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Introduction

In 2018, the British Columbia Geological

Survey initiated a three-year mapping pro-

gram after Geoscience BC released the

Search III airborne magnetic and radiometric

data for the area between the Lorraine and

Kemess porphyry deposits (Figures 1, 2;

CGG Canada Services Ltd., 2018). The map-

ping program was initiated to update the bed-

rock geology in the southern part of the

Search III footprint, with a focus on northern

Hogem batholith (Figures 1, 2; Ootes et al.,

2019, 2020a, b).

This project was initiated as part of the bed-

rock mapping program to study the details of

magma genesis in the Hogem batholith and

provide insights into the petrogenesis of

plutonic suites that host porphyry style Cu-Au

(±Mo) mineralization. The Thane Creek suite

(ca. 196 Ma) hosts several Cu-Au porphyry

occurrences (e.g., Cathedral prospect), while

the Duckling Creek suite (ca. 180 Ma) hosts

the Lorraine Cu-Au deposit, amongst other

prospects and occurrences (Bath et al., 2014;
Devine et al., 2014). This paper introduces a multi-isotopic

study from these two intrusive suites. Interpretation of

crystallization ages has been previously presented (Bath et

al., 2014; Devine et al., 2014; Ootes et al., 2020b) and the

focus of this contribution is an integrated multi-isotopic

and trace-element study of zircon, and the application of
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Figure 1. Geographic distribution of the Quesnel terrane (with the Hogem batholith
highlighted) and major Triassic–Jurassic porphyry deposits in British Columbia.
Porphyry deposits of interest in this study are labelled. The footprint of Figure 2a,
which includes the Search III geophysical data, is outlined in grey. The study area is
in northern Hogem batholith, which was covered by the southeastern extent of the
Search III survey. Geology from BC Geological Survey (2020).
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Figure 2. Results from the Search III airborne survey: a) radio magnetic indicator (RMI) and b) radiometric (Th/K; CGG Can-
ada Services Ltd., 2018). Warm colours correspond to higher magnetism and Th/K values, and cool colours correspond to
lower magnetism and Th/K values. The Pinchi-Ingenika fault separates the Quesnel terrane (QT) on the east from the Stikine
(ST) and Cache Creek (CC) terranes on the west. The northern part of the Hogem batholith is outlined in purple. The Lorraine
and Kemess South porphyry deposits are shown for reference. c) Bedrock geology of northern Hogem batholith. The black
line depicts the location of the study area and limit of mapping by Ootes et al. (2019, 2020a, b). The geology to the south of the
black line is from Devine et al. (2014). Prospects and developed prospects that are labelled are discussed in the text.



these data for understanding magmatic-metal enrichment

and carrying capacity in the Hogem batholith.

Porphyry deposits typically have alteration haloes that are

produced by chemical and mineralogical alteration of the

hostrocks (e.g., Byrne et al., 2016). This paper focuses on

magmatic phases that are spatially, genetically and tempo-

rally associated with porphyry-style mineralization, and

sampling was conducted away from mineralized or heavily

altered zones. Such an approach provides a background

perspective on igneous petrogenesis and regional, versus

deposit scale, insights into the controls on mineralization

potential of the magma (i.e., fertility; e.g., Richards, 2013).

The data collected for this study are from single zircon

crystals and include U-Pb, Lu-Hf and oxygen isotopes, and

trace elements. Isotopic U-Pb analysis allows for the deter-

mination of crystallization ages; Lu-Hf analysis provides

insight into the nature of the parental magma and its source

reservoir(s); oxygen isotopes establish if the magmatic

source has been recycled following exposure to the hydro-

sphere; and the trace-element data allow estimates of

temperature and oxidation state during crystallization.

Regional Geology

The northern part of the Hogem batholith was mapped by

Armstrong (1946), Lord (1948, 1949), Armstrong and

Roots (1948, 1954), Roots (1954), Woodsworth (1976) and

Ootes et al. (2019, 2020a, b). The southern part of the

Hogem batholith was subdivided by Garnett (1972, 1978).

Mapping by Ferri et al. (2001a, b) and Schiarizza and Tan

(2005) focused on the Takla Group (referred to herein as the

Nicola Group; cf. Ootes et al., 2020b) but left the northern

part of the Hogem batholith largely undivided. Nixon and

Peatfield (2003), Bath et al. (2014) and Devine et al. (2014)

studied the Lorraine porphyry Cu-Au deposit, hosted in the

Duckling Creek suite southeast of the study area, and pro-

vided isotopic ages and whole-rock geochemistry for min-

eralization and the hostrocks.

Thane Creek Suite

The eastern and southwestern parts of the study area (Fig-

ure 2c) are underlain by diorite to quartz monzodiorite and

lesser hornblendite of the Thane Creek suite, the oldest in-

trusive rocks in northern Hogem batholith (Ootes et al.,

2019, 2020a, b). Diorite crosscuts and commingles with the

hornblendite. Where commingling is present, the rocks are

texturally and compositionally heterogeneous in terms of

amphibole, plagioclase and magnetite abundances.

Hornblendite

Black to ‘salt and pepper’, medium-grained to pegmatitic

hornblendite forms �100 m wide plutons scattered through

diorite of the Thane Creek suite (Figure 2c); see Ootes et al.

(2019) for outcrop photos. Dark green amphibole crystals,

with rare corroded clinopyroxene cores, predominate and

range from medium to coarse grained. Plagioclase, where

present, is interstitial between amphibole and ranges from

fine to coarse grained. Biotite, generally medium grained,

is a common accessory mineral in the hornblendites, in con-

centrations ranging from 0 to 20%. Accessory euhedral ti-

tanite and euhedral to subhedral crystals of apatite are also

common. Magnetite abundance in hornblendite varies

(mostly �5%), and these rocks have a strong magnetic sig-

nature (Figure 2a). Epidote is a secondary alteration min-

eral in the hornblendite and generally forms �5% of the

rock. Trace amounts of disseminated pyrite and chalcopy-

rite occur and, in a few small outcrops (~1 m2), chalcopyrite

constitutes a few percent of the rock. Some of the sulphide-

bearing rocks have local malachite or iron-rust staining on

weathered surfaces. The hornblendites are entirely within

diorite and display both sharp and diffuse contacts, the lat-

ter indicating magma commingling. The hornblendites are

interpreted as comagmatic with the diorite plutons and rep-

resent either crystal cumulates formed from a more primi-

tive parental magma or injections of a hydrous mafic to

ultramafic magma into a predominantly dioritic chamber. A

sample of plagioclase-bearing pegmatitic hornblendite

yielded a chemical-abrasion isotope dilution–thermal ion-

ization mass spectrometry (CA-ID-TIMS) zircon U-Pb

crystallization age of 197.55 ±0.11 Ma (Ootes et al.,

2020b).

Diorite to Quartz Monzodiorite

The eastern and southwestern parts of northern Hogem

batholith are underlain mostly by green- and white-weath-

ering to black- and white-weathering, equigranular, me-

dium- to coarse-grained diorite that is foliated to locally

mylonitic (Figure 2c). Along the eastern and northern mar-

gins of northern Hogem batholith, diorite of the Thane

Creek suite intruded Nicola Group volcano-sedimentary

rocks (Ferri et al., 2001a, b; Schiarizza and Tan, 2005;

Ootes et al., 2020a). The diorite consists mostly of

plagioclase and hornblende but locally transitions to units

with more significant amounts of quartz and K-feldspar

(quartz diorite, quartz monzodiorite, monzodiorite, grano-

diorite) and gabbro. Accessory phases include clinopyrox-

ene (as corroded cores to amphibole), euhedral to subhedral

titanite, magnetite and apatite. Epidote is locally common

and interpreted as an alteration product. The diorite locally

contains biotite, in some cases in much greater abundance

than amphibole. The relatively potassic phases contain

blotchy pink K-feldspar in the groundmass, which is ac-

companied by mint-green weathering in outcrop; these

zones correspond to biotite- and epidote-rich phases, where

plagioclase has been altered to clay minerals, amphibole is

rare and titanite locally displays highly corroded grain

boundaries. These features may indicate either late mag-

matic or secondary potassic alteration. The diorite contains

variable abundances of magnetite; this variation could be

from magmatic fractionation, secondary alteration or both.
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The magnetic variation is evident on the airborne magnetic

map (Figure 2a) and from magnetic susceptibility

measurements (Ootes et al., 2019).

The diorite crosscuts and commingles with the hornblend-

ite (Ootes et al., 2019). Where there is commingling, the

rocks are texturally and compositionally heterogeneous in

terms of amphibole, plagioclase and magnetite concentra-

tions. In some locations, the combined effects of mixing

with enclaves, magmatic differentiation and K-alteration

resulted in textural and compositional variations that are

too small to show at the scale of the map (Ootes et al., 2019,

2020a). The diorite locally contains xenoliths of layered,

fine-grained green rock, possibly derived from the Nicola

Group. The diorite is locally stained with malachite and

rarely contains disseminated chalcopyrite (<1%).

In the southeastern part of northern Hogem batholith, a

diorite sample yielded a CA-ID-TIMS zircon U-Pb crystal-

lization age of 196.61 ±0.19 Ma. This sample was taken

~30 m away from the location of a ca. 197.5 Ma hornblend-

ite sample referred to above (Ootes et al., 2020b). The result

is comparable to, albeit younger than, a 204.0 ±0.4 Ma

diorite at the Cat Mountain prospect in the eastern Thane

Creek suite (Figure 2c; Mortensen et al., 1995) and a 200.9

±0.2 Ma gabbro-diorite body at the Rhonda Cu prospect,

20 km south of the study area (Figure 2c; Devine et al.,

2014). The Thane Creek diorite sample that yielded the ca.

196.6 Ma age also yielded an 40Ar/39Ar biotite step-heating

age of ca. 124 Ma, interpreted to record postdeformation

cooling (Ootes et al., 2020b).

Duckling Creek Suite

The south-southeastern part of the study area is underlain

by quartz-undersaturated rocks of the Duckling Creek suite

(Figure 2c; Ootes et al., 2019); this was called the ‘Duck-

ling Creek syenite complex’ by Woodsworth (1976),

Garnett (1978), Nixon and Peatfield (2003) and Devine et

al. (2014). The Duckling Creek suite is mostly syenite to

monzonite, with lesser monzodiorite and local zones of bi-

otite pyroxenite. South of the study area, Devine et al.

(2014) identified three stages of the Duckling Creek suite

and constrained the timing with the following U-Pb zircon

ages: 1) biotite pyroxenite (ca. 182–178.5 Ma); 2) predomi-

nantly K-feldspar–porphyritic syenite to monzonite (ca.

178.8–178.4 Ma); and 3) massive syenite and pegmatite

(ca. 177–175 Ma). All three phases exist in the study area.

The biotite pyroxenite is black weathering and locally con-

tains megascopic phenocrysts (up to 0.5 cm) of white-

weathering apatite. It is generally preserved at higher ele-

vations and traceable over areas of tens to hundreds of

metres, where it is extensively crosscut by syenite to

monzonite and lesser monzodiorite. These more intermedi-

ate to felsic rocks range from equigranular to porphyritic to

pegmatitic. Porphyritic varieties contain tabular, com-

monly zoned, K-feldspar phenocrysts (up to 5 cm long) that

are set in a groundmass of equigranular green pyroxene and

lesser albite, amphibole, magnetite, titanite and apatite.

Rhythmic magmatic layering, defined by varying felsic and

mafic mineral ratios and alignment of K-feldspar pheno-

crysts, is common. The entire unit has moderate to strong

magnetism (Figure 2a), with areas of highest magnetism

spatially associated with biotite pyroxenite. Biotite

pyroxenite zones are locally stained with malachite and

contain disseminated chalcopyrite.

Amphibole separated from a K-feldspar porphyritic syenite

sample yielded an 40Ar/39Ar step-heating age of ca.

177.6 Ma (Ootes et al., 2020b). This result overlaps, within

uncertainty, with a previously reported 40Ar/39Ar biotite

age of 177.1 ±0.9 Ma for a similar syenite sample to the

south (Devine et al., 2014). These ages are best interpreted

as cooling of the pluton through the closure temperature of

hornblende (~550ºC).

Mineralization

The Hogem batholith and the surrounding Nicola Group

host porphyry-style deposits and prospects, including one

producer (Mount Milligan; Figure 1). The most significant

developed prospect in northern Hogem batholith is the

Lorraine Cu-Au deposit, containing 6.42 million tonnes of

indicated resource at 0.62% Cu and 0.23 g/t Au, and

28.82 million tonnes of inferred resource at 0.45% Cu and

0.19 g/t Au (Figures 1, 2c; Giroux and Lindinger, 2012).

The Lorraine deposit is hosted by the biotite-pyroxenite

phase of the Duckling Creek suite (Bath et al., 2014;

Devine et al., 2014), which also hosts other developed pros-

pects (Tam, Misty) and prospects/showings (e.g., Slide;

Figure 2c).

The Thane Creek suite hosts a number of porphyry Cu-Au

prospects and showings (e.g., Cathedral; Figure 2c). The

Rhonda developed prospect (Figure 2c) is hosted by

Rhonda-Dorothy gabbro (ca. 200 Ma; Devine et al., 2014),

which is correlative with the Thane Creek suite. The Cat

Mountain prospect is hosted in Nicola Group volcanic

rocks that are intruded by dikes of the Thane Creek suite

(ca. 204 Ma; Mortensen et al., 1995). A number of other

Cu-Au prospects occur throughout the Thane Creek, Duck-

ling Creek and Nicola Group rocks (Figure 2c; Ootes et al.,

2019).

Field and Laboratory Work

Zircon U-Pb, Lu-Hf, oxygen-isotope and trace-element

geochemistry has become commonly used in igneous-

petrogenetic studies (e.g., Lee et al., 2020; Sagan et al.,

2020). Zircon geochemistry is a powerful tool, providing

insight into the nature and antiquity of the magma source

and evolution. This paper presents preliminary data for the
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oldest locally mineralized intrusive phases of the Hogem

batholith (i.e., the Thane Creek and Duckling Creek suites).

During fieldwork and sampling in 2018 and 2019, five

samples were acquired from across the batholith to repre-

sent the geochemical heterogeneity of the intrusive suites

(Figure 2c). Most samples were collected from areas lack-

ing obvious alteration related to porphyry mineralization.

The exception is sample 19GJ13-5a, which was collected

next to the Slide prospect (Figure 2c) from outcrop expo-

sures that also contain Cu mineralization. A single grab

sample with chalcopyrite, collected 7 m north of 19GJ13-

5a, yielded 0.07 wt. % Cu (19GJ13-5b; Ootes et al., 2020b).

Sample preparation was completed at the University of Al-

berta. Approximately 1 kg of sample was cut into centi-

metre-size pieces using a diamond-blade rock saw. These

pieces were disaggregated using the SELFRAG laboratory

electronic-pulse disaggregation system in the Canadian

Centre for Isotopic Microanalysis (CCIM) to yield high-

quality mineral separates. The mineral separates were

sieved and panned to separate fine-grained (<355 µm),

high-density minerals. The high-density mineral separates

were examined using a stereo microscope to hand-pick

clear, euhedral zircon grains. These zircons were set in ep-

oxy mounts and polished to expose the grain midsections.

Back-scattered electron (BSE), cathodoluminescence (CL)

and secondary electron (SE) images of the zircon crystals

were obtained on a scanning electron microscope at CCIM.

These images were used to select spots for microanalysis.

For this study, a detailed workflow was designed prior to

the analytical work because single zircon grains were to be

used for multiple analyses. Acquisition of zircon oxygen-

isotope data by secondary-ion mass spectrometry (SIMS)

analysis, using a Cameca IMS 1280 multicollector ion

microprobe, was completed first according to standard

CCIM operating procedures (e.g., Vezinet et al., 2018) be-

cause this is the least destructive analytical method and re-

quires precision-polished grain mounts. The SIMS analysis

is sensitive to grain-mount topography, as the beam config-

uration involves focusing a primary 133Cs+ ion beam at an

angle onto the sample to produce negative secondary ions

(18O- and 16O-). After oxygen-isotope data collection by

SIMS, zircons were investigated by laser-ablation induc-

tively coupled plasma–mass spectrometry (LA-ICP-MS).

Zircon U-Pb data were collected first, followed by trace el-

ements and Lu-Hf. The LA-ICP-MS method involves fo-

cusing a RESOlutionTM 193 nm ArF excimer laser,

equipped with a 2-volume Laurin-Technic S-155 ablation

cell, on a solid sample to ablate fine particles that are then

transported via argon gas to a Thermo Fisher Scientific Ele-

ment-XR™ (U-Pb and trace elements) or Thermo Fisher

Scientific Neptune Plus™ (Lu-Hf) mass spectrometer for

analysis. A preliminary subset of the U-Pb and Lu-Hf anal-

yses was carried out simultaneously on a portion of the

same ablated material using the laser-ablation split-stream

(LASS) ICP-MS technique (e.g., Fisher et al., 2014) and re-

duced with the software described in Fisher et al. (2017).

The LA-ICP-MS analytical method was used for this study

because it is relatively fast and cost effective, can produce

large datasets and provides the opportunity to analyze spe-

cific within-grain growth zones. However, this method

sacrifices precision, compared to more precise solution

methods, such as thermal ionization-mass spectrometry

(TIMS).

Results

Magmatic-crystallization ages and Lu-Hf and oxygen-iso-

tope results (ä18O) obtained from zircon analyses are sum-

marized in Table 1. All uncertainties are reported at the 2ó

(95%) confidence level. Both single-zircon 206Pb/238U

dates and interpreted magmatic-crystallization ages are

plotted on Figures 3 and 4. The magmatic-crystallization

ages are from this study, Ootes et al. (2020b) and Devine et

al. (2014)

Radiogenic Lu-Hf Isotopes

The results of Lu-Hf analyses are presented as the 176Hf/
177Hf ratio of a sample at the time of crystallization (t) rela-

tive to the 176Hf/177Hf ratio of the chondritic uniform reser-

voir (CHUR), which is expressed as �Hft (uncertainty cal-

culated using the Excel template of Ickert, 2013):

where 176
Hf/

177
Hf(t) =

176
Hf/

177
Hf(measured) –

176
Lu/

177
Hf ×

e
[(ë176Lu x t) – 1],

176
Hf/

177
HfCHUR(measured) = 0.282785 ±1,

176
Lu/

177
HfCHUR =

0.0336 ±1 (Bouvier et al., 2008),

and ë
176

Lu = 1.867 × 10
-11 (Söderlund et al., 2004).

When using �Hft to determine the relative contributions of

crust and mantle in the magma source, it is useful to have a

comparable end-member rock suite. The estimated Hf iso-

topic ratio at time of rock formation is commonly compared

to the CHUR and the depleted-mantle–evolution curve.

Depleted mantle is calculated using the 176Hf/177Hf ratio

through time based on 176Lu/177Hf and 176Hf/177Hfmeasured

values of mid-ocean–ridge basalts (Chauvel and Blichert-

Toft, 2001; Figures 3a, b). However, the depleted mantle

may not the best estimate of the composition of the mantle

source to the Hogem batholith. The Stuhini Group in

Stikine terrane has picritic tuffs that represent mantle-de-

rived melts minimally contaminated by crustal interaction

(Milidragovic et al., 2018). The Hogem batholith is part of

Quesnel terrane and the Stuhini Group is part of Stikine

terrane, but these two terranes have a remarkably similar

geological history (e.g., Dostal et al., 1999), making the
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Stuhini picrite the best estimate of Quesnel terrane mantle.

Milidragovic et al. (2018) posited that Late Triassic

asthenospheric mantle underlying Stikine terrane, and by

extrapolation the Quesnel terrane mantle, was less radio-

genic than the depleted mantle at 222 Ma (Figures 3a, b). As

such, in Figure 3a and b, the Hogem batholith �Hft values

are also compared to Stuhini picrite, with a Hf evolution

curve calculated using the average 176Lu/177Hf and 176Hf/
1 7 7Hfm e a s u r e d values from whole-rock analyses of

Milidragovic et al. (2018).

The �Hft values of zircon from the Thane Creek suite gener-

ally overlap, but are less radiogenic than, the calculated

time-evolved �Hft of the Stuhini Group picrite (Figure 3).

The oldest sample (19GJ12-4), a ca. 207 Ma diorite, has the

most juvenile �Hft signature, with a weighted mean of

10.1 ±0.5. The ca. 198 Ma hornblendite (18lo22-1a) is

more evolved than the diorite, with a weighted mean �Hft of

9.8 ±0.2. The ca. 197 Ma monzodiorite (19GJ13-3) has a

weighted mean �Hft of 10.1 ±0.2, indistinguishable from

the older diorite sample.

The oldest Duckling Creek syenite sample (18lo25-2a; ca.

179 Ma) is the most evolved (Figure 3) and has a weighted

mean �Hft of 9.1 ±0.2. The ca. 175 Ma Duckling Creek

syenite (19GJ13-5a) is slightly more juvenile, with a

weighted mean of 9.2 ±0.3. The ca. 175 Ma syenite �Hft
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Figure 3. Plot of single-zircon �Hf (calculated at time (t) of crystallization) for multiple Duckling Creek and Thane Creek suite samples
across the Hogem batholith plotted versus a) laser-ablation inductively coupled plasma–mass spectrometry (LA-ICP-MS)

206
Pb/

238
U sin-

gle-zircon date (Ma) and b) crystallization U-Pb ages determined by thermal ionization-mass spectrometry (TIMS) for the Thane Creek
diorite (ca. 197 Ma) and the Duckling Creek syenite (ca. 178 Ma), which have been previously reported (Devine et al., 2014; Ootes et al.,
2020b). Interpreted crystallization ages on Figure 3b include data from G.O. Jones (unpublished data, 2020), Ootes et al. (2020b) and
Devine et al. (2014). The depleted mantle (DM) Hf-evolution curve was calculated assuming present

176
Hf/

177
HfDM = 0.28325 and

176
Lu/

177
HfDM = 0.0384 (Chauvel and Blichert-Toft, 2001). The Stuhini picrite Hf-evolution curve was constructed assuming average present

176
Hf/

177
Hf = 0.283086 and

176
Lu/

177
Hf = 0.0279, calculated from results in Milidragovic et al. (2018).



overlaps, within uncertainty, the Stuhini picrite, whereas

the ca. 179 Ma syenite is slightly more evolved (Figure 3).

Oxygen Isotopes

The results of oxygen-isotope analyses are presented as the
18O/16O ratio relative to average seawater (VSMOW),

which is expressed as ä18O in per mille (‰):

where 18
O/

16
OVSMOW = 0.0020052 (Baertschi, 1976).

On Figure 4, the Hogem batholith ä18O data are compared

to the average mantle zircon ä18O value of 5.3 ±0.6‰ (2ó;

Valley et al., 2005), which is invariant through time. The

ambient mantle ä18O value is assigned to the Stuhini picrite

(Figure 4a, b), as oxygen isotope data are not available for

those Stuhini samples (Milidragovic et al., 2018).

The ä18O data for the Thane Creek suite are mostly within

the mantle range. The ca. 207 Ma diorite has the largest

range in ä18O and a weighted mean of 5.53 ±0.04‰. The ca.

198 Ma hornblendite has a higher ä18O signature that is

slightly above the mantle range, with a weighted mean of

6.01 ±0.03‰. The ca. 197 Ma monzodiorite is indistin-

guishable from the older diorite sample, with a weighted

mean ä18O of 5.57 ±0.03‰.

Zircon from the ca. 179 Ma Duckling Creek syenite has the

highest ä18O signature, higher than mantle values, with a

weighted mean of 6.57 ±0.03‰. The ca. 175 Ma Duckling

Creek syenite has a larger range in ä18O values and a

weighted mean of 6.15 ±0.03‰. This weighted mean is
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Figure 4. Plot of single-zircon ä
18

O for multiple Duckling Creek and Thane Creek suite samples across the Hogem batholith versus a) laser-
ablation inductively coupled plasma–mass spectrometry (LA-ICP-MS)

206
Pb/

238
U single-zircon date (Ma) and b) crystallization ages (ex-

plained in Figure 3b caption). Mantle zircon ä
18

O from Valley et al. (2005).



above the mantle values, with only a few individual analy-

ses overlapping it (Figure 4).

Europium and Titanium Concentrations

Europium concentration data are presented as chondrite-

normalized Eu anomalies (EuN/EuN*), calculated as fol-

lows:

where N signifies C1 chondrite normalized. C1 chondrite

values are from Sun and McDonough (1989).

The ca. 207 Ma Thane Creek diorite, ca. 197 Ma Thane

Creek monzodiorite and ca. 175 Ma Duckling Creek

syenite have strong negative Eu anomalies (EuN/EuN*

~0.3–0.5; Figure 5). The ca. 198 Ma Thane Creek

hornblendite has a moderate to weak negative Eu anomaly

(EuN/EuN* ~0.6–0.8) and the ca. 179 Ma Duckling Creek

syenite has a weak negative to positive Eu anomaly (EuN/

EuN* ~0.8–1.2; Figure 5).

Titanium concentration data are presented as Ti-in-zircon

temperatures, calculated using the zircon crystallization

thermometer of Watson et al. (2006), assuming rutile

saturation:

where Ti signifies the measured concentration of Ti in zir-

con (ppm).

The ca. 207 Ma diorite has the highest concentration and

largest range of Ti (~10–22 ppm), resulting in Ti-in-zircon

temperatures of ~740–817°C (Figure 6). The ca. 198 Ma

hornblendite has lower Ti concentrations and a range of

~2–7 ppm, with Ti-in-zircon temperatures of ~639–711°C.

The ca. 197 Ma monzodiorite overlaps the hornblendite Ti

range, with concentrations of ~4–9 ppm and Ti-in-zircon

temperatures of ~677–729°C (Figure 6).

The ca. 179 Ma Duckling Creek syenite sample has the

lowest Ti concentrations, ranging from below the limit of

detection to 4 ppm, and Ti-in-zircon temperatures of ~484–

669°C. The ca. 175 Ma Duckling Creek syenite has a higher

concentration and larger range in Ti (~6–15 ppm) and Ti-in-

zircon temperatures (~699–778°C; Figure 6).

Discussion

Zircon oxygen-isotope data are useful for igneous petro-

genetic studies because oxygen isotopes are not signifi-

cantly fractionated in the mantle (Valley et al., 2005). Zir-

con ä18O values higher than the mantle range indicate that
18O is preferentially fractionated relative to 16O, which re-

quires the magmatic source to have experienced low-tem-

perature, near-surface processes (Valley et al., 2005). This

would typically occur during interaction with the hydro-

sphere and implies that the parental magma melted or inter-

acted with crust that was recycled. Enrichment of ä18O rela-

tive to the average mantle range in some Hogem zircons

may reflect the incorporation of crustal material in the

magma or magma source (Figures 4, 7). This crustal mate-

rial may be derived externally (i.e., recycled supracrustal

material or assimilation of hostrock) or internally (i.e.,

remelting of the Hogem batholith that has interacted with

the hydrosphere).

The samples from the Thane Creek suite have ä18O signa-

tures within the range of the average mantle and �Hft values

that are slightly less radiogenic than the Hf-evolution curve

of the Stuhini Group picrite (Figure 3). This implies that the

Thane Creek suite crystallized from predominantly juve-

nile magmas of mantle- or near-mantle composition (Fig-

ure 7).

The ca. 179 Ma syenite has ä18O values higher than the

mantle range and �Hft values that are less radiogenic than

the Stuhini picrite and Thane Creek suite (Figures 3, 4, 7),

possibly indicating minor crustal contamination of the

magma. The ca. 175 Ma Duckling Creek syenite has man-

tle-like �Hft values but elevated ä18O (Figures 3, 4, 7), im-

plying the magma was juvenile and with a near-mantle

composition, albeit with fractionated oxygen. The ca.

175 Ma syenite sample was obtained close to the previously

mentioned Slide showing/prospect (19GJ13-5a; Fig-

ure 2c). The results from this sample may have implications

for characterizing magmatic-mineralization potential in the

Hogem area.

Preliminary ä18O and �Hft results from Hogem S-type gran-

ites (Early Cretaceous; G.O. Jones, unpublished data, 2020)

are compared to those from the Thane Creek and Duckling

Creek suites on Figure 7. The S-type granites have fraction-

ated ä18O characteristic of magmas with a source that was

recycled through the hydrosphere. The most evolved Duck-

ling Creek and Thane Creek samples have lower ä18O and

higher �Hft signatures than the Hogem S-type granite field,

indicating these intrusions have more primitive source

characteristics.

Samples from both the Thane Creek and Duckling Creek

suites do not show a simple temporal trend in Hf-O system-

atics. The Thane Creek hornblendite and the oldest Duck-

ling Creek syenite have the most evolved Hf-O composi-

tions. The variability in ä18O and �Hft, unrelated to time,

indicate variability in the magma sources and/or variability

in crustal contamination during magma genesis and evolu-

tion.
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Figure 5. Plot of single-zircon Eu anomaly (EuN/EuN*) for multiple samples of the Duckling Creek and Thane Creek suites across the

Hogem batholith versus a) crystallization ages (explained in Figure 3b caption), b) �Hft, and c) ä
18

O. The darker grey line in Figure 5c repre-
sents the ä

18
O of average mantle zircon (5.3‰) and the light-grey shading represents the 2ó uncertainty of this value (0.6‰; Valley et al.,

2005).
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Figure 6. Plot of single Ti-in-zircon temperature for multiple samples of the Duckling Creek and Thane Creek suites across the Hogem

batholith versus a) crystallization ages (explained in the caption for Figure 3b), b) �Hft, and c) ä
18

O.



Europium anomalies in zircon are potential proxies for ox-

ygen fugacity during crystallization in a magma (Shen et

al., 2015; Lee et al., 2017; Lee et al., 2020) and/or mag-

matic-water content (Lu et al., 2016). Elevated magmatic-

water content suppresses plagioclase crystallization, which

results in increased Eu in the magma and crystallizing zir-

con (Wilke and Behrens, 1999; Ballard et al., 2002; Lee et

al., 2017). In oxidized magmas, Eu2+ can be converted to

Eu3+, which cannot be substituted into the plagioclase crys-

tal lattice but can be incorporated into zircon (Ballard et al.,

2002; Lee et al., 2017). This results in a less negative Eu

anomaly in zircon, reflecting relative magmatic-water

content and oxidation state (Lee et al., 2017).

Titanium-in-zircon concentrations are used to calculate

crystallization temperatures, assuming rutile saturation in

the magma (Watson et al., 2006). The assumption of rutile

saturation in the magma implies zircon TiO2 and SiO2 activ-

ities of 1. The Ti-in-zircon temperatures presented here are

minimum temperatures, as the TiO2 activities of these zir-

cons are likely less than 1. A lower zircon TiO2 activity will

result in an increased crystallization-temperature estimate,

up to ~70°C higher (Ferry and Watson, 2007). Addition-

ally, these Ti-in-zircon temperatures represent only single

temperature points in the overall temperature range of the

cooling and crystallizing magmas but are useful for com-

parisons between intrusive suites. The ca. 207 Ma diorite,
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Figure 7. Plot of single-zircon �Hft versus ä
18

O. Depleted mantle (DM) Hf data are from Chauvel and Blichert-Toft (2001). Mantle zircon ä
18

O
is from Valley et al. (2005). Hogem S-type granite field is from G.O. Jones (unpublished data, 2020).

Figure 8. Plot of single titanium-in-zircon temperature versus Eu anomaly (EuN/EuN*).



ca. 197 Ma monzodiorite and ca. 175 Ma syenite have

higher Ti-in-zircon temperatures (~677–817°C) and stron-

ger negative Eu anomalies (~0.3–0.5) compared to the ca.

198 Ma hornblendite and ca. 179 Ma syenite (~484–711°C;

~0.6–1.2; Figure 8). Higher Ti concentrations and stronger

Eu anomalies imply the zircons crystallized from higher

temperature and less oxidized or less hydrous magmas.

The Eu anomaly and Ti data have differing relationships

with ä18O and �Hft. The EuN/EuN* and Ti-in-zircon temper-

ature versus ä18O show discrete clusters, indicating that Eu

anomaly and Ti vary with ä18O (Figures 5c, 6c). However,

Figures 5b and 6b show significant overlap in individual

zircon �Hft values, despite slight variances in the weighted

mean �Hft between samples. This overlap implies the

source of oxygen-isotope fractionation in the magmas may

also influence the Eu anomaly and Ti concentration.

Conclusions and Future Work

The porphyry-hosting Thane Creek and Duckling Creek

suites have ä18O, �Hf, Ti and EuN/EuN* signatures that are

variable through time. These variations indicate changes in

the crustal input (crustal recycling in the source or crustal

contamination of a magma), temperature, and oxidation

state or fluid content of magma sources that formed these

intrusive suites. These differences likely had an impact on

magma fertility (i.e., the metal-carrying and concentration-

capacity of the magmas), as water-rich and oxidized mag-

mas are necessary to increase the metal contents of hydro-

thermal fluids that contribute to porphyry mineralization

(e.g., Sillitoe, 2010).

The zircon geochemistry (U-Pb, Lu-Hf, ä18O and trace ele-

ments) used in this study will help further characterize the

magmas that formed the Hogem batholith, determine dif-

ferences between intrusive suites and phases within those

suites, and assess the impact of these characteristics on

magma fertility. Future analytical work includes additional

SIMS ä18O and LA-ICP-MS Lu-Hf and trace-element anal-

yses. Estimating zircon crystallization temperatures using

the Ti-in-zircon thermometer with more accurate zircon

TiO2 and SiO2 activities, comparing Ce and Eu anomalies,

and evaluating the zircon and whole-rock geochemical

dataset in relation to porphyry-style mineralization will

further characterize the magmatic evolution of northern

Hogem batholith.
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