Further work may be merited to
establish the potential use in detrital zircon to determine oxi-
dation and fluid state of the source rock using zircon thermal
and oxybarometer equations (Shen et al., 2015; Smythe and
Brenan, 2015, 2016; Loucks et al., 2020).

Our case study of detrital zircon composition as a tool
for mineral exploration in covered terrain shows that the
EwEux® >0.4 that are typically observed in mineralized intru-
sions provide a regional signal detectable for over 9 km down-
ice from mineralization in the Highland Valley Copper district
(Fig. 1). This extended signal is due to the large exposures of
the intrusive phases with Ew/Eux® zircon values >0.4 and the
resistant nature of zircon grains, which have survived glacial
comminution and postglacial weathering. The zircon method
presented here could be used in combination with other por-
phyry Cu indicator minerals such as sulfide, epidote, and apa-
tite (Bouzari et al., 2016; Plouffe and Ferbey, 2017). In the
search for porphyry mineralization not exposed to glacial ero-
sion, i.e., present at depth in the intrusion or protected from
glacial erosion by younger cover, zircon would be a useful tool
to provide an indication of the intrusion fertility because some
of these other indicator minerals directly linked to mineral-
ization (e.g., chalcopyrite) would not be present in till. We
suspect that the study of the composition of detrital zircons
tested here in glaciated terrain would be equally applicable in
an unglaciated terrain using other sample media (e.g., stream
sediments).

In a study on zircon compositions conducted in the Late
Triassic Granite Mountain batholith, host to the Gibraltar
porphyry Cu-Mo deposit, 260 km northwest of the High-
land Valley Copper district, only the Ce and not the Eu val-
ues in zircons provide an indication of fertility (Plouffe et al.,
2019; Kobylinski et al., 2020). There, bedrock zircons from
the mineralized intrusive phase (Mine phase) have an aver-
age EwWEux® = 0.3, which is lower than the unmineralized
phase (Granite Mountain phase; EwEux® = 0.5) and the
adjacent unmineralized Cretaceous Sheridan Creek stock
(avg EwEux® = 0.6; Kobylinski et al., 2018, 2020). On the
other hand, zircon average Ce+#/Ce*> ratios are highest in the
oldest mineralized Mine phase (Ce*¥/Ce*3 = 681) compared
to values in the unmineralized intrusive phases (Ce+¥/Ce*3
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< 212; Kobylinski et al., 2018, 2020). In a study conducted by
Wolfe (2017), 45 zircon grains from five till samples located
<10 km up-ice and down-ice of the Gibraltar deposit were
analyzed to investigate the potential for till zircon composi-
tion as an indicator of fertility. Using a threshold Ce+#/Ce*3
value of 400, correlated to a Ce/Nd ratio of 20 (Kobylinski
et al., 2018, 2020), only two zircon grains yielded a Ce/Nd
ratio >20, both from a single till sample located <1 km from
mineralization (Plouffe et al., 2019). The Ce*+/Ce3+ threshold
of 400 at Gibraltar is high in comparison to a value of 300
defined by Ballard et al. (2002) in the Chuquicamata-El Abra
porphyry copper belt in Chile, 120 used by Liang et al. (2006)
at five ore-bearing porphyries and three barren ones in Tibet,
and 120 also used by Shen et al. (2015) at nine porphyry Cu
deposits of the Central Asian orogenic belt.

Apart from the oxidation state of an intrusion, other factors
can influence the Eu and Ce anomalies in magmatic zircons.
For instance, temperature (Smythe and Brenan, 2015, 2016)
and water content of the melt (Lu et al., 2019) can affect
Ce anomalies in magmatic zircon. Cocrystallization of other
mineral phases such as titanite can impact zircon composi-
tion and could potentially create a false positive fertility signal
with elevated Eu anomalies (Loader et al., 2017). This could
account for the EwEu*y >0.4 in the unmineralized intrusive
phases at Gibraltar indicated above (Kobylinski et al., 2018).
More studies that link REEs and oxybarometer (e.g., Loucks
et al., 2020) in magmatic zircon with the fertility of an intru-
sion, along with the traceability of the anomalous signal in
detrital zircon grains, need to be pursued to better constrain
the efficiency and limitations of the zircon method as a widely
applicable exploration tool.

Advances in LA-ICP-MS technology, which allows for the
rapid acquisition of zircon composition (up to 500 grains/day),
yielding both an age and a chemical characterization of the
magma at the time of zircon crystallization, provide a strate-
gic tool to identify a regional fertility signal associated to an
intrusion. The number of analyses required to produce a sta-
tistical description of detrital zircon in a regional setting (Sir-
combe and Hazelton, 2004; Andersen, 2005) and the impact
of the heavy mineral separation and picking procedures on
the detrital zircon geochronology (Slama and Kogler, 2012)
are topics of debate for detrital zircon studies applied to prov-
enance analysis, correlation, and tectonic reconstructions.
Our data suggest that within glaciated terrains, the analysis
of detrital zircon grains recovered from 10 or more subgla-
cial till samples, spatially distributed over several kilometers,
reveals chemical differences that we correlate to a porphyry
fertility magmatic signal. However, given the variability of zir-
con composition in a single intrusive phase and within a single
till sample, analyses of multiple zircon grains are required.
In our study, it was found that 14 to 31 zircon crystals per
till sample are sufficient to define a broad regional pattern in
EwEux® values that can be linked to the fertility potential of
the Guichon Creek batholith.

Conclusion

The REE compositions of till zircon grains can provide useful
information on the mineralization potential of the underly-
ing intrusion. In this case study conducted at the Highland
Valley Copper district of south-central British Columbia,
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the EwEun® ratios in till zircon grains indicate the fertility
potential of the zircon source or host intrusion with aver-
age values >0.4 for a distance of >9 km down-ice from por-
phyry Cu mineralization. On the other hand, neither the
Ce/Cec* nor the AFMQ of detrital zircons yielded an anoma-
lous signal, because the intrusive phase with the highest zircon
Ce/Cec® and AFMQ was not aerially extensive and was not
fully exposed to glacial erosion to contribute sufficient anoma-
lous zircon grains to the till matrix to be detected. Continued
research on the composition of magmatic zircon in porphyry
Cu systems along with the traceability of detrital zircon with
a positive fertility signal will contribute toward the develop-
ment of a widely applicable and effective mineral exploration
method to detect buried porphyry systems. The presence of
detrital zircon grain populations with average Ew/Eux® >0.4
provides an indication of elevated fluid and oxidation state in
the source intrusion and higher potential for porphyry copper
formation.
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