Implications of in situ zircon U-Pb, Lu-Hf, oxygen-isotope, and trace element geochemistry
on the petrogenetic history of the northern Hogem batholith in the Quesnel terrane, north-
central British Columbia, Canadian Cordillera

by

Gabrielle Jones

A thesis submitted in partial fulfillment of the requirements for the degree of

Master of Science

Department of Earth and Atmospheric Sciences
University of Alberta

© Gabrielle Jones, 2022



Abstract

The Cordilleran orogen of western Canada is a type example of accretionary tectonism
and thus an ideal location to study continental growth by oceanic and continental arc magmatism
and terrane accretion. Cordilleran Intermontane terranes are interpreted as accreted oceanic arcs
that contributed significant crustal material to the western North American margin during the
Mesozoic; however, uncertainties regarding the pre-accretionary history and basement of these
terranes hinder understanding the relative roles of new juvenile crust and reworked crust in the
building of this major orogeny. An improved understanding of these issues also has broader
implications for models of Phanerozoic juvenile crustal growth and accretionary tectonics. The
Hogem batholith in north-central Quesnel terrane, British Columbia comprises Triassic to
Cretaceous-aged intrusions. It provides a natural laboratory to better understand the magma
sources, nature and antiquity of the batholith, the basement to the Quesnel terrane, and the

tectonic history in this area through time.

This study presents new combined zircon U-Pb/Hf, §!%0 and trace element data for 13
intrusive plutonic rocks from the Hogem batholith, supplemented by apatite and titanite U-
Pb+Sm-Nd and whole rock major oxide and trace element geochemical data. New zircon U-Pb
dates coincide with previous geochronology results and expand the crystallization age range of
four intrusive suites, from 206.8+0.9 to 127.1+£1.6 Ma, revealing the batholith’s composite and
protracted 80-million-year magmatic history. Notably, the age range of the Mesilinka intrusive
suite, 135.440.9 to 127.1+1.6 Ma, corresponds with a period otherwise marked by magmatic
quiescence across the Cordillera. The crystallization ages of the Thane Creek (207 to 194 Ma)
and Duckling Creek (182 to 174 Ma) intrusive suites overlap with prolific periods of porphyry

CutAu-Mo mineralization in the Canadian Cordillera. Zircon trace element geochemistry results
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(Ew/Eun* >0.4, Ce/Cec* >100, AFMQ >0) suggest zircon crystallized in oxidized and hydrous
magma conditions at near-solidus temperatures (750 to 650°C), which indicates potentially
favourable magma conditions for porphyry mineralization in the Thane and Duckling Creek
suites. Zircon Hf-O isotope results are consistent with a predominantly juvenile, mantle-derived
source for the pre- to syn-accretionary Thane Creek and Duckling Creek suites. Xenocrystic
zircons from the post-accretionary Osilinka suite (ca. 160 Ma) reveal an inherited juvenile Hf-O
signature from the melt source, while zircon Hf-O results from the Mesilinka suite (135 to 127
Ma) suggest a mix of juvenile mantle- and recycled supracrustal-derived magma sources. There
is no indication that the magmas that formed the Hogem batholith experienced significant

interaction with ancient North American continental basement.

Overall, the generally juvenile Hf-O signatures of zircon from plutonic rocks studied here
contrast with previous isotope studies of plutonic rocks in southern and northern Quesnellia and
suggest disparate basement compositions and accretionary styles across the Quesnel terrane
during the Mesozoic. These findings form the basis of a model for the production and
preservation of juvenile crust in the Quesnellia arc, which supports the overall trend to juvenile
Hf isotope compositions in Phanerozoic circum-Pacific accretionary belts. This model may be
applied to better understanding juvenile crustal growth and orogen-craton interactions in other
accreted terranes in the North American Cordillera as well as within global Phanerozoic

accretionary orogens.
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antecrystic or xenocrystic. Open grey ellipses are data screened for >1% f2°Pbc. Uncertainties and ages are reported
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Figure 3.2.1.11. A) The weighted mean of zircon 206Pb/238U dates, interpreted as the crystallization age, of
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results for 18lo12-7. Closed grey ellipses are zircon grains that passed data screenings, but are interpreted as
antecrystic or xenocrystic. Open grey ellipses are data screened for >5% discordance and/or >1% f2%Pbc.
Uncertainties and ages are reported at the 95.4% confidence level (20). ....ccooerinirininieiieiieniicneeeeeeeeee s 175
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the weighted mean, and the grey bar is the 26 uncertainty of the mean. B) Wetherhill concordia plot of zircon
206pb/2381 and 2°7Pb/?35U ratio results for 18lo11-1. Closed grey ellipses are zircon grains that passed data
screenings, but are interpreted as antecrystic or xenocrystic, or potentially have undetected Pb-loss. Open grey
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Figure 3.2.1.16. Tera-Wasserburg plot of 2°°Pb/238U versus 2°’Pb/?%Pb results, with discordia U-Pb age lower
intercept, for titanite grains from Duckling Creek syenite sample 19GJ13-4. Grey ellipses were excluded from the
regression. Uncertainties and ages are reported at the 95.4% confidence level (26). ...cccccvevieriieiieeciencieiieeieeee, 182

Xvi



Figure 3.2.1.17. Tera-Wasserburg plot of 2°°Pb/?38U versus 27Pb/2%Pb results, with discordia U-Pb age intercept, for
titanite grains from Mesilinka tonalite sample 19GJ12-2. Grey ellipses were excluded from the regression.
Uncertainties and ages are reported at the 95.4% confidence 1evel (26). .....ccovveviinininininiieiininccecceee, 183
Figure 3.2.1.18. Tera-Wasserburg plot of 2°°Pb/?38U versus 27Pb/2%Pb results, with discordia U-Pb age intercept, for
titanite grains from Mesilinka tonalite sample 19GJ12-1. Grey ellipses were excluded from the regression.
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Figure 3.2.2.2. Single zircon 2%Pb/*33U dates versus corresponding 8'*Ovsmow (%o) values for zircons from Hogem
batholith intrusive rock samples. Zircon data was screened to exclude U-Pb results with >10% discordance. The
grey bar represents the 3'%0 range of the mantle (5.3+0.6 %o; Valley et al., 1998). 2 S.E.= average 2o standard error
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Figure 3.2.3.1. Frequency of zircon ¢Hf{(t) results for Thane Creek, Duckling Creek, Osilinka, and Mesilinka
intrusive suite samples. Zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units. Bin
size=1.0. M.A.D.= mean absolute deVIAtION. .......c..ccirerieiriirieireieiinteeec ettt et 191
Figure 3.2.3.2. Single zircon 2°Pb/>*3U dates versus corresponding ¢Hf{(t) values for zircons from Hogem batholith
intrusive rock samples. Zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units and U-
Pb results with >10% discordance. Uncertainties are at the 95.4% confidence level (26). CHUR= Chondritic
uniform reservoir, after Bouvier et al., (2008). N-MORB= Normal mid ocean ridge basalt, after Chauvel and
Blichert-Toft (2001). The upper depleted mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is
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Figure 3.2.3.3. Interpreted crystallization age versus single zircon eHf(t) values of Hogem batholith intrusive rock
samples. Zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units and U-Pb results with
>10% discordance. Uncertainties are at the 95.4% confidence level (26). CHUR= Chondritic uniform reservoir, after
Bouvier et al., (2008). N-MORB= Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The
upper depleted mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012).

Figure 3.2.3.4. Weighted means of zircon ¢Hf(t) results from Thane Creek intrusive suite A) Quartz diorite sample
19GJ12-4, B) Quartz diorite sample 181022-1d, C) Hornblendite sample 181022-1a, and D) Quartz monzodiorite
sample 19GJ13-3. The white bar represents an antecrystic zircon and was not included in the weighted mean. Zircon
data was screened to exclude eHf(t) results with propagated errors >2¢ units. Uncertainties are displayed at the
95.4% confidence level (20). The black line is the weighted mean, and the grey bar is the 20 uncertainty of the
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Figure 3.2.3.5. Weighted means of zircon eHf{t) results from Duckling Creek intrusive suite A) Syenite sample
18l025-2a, and B) Syenite sample 19GJ13-5a. The white bar was not used in the weighted mean calculation, as this
zircon had a lower eHf{(t) and a greater uncertainty than other zircons in sample 18l025-2a. Zircon data was screened
to exclude eHf{(t) results with propagated errors >2¢ units. Uncertainties are displayed at the 95.4% confidence level
(20). The black line is the weighted mean, and the grey bar is the 2 uncertainty of the mean. .............cccceceeeee. 195
Figure 3.2.3.6. Weighted means of zircon eHf(t) results from Osilinka intrusive suite A) Granite sample 18lo17-1,
B) Granite sample 19GJ12-3, and C) Porphyry sheet sample 181020-4. The blue bars represent zircons interpreted as
inherited but were included in weighted mean calculations. The green bars represent the youngest zircon grains,
which were used to determine the maximum crystallization ages of the rock samples. Zircon data was screened to
exclude eHf{(t) results with propagated errors >2¢ units. Uncertainties are displayed at the 95.4% confidence level
(20). The black line is the weighted mean, and the grey bar is the 2¢ uncertainty of the mean. ...........cccccccevenennene. 197
Figure 3.2.3.7. Weighted means of zircon ¢eHf(t) results from Mesilinka intrusive suite A) Tonalite sample 19GJ12-
1, B) K-feldspar phenocrystic granite sample 18lo12-7, C) Equigranular granite sample 18lo11-1, and D)
Equigranular granite sample 19GJ16-2. The white bars are interpreted as inherited zircons, or zircons with potential
Pb-loss issues, and were not included in the weighted means. The light blue bars represent outlier data and were not
included in the weighted means. Zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units.
Uncertainties are displayed at the 95.4% confidence level (26). The black line is the weighted mean, and the grey
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Figure 3.2.4.1. Chondrite-normalized rare earth element (REE) results of zircons from Thane Creek intrusive suite
samples. Purple lines are individual zircon results. Black lines with symbols represent the averages of individual
zircon results for each sample. Black lines without symbols represent zircon trace element results screened for Ca
and/or Fe >300 ppm, Ti >20 ppm, and/or La >1 ppm. Normalizing values are from Sun and McDonough (1989). 200
Figure 3.2.4.2. Chondrite-normalized rare earth element (REE) results of zircons from Duckling Creek intrusive
suite samples. Orange lines are individual zircon results. Black lines with symbols represent the averages of
individual zircon results for each sample. Black lines without symbols represent zircon trace element results
screened for Ca and/or Fe >300 ppm, Ti >20 ppm, and/or La >1 ppm. Normalizing values are from Sun and
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Figure 3.2.4.3. Chondrite-normalized rare earth element (REE) results of zircons from Osilinka intrusive suite
samples. Red lines are individual zircon results. Black lines with symbols represent the averages of individual zircon
results for each sample. Black lines without symbols represent zircon trace element results screened for Ca and/or Fe
>300 ppm, Ti >20 ppm, and/or La >1 ppm. Normalizing values are from Sun and McDonough (1989). ................ 201
Figure 3.2.4.4. Chondrite-normalized rare rarth element (REE) results of zircons from Mesilinka intrusive suite
samples. Pink lines are individual zircon results. Black lines with symbols represent the averages of individual
zircon results for each sample. Black lines without symbols represent zircon trace element results screened for Ca
and/or Fe >300 ppm, Ti >20 ppm, and/or La >1 ppm. Normalizing values are from Sun and McDonough (1989). 202
Figure 3.2.4.5. Zircon Hf concentration (ppm) versus A) U concentration (ppm), B) Yb concentration (ppm), C)
Sum of rare earth element (REE) concentrations (ppm) for Thane Creek, Duckling Creek, Osilinka, and Mesilinka
intrusive suite samples. Trace element data were were screened for Ca and Fe >300 ppm, Ti >20ppm, and La >1
ppm. Uncertainties for U, Yb, and > REE are smaller than symbol widths. 2 S.E. = average 2c uncertainty for all
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intrusive suite samples. Trace element data were screened for Ca and Fe >300 ppm, Ti >20ppm, and La >1 ppm.
Uncertainties are smaller than Symbol Widths. .........cccooviiiiiiiiii e 205
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Figure 3.2.5.1. U-Pb date versus eNd(t) results for apatite and titanite grains from Thane Creek, Duckling Creek,
and Mesilinka suite intrusive rock samples. Titanite dates are U-Pb intercept ages from the same grains (section
3.2.1.2). Apatite dates are zircon U-Pb ages from the same samples (section 3.2.1.1). Data has been screened for
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basalt whole rock eNd(t) results, from Ootes et al. (2020a,c). Depleted mantle after Jacobsen and Wasserburg
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Figure 3.2.5.2. Weighted means of eNd(t) results for titanite and apatite grains from Thane Creek intrusive suite
rock samples A) 19GJ12-4, B) 18l022-1d, C) 19GJ13-3, and D) 19GJ13-3. Data were screened to exclude eNd(t)
results with propagated uncertainties >2¢ units. White bars represent outlier data and were excluded from weighted
mean calculations. Uncertainties are reported at the 95.4% confidence level (20). The black line is the weighted
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Figure 3.2.5.3. Weighted means of titanite eNd(t) results from Duckling Creek syenite samples A) 19GJ13-2 and B)
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Figure 4.1.1.1. Zircon Europium anomaly (Eu/Eux*) versus corresponding A) Hafnium concentration (ppm), B)
Cerium anomaly (Ce/Cec*), calculated using a curve fit line function through the zircon MREE and HREE
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concentrations to determine Ce* (Zhong et al., 2019; Lee et al., 2021), C) Calculated Ti-in-zircon temperature (°C),
using an activity of Si=1.0 and Ti=0.7 (Ferry and Watson, 2007). Zircon trace element results were screened to
exclude data with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 ppm. Ew/Eux* = Eun/[(Smn*Gdn)®3], where N
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Watson, 2007), B) Europium anomaly (Eu/Eun*) calculated using chondrite-normalized Eu, Sm, and Gd values
(Sun and McDonough, 1989), C) Cerium anomaly (Ce/Cec*) calculated using a curve fit line function through the
zircon MREE and HREE concentrations to determine Ce* (Zhong et al., 2019; Lee et al., 2021). Zircon trace
element results were screened to exclude data with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 ppm. .........cc........... 217
Figure 4.1.2.1. Single zircon 2°°Pb/>**U age versus corresponding calculated Ti-in-zircon temperature (°C) results
for zircons from Hogem batholith intrusive rock samples. Titanium temperatures were calculated using an activity of
Si of 1.0 and activity of Ti of 0.7. Zircon trace element results were screened to exclude data with Ca, Fe >300 ppm,
Ti>20 ppm, and La >1 ppm. Zircon U-Pb results were screened to exclude data with discordance >10%.............. 220
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Kylander-Clark (2021), modified after Barth et al. (2017). Zircon trace element results were screened to exclude
data with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 PPML ...cc.oeouiiiiiiiiieiiee e 222
Figure 4.2.2. Tectono-magmatic provenance diagrams of A) Nb/Yb versus U/Yb and B) Hf concentration (ppm)
versus U/Yb for zircons from Thane Creek, Duckling Creek, Osilinka, and Mesilinka intrusive suites.
Discrimination fields are from Grimes et al. (2015). Zircon trace element results screened to exclude data with Ca,
Fe >300 ppm, Ti >20 ppm, and La >1 PPIML. .ccueiiiiiiiiieiieieeieeie ettt ettt et ettt et eeseesseesneesneesaeeneenes 223
Figure 5.1.1. Summary timeline of mineral U-Pb age results from this study, compared to major time intervals of
Canadian Cordilleran magmatism (after Woodsworth et al., 1991). Zircon ages were determined by 2°Pb/?38U age
weighted means or the youngest inherited zircon age, unless specified as CA-TIMS in the legend. Zircon CA-TIMS
ages from Ootes et al. (2020b). Titanite ages were determined by concordia lower intercepts on Tera-Wasserburg
diagrams. Uncertainties are reported at the 95.4% confidence level (20). ..oovevvieviieiieienieieeieeeee e 227
Figure 5.2.1.1. Terrane map of the Canadian Cordillera, northern Washington state, and eastern Alaska, modified
after Colpron and Nelson (2020). Yellow diamonds indicate the locations of the Hogem batholith and other
Cordilleran batholiths mentioned in the text. Blue squares show the central (Gehrels et al., 2009; Cecil et al., 2011)
and southern (Homan, 2017; Cecil et al., 2021) areas of the Coast Mountains batholith (CMB). ..........cccccccuveeeenee. 230
Figure 5.2.1.2. Sample location map of northern Hogem batholith showing weighted mean zircon LA-ICP-MS U-
Pb ages (Ma), eHf(t), and SIMS 580 (%o) results for this study. Sample 181022-1a shows the zircon CA-TIMS U-Pb
instead of LA-ICP-MS. Bedrock geology is after Ootes et al. (2020a). Black triangles represent geochronology and
geochemistry intrusive rock samples taken for this study. Uncertainties are at the 95.4% confidence level (20).....231
Figure 5.3.1. Single zircon eHf(t) versus corresponding §'®Ovsmow (%o) values for Hogem batholith intrusive rock
samples. Zircon data were screened to exclude eHf(t) results with propagated errors >2¢ units. Uncertainties are at
the 95.4% confidence level (26). CHUR= Chondritic uniform reservoir, after Bouvier et al. (2008). N-MORB=
Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The upper depleted mantle limit is after
Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012). The mantle zircon 5'30 range
(5.3+£0.6%0) is from Valley et al. (1998). 2 S.E.= average 26 standard eIT0r...........ccceccvrerrerrieenieerie e eeeeesve e 234
Figure 5.4.1.1. Single zircon U-Pb age (Ma) versus corresponding eHf(t) from Hogem batholith igneous zircons
(this study), Lay Range detrital zircons (Ferri, 1997; Ootes et al., unpublished data), Yukon-Tanana terrane detrital
zircons (Pecha et al., 2016), and Hottah terrane detrital zircons (Davis et al., 2015). Lay Range average crust was
modelled using the average '"*Hf/!"""Hf value from the range of Carboniferous-aged (358 to 299 Ma) detrital zircon
LA-ICP-MS results, (0.282936; after Ferri, 1997 and Ootes et al., unpublished data), and '7°Lu/!""Hf of bulk
continental crust (0.011; Vervoort and Kemp, 2016). Hottah terrane average crust was modelled using the average
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6H{/""THf value from the range of detrital zircon results (0.28151; after Davis et al., 2015), and °Lu/!"""Hf of bulk
continental crust (0.011; Vervoort and Kemp, 2016). Hogem zircon data was screened to exclude eHf(t) results with
propagated errors >2¢ units and U-Pb results with >10% discordance. CHUR= Chondritic uniform reservoir, after
Bouvier et al., (2008). N-MORB= Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The
upper depleted mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012).

Figure 5.4.1.2. Single zircon 2°°Pb/>*¥U age (Ma) versus corresponding ¢Hf(t) from Hogem batholith igneous
zircons (this study), Lay Range detrital zircons (Ferri, 1997; Ootes et al., unpublished data), and Yukon-Tanana
terrane detrital zircons (Pecha et al., 2016). Lay Range average crust was modelled using the average !7SHf/!7"Hf
value from the range of Carboniferous aged (358 to 299 Ma) detrital zircon LA-ICP-MS results (0.282936; after
Ferri, 1997 and Ootes et al., unpublished data) and '7°Lu/!"’Hf of bulk continental crust (0.011; Vervoort and Kemp,
2016) and mafic crust (0.023; Vervoort and Kemp, 2016). Hogem zircon data was screened to exclude eHf{(t) results
with propagated errors >2¢ units and U-Pb results with >10% discordance. CHUR= Chondritic uniform reservoir,
after Bouvier et al., (2008). N-MORB= Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The
upper depleted mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012).

Figure 5.4.3.1. Single zircon 2°Pb/>*3U age results versus corresponding eHf{(t) values. Three different regressions
define eHf/Ma slopes and corresponding '7*Lu/!"’Hf values through all the Thane Creek (purple), Duckling Creek
(orange), and Osilinka (red) data, but only the Mesilinka suite (pink) results with specific eHf(t) ranges. Line 1:
Mesilinka suite zircon eHf(t) >8; Line 2: Mesilinka suite zircon eHf(t) <7; Line 3: All Mesilinka suite zircon eHf{t)
results. N-MORB= Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The upper depleted
mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012).................... 241
Figure 5.4.3.2. Zircon eHf{(t) and 5'80vysmow (%o) binary mixing curves, with end members: A) Hogem batholith
depleted mantle source, represented by average Quesnel terrane Takla Group basalt (eHf(190 ma)=112.3,
3'80=+5.3%o0) as the parent melt and average bulk, <1.6 Ga, and Carboniferous-aged Lay Range detrital zircon (after
Ferri, 1997 and Ootes et al., in publication) as the contaminants. The average Quesnel terrane Takla Group basalt
eHf(t) value was determined by calculating the average whole-rock éNd (190 ma) Of eight basalt samples (Dostal et al.,
2009), and converted to average eHf(190 ma) using the calculation of Vervoort et al. (2011). The Hogem batholith
mantle source was assumed to have mantle 530 (+5.3+0.6%o; Valley et al., 1998). The average bulk Lay Range
detrital zircon eHf{j90 Ma) value was calculated using "*Lu/!7’Hf=0.00101 and '7*Hf/'7’Hf=0.282411. The average
<1.6 Ga Lay Range detrital zircon eHf{190 ma) value was calculated using 7°Lu/!7’Hf=0.00113 and
176H{/'7"Hf=0.282648. The average Carboniferous Lay Range detrital zircon eHf(190 ma) value was calculated using
176Lu/"""Hf=0.00119 and '"*Hf/'"""Hf=0.282936. The Lay Range §'80 composition is assumed to be 9%o, the
approximate 6'®0 value for the upper oceanic crust (Valley, 2003). B) Juvenile Mesilinka suite zircon (eHf(130
Ma)=+9.8, §'30=+5.5%o) and average bulk Lay Range (eHf(130 maj= -10.4, 8'80= +9.0%o), average <1.6 Ga Lay
Range (eHf(130 May= -2.1, 8'30= +9.0%o), and average Carboniferous Lay Range (eHf(130 May=+7.3, 8'30=+9.0%0).
Binary mixing model curves after Langmuir et al. (1978), assuming Hf concentration of parent melt to contaminant
ratios (Hfpm/Hfc) of 0.5. Points along the mixing curves indicate 10% mixing increments. N-MORB= Normal mid
ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The upper depleted mantle limit is after Griffin et al.
(2002) and lower depleted mantle limit is after Naeraa et al. (2012). 2 S.E.= average 2o standard error. ................ 244
Figure 5.4.3.3. Zircon eHf(t), calculated at t=130 Ma versus corresponding zircon $180VSMOW (%o). Binary
mixing curves are modelled using the most juvenile Mesilinka suite zircon (€Hf(130 Ma)=+9.8, 180=+5.5%o) as
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1 Introduction

1.1 Geologic Background and Thesis Objectives

The Canadian Cordillera is a type example of major Phanerozoic accretionary orogenesis
and provides an opportunity to study continental growth via terrane accretion and arc magmatism
(Cawood et al., 2009). During the Mesozoic, western North America experienced extensive
magmatic activity, which stitched together accreted terranes and formed the plutonic hosts to
CutAu-Mo-Ag porphyry mineralization in British Columbia, Yukon, and Alaska. Characterizing
the non-mineralized, background magmatic phases is key to better understanding the
petrogenesis of these porphyry-hosting intrusions, as alteration haloes enveloping porphyry

deposits may significantly affect whole rock and mineral chemistry interpretations.

The Hogem batholith is located in north-central British Columbia, within the Quesnel
terrane of the Canadian Cordillera (Figure 1.1.1). Mapping and geochemical studies of the
Hogem batholith and the surrounding geology have improved knowledge of field relationships,
petrography, geochronology, and mineralization in the area (e.g., Lord, 1948; Woodsworth,
1976; Garnett, 1978; Devine et al., 2014). Despite a long history of studies focused on the
Hogem batholith, there is uncertainty about the nature, antiquity and longevity of magmatism,
the tectonic evolution of the batholith, and the relationship of these parameters to potential

mineralization.
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modified after Colpron and Nelson (2020). The black square indicates the location of this thesis study area.



This study aims to address the lack of modern isotopic and trace element data for the
plutonic rocks of the Hogem batholith and to better understand the magmatic phases within four

mappable intrusive suites identified in the northern Hogem batholith, through:

e (Characterization of the intrusive suites using whole rock major oxide and trace
element geochemistry.

e Interpretation of magmatic crystallization ages using igneous zircon and titanite
laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) U-Pb
geochronology.

e [Estimation of the relative crust and mantle contributions to Hogem batholith
magmas using combined zircon LA-ICP-MS Lu-Hf and secondary ion mass
spectrometry (SIMS) oxygen-isotope (8'%0) data.

e Comparison of zircon tracer isotope (Lu-Hf, §!%0) geochemistry results to Quesnel
terrane basement, Yukon Tanana terrane, and Paleoproterozoic North America
(Hottah terrane) detrital zircon geochemistry data to evaluate whether ancient crust
was involved in Hogem batholith magmatism.

e Determination of the temporal evolution and petrogenesis of the Hogem batholith,
and possible implications for juvenile crust formation and Phanerozoic accretionary
tectonic models.

e Estimation of relative magma temperatures, oxygen fugacities, and fluid contents
using zircon trace element concentrations, and the implication of these factors for

the mineralization potential of the magmas.

1.2 Regional Geology and Previous Work

1.2.1 Canadian Cordillera Geology

The Cordilleran orogen of western Canada has a protracted evolution that spans from the
Paleoproterozoic to present. Many works have synthesized the tectonic history and structural
framework of the Canadian Cordillera (e.g., Monger, 1977; Jones et al., 1977; Davis et al., 1978;
Coney et al., 1980; Monger et al., 1982; Jones et al., 1983; Wheeler et al., 1991; Mihalynuk et
al., 1994; Monger and Price, 2002; Evenchick et al., 2005; Nelson and Colpron, 2007; Colpron et
al., 2007; Evenchick et al., 2007; Johnston, 2008; Nelson et al., 2013). These works are partially



summarized here in relation to the formation of the Intermontane superterrane, Quesnel terrane,

and host rocks to the Hogem batholith.

Rifting and break-up of ancestral North America (Laurentia) from Rodinia from ca. 750
to 540 Ma led to the opening of the proto-Pacific Ocean (Panthalassa; Monger and Price, 2002).
Beginning in the Middle Devonian, a convergent boundary formed in eastern Panthalassa,
outboard of the western Laurentian margin. Chains of volcanic island arcs developed above an
eastward-dipping subduction zone and were separated from Laurentia by the Slide Mountain

Ocean (Figure 1.2.1.1; Monger and Price, 2002; Nelson et al. 2013).

At the end of the Triassic, the Slide Mountain Ocean closed after a reversal in subduction
polarity, eventually leading to the accretion of the island arcs onto the western Laurentian
margin, which formed discrete, fault-bounded terranes (Figures 1.2.1.2 and 1.2.1.3; Monger and
Price, 2002; Nelson et al., 2013). The extent of North American basement beneath these accreted
terranes remains a point of contention; however, it is thought the basement may extend as far
west as the exposed Cache Creek terrane in the northern Canadian Cordillera and to the Fraser
Fault in the southern Canadian Cordillera (Cook et al., 2004; Clowes et al., 2005; Evenchick et
al., 2007; Nelson et al., 2013).
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Figure 1.2.1.1. Reconstruction of the accreted terranes during the Late Carboniferous to Early Permian,
prior to closure of the Slide Mountain Ocean and accretion onto the western Laurentian continental margin.
Modified after Nelson et al. (2013), based on Belasky and Stevens (2006), Bradley et al. (2003), Nokleberg
et al. (2005), and Malkowski and Hampton (2014). AX=Alexander terrane, WR=Wrangellia,
F/M=Farewell/Mystic terrane, ST=Stikine terrane, Y T=Yukon-Tanana terrane, QN=Quesnel terrane,
OK=Okanagan subterrane, EK=Eastern Klamaths, NS=Northern Sierras, OM=Omulevka Ridge.
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Reconstruction at 170 Ma
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Figure 1.2.1.2. Plate and Cordilleran terrane reconstruction model at 170 Ma, modified after Clennett et al.
(2020). Ongoing accretion of the Intermontane superterrane (purple) to the western North American
(Laurentian) margin began at ca. 185 Ma.
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Figure 1.2.1.3. Plate and Cordilleran terrane reconstruction model at 140 Ma, modified after Clennett et al.
(2020). Accretion of the Intermontane superterrane (purple) to the western North American (Laurentian)
margin was complete by this time.



1.2.2 Development of the Intermontane terranes

The Intermontane superterrane is made up by the Stikine (Stikinia), Quesnel (Quesnellia),
Cache Creek, and Yukon-Tanana terranes (Figure 1.2.2.1; Monger et al., 1982; Rusmore et al.,
1988). It has been proposed these terranes were volcanic island arcs originally built upon rifted
craton or pericratonic fragments, which were separated from one another by an ocean or back-arc
that formed the Cache Creek terrane (Colpron et al., 2006; Nelson et al., 2006; Colpron et al.,
2007; Zagorevski, 2015). Some suggest these Intermontane island arcs were amalgamated and
evolved together, prior to accretion (Monger et al., 1982; Colpron et al., 2007), while others cite
evidence that the individual arcs were accreted separately and simultaneously across the
continental margin (Mortimer, 1986; Cordey et al., 1987; Rusmore et al., 1988). By the Middle
Jurassic (ca. 174 Ma), accretion of the Intermontane superterrane onto the western North
American continental margin was essentially complete, however, minor syn-accretion related
magmatism continued until ~160 Ma (Nelson et al., 2013; Monger, 2014). Across the Cordillera,
magmatism during the period 155 to 125 Ma was rare, representing a post-accretionary setting in

the Intermontane terranes (Armstrong, 1988).
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Figure 1.2.2.1. Terrane and superterrane configurations within the North American Cordillera at present,
modified after Clennett et al. (2020). The white square represents this thesis study area within the
Intermontane superterrane (purple). Other terranes and superterranes include: Angayucham (red), Insular
(orange), Guerrero (yellow), Western Jurassic belt (dark orange), North America (dark blue), Farallon
(green), and Kula (pink).

1.2.3 Quesnel terrane background

Quesnel terrane forms discontinuous exposures spanning from north-central Washington
state to south-central Yukon (Figure 1.1.1). It is exposed between Cache Creek and Stikine
terranes to the west, and Slide Mountain terrane and pericratonic sedimentary rocks to the east
(Monger et al., 1991; Wheeler et al., 1991; Schiarizza, 2019). Two major stratigraphic divisions
make up Quesnel terrane: upper Paleozoic volcanic and sedimentary strata and lower to middle
Mesozoic volcanic and sedimentary strata with temporally associated plutonic rocks (Monger et

al., 1991).



1.2.4 Quesnel terrane basement

Upper Paleozoic strata comprise the basement to Quesnel terrane, including the
Mississippian to Permian Lay Range assemblage in north-central Quesnel terrane, which is
correlative to the Harper Ranch subterrane in the south (Monger et al., 1991; Nelson and
Bellefontaine, 1996; Ferri, 1997; Colpron et al., 2007). The upper Paleozoic Lay Range
assemblage consists of two main stratigraphic units, a lower sedimentary and upper mafic tuff
division. The lower sedimentary division comprises Middle Mississippian to Middle
Pennsylvanian chert, tuff, carbonate, and clastic sedimentary rocks (Ferri et al., 1993; Ferri,
1997). These sedimentary rocks are unconformably overlain by the Permian upper mafic tuff
division, consisting of tuff, agglomerate, and mafic volcanic flows (Ferri et al., 1993; Ferri,
1997). The Lay Range assemblage is exposed on the eastern edge of north-central Quesnel
terrane, while correlative rocks of the Nina Creek Group, which are assigned to Slide Mountain
terrane, extend further south. This strip of Lay Range assemblage and Nina Creek Group
Paleozoic rocks extends over 200 km along strike of the Cordillera and separates Mesozoic

Quesnel terrane rocks from pericratonic rocks to the east (Ferri, 1997).
1.2.5 Quesnel Terrane Mesozoic Rocks

An angular unconformity divides Paleozoic basement rocks from overlying Mesozoic
strata in Quesnellia (Read and Okulitch, 1977). The lower Mesozoic volcano-sedimentary strata
mostly consist of the upper Triassic to lower Jurassic Nicola Group in the southern Quesnel
terrane, which is temporally, lithologically, and geochemically correlated to the Takla Group in
north-central Quesnel terrane (Monger et al., 1991). The Nicola and Takla Groups are
predominantly expressed as clinopyroxene- and feldspar-phyric basalts with inter-bedded

volcanogenic sandstones and argillites (Monger et al., 1991; Dostal et al., 2009).

The Takla Group is also present in the more outboard Stikine terrane and is separated
from the Quesnel Takla Group by dextral strike-slip faults or high-pressure accretionary complex
rocks of the Cache Creek terrane (Lord, 1948; Dostal et al., 2009). The Nicola and Takla Group
volcano-sedimentary rocks are thought to represent a volcanic island arc; however, it is uncertain
whether these groups represent a single arc or separate arcs (Monger et al., 1991; Dostal et al.,
2009). Dostal et al. (2009) inferred that upper Triassic volcanic strata across Quesnellia and

Stikinia may be correlated, including the Nicola and Takla Groups, and the Stuhini Group of

8



Stikine terrane. All three of these groups share similar lithologies, stratigraphy, and Nd and Sr

isotopic compositions (Dostal et al., 2009).

Quesnellia and Stikinia volcanic and sedimentary strata were intruded by co-magmatic
Late Triassic to Early Jurassic calc-alkaline and alkaline plutons (Monger et al., 1991; Logan and
Mihalynuk, 2014). These plutons represent an important period of magmatism in the Canadian
Cordillera, as they are major hosts to porphyry Cu+Au-Mo-Ag mineralization in British
Columbia (Figure 1.2.5.1) and Yukon (e.g., Guichon, Iron Mask, Copper Mountain, Texas
Creek, and Granite Mountain batholiths; Christopher and Carter, 1976; Armstrong, 1988). Most
of the Quesnel-Stikine terrane porphyry mineralization occurred within a 15-million-year period,
and approximately 90% of known mineralization occurred from approximately 208 to 202 Ma

(Logan and Mihalynuk, 2014).

Bl Quesnel terrane
Northern Hogem
batholith

S — |
200 km

Figure 1.2.5.1. Geographic distribution of the Quesnel terrane and major Triassic-Jurassic porphyry
deposits in British Columbia. Pink triangles are select Quesnel terrane-hosted porphyry deposits. Grey
triangles are select Stikine terrane-hosted porphyry deposits. The northern Hogem batholith is highlighted
in pink and the study area is indicated by the red square. Geology from BC Geological Survey (2020).



1.2.6 Relationship of Quesnel terrane with Yukon-Tanana and Stikine terranes

Several authors have proposed that Quesnellia and Stikinia share a genetic history
because of the lithological, geochemical, and age similarities between the volcano-sedimentary
rocks (Lord, 1948; Church, 1975; Monger, 1977; Monger and Church, 1977; Dostal et al., 2009).
Additionally, the Asitka Group basement rocks underlying the Takla Group in Stikinia are
similar in age, stratigraphy, and geochemistry to the upper Lay Range assemblage in Quesnellia
and suggest the two terranes may share a basement (Dostal et al., 2009). A similar relationship
exists between Quesnellia and the Yukon-Tanana terrane (YTT). Close correspondence in
stratigraphy, age, and geochemistry between the Lay Range assemblage (and Harper Ranch
Group) and the Late Mississippian to Early Permian Klinkit assemblage in the YTT support a
shared pre-accretionary history between the two terranes (Simard et al., 2003; Colpron et al.,
2007). Late Triassic to Early Jurassic plutonic suites intruded and crosscut the boundaries of
Quesnellia, Stikinia, and YTT, implying the Intermontane terranes were amalgamated by the

time of this intrusive event (Nelson and Friedman, 2004; Colpron et al., 2007).

Several tectonic models attempt to explain the affiliation of Quesnellia, Stikinia, and
YTT. One model involves the development of a single arc that was later offset by strike-slip
faulting (Wernicke and Klepacki, 1988; Beck, 1991, 1992; Irving et al., 1996). Another involves
large-scale thrusting, imbrication, and synformal folding of the accreted terranes onto the
continental margin (Samson et al., 1991; Gehrels et al., 1991; Dostal et al., 2009). Others have
suggested a model of syn-collisional oroclinal bending of the YTT around Quesnellia, Stikinia,
and Cache Creek terrane (Nelson and Mihalynuk, 1993; Mihalynuk et al., 1994; Nelson et al.,
2006). Johnston (2008) suggested that the Intermontane terranes, in part, constituted an exotic
composite ribbon continent that experienced oroclinal bending in the Late Cretaceous during

collision with autochthonous North America.
1.3 Hogem Batholith Geology and Previous Work

1.3.1 Geology

The Hogem batholith is made up of Triassic to Cretaceous-aged intrusions within
Quesnel terrane in north-central British Columbia (Figure 1.1.1). These intrusions consist of

calc-alkalic to alkalic plutonic rocks that were emplaced into upper Triassic Takla Group
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volcano-sedimentary strata, which are exposed to the north and east of the Hogem batholith
(Figure 1.3.1.1; Garnett, 1972). To the west, the Hogem batholith is juxtaposed against Stikine
and Cache Creek terranes along the Pinchi-Ingenika dextral strike-slip fault system (Figure
1.3.1.1; Garnett, 1972). Lay Range assemblage basement is exposed to the northeast of Hogem

batholith and Takla Group rocks (not shown on map).

Four petrologically distinct intrusive suites sub-divide the Hogem batholith (Figure
1.3.1.1). From oldest to youngest, these are the Thane Creek, Duckling Creek, Osilinka, and
Mesilinka suites (Woodsworth, 1976; Woodsworth et al., 1991; Ootes et al., 2019a,b, 2020a,b).
The intrusive Thane Creek suite predominantly consists of diorite to quartz monzodiorite, which
crosscut and co-mingled with minor hornblendite (Figure 1.3.1.2). Rocks of the Thane Creek
suite vary from undeformed to strongly deformed and locally mylonitic (Ootes et al., 2019b).
Mineralization is variably present as disseminated copper-sulphides and rare veinlets, with blue-
green copper staining in outcrop. Copper sulphide minerals occur in both the dioritic and

hornblendite phases.

The Duckling Creek suite is made up of syenites to monzonites, which intruded older
biotite clinopyroxenite. Rhythmic magmatic layering visible in outcrop separates felsic syenites
from mafic, biotite- and clinopyroxenite-rich syenites (Figure 1.3.1.3). In northern Hogem
batholith, these rocks are weakly deformed (Ootes et al., 2019b, 2020a,b); however, in the south
and more proximal to the Lorraine Cu-Au deposit (Figure 1.2.5.1), Duckling Creek rocks are
moderately to strongly deformed (e.g., Devine et al., 2014). Mineralization of the Duckling
Creek suite typically occurs as disseminated, porphyry-style copper-sulphides, with copper

staining visible in outcrop.

Leucocratic, medium-grained granites comprise the Osilinka suite (Figure 1.3.1.4), which
are crosscut by feldspar porphyry dykes. Osilinka granites have low mafic mineral contents
(<5%), which makes deformation in these rocks cryptic; however, cross-cutting mafic dykes

locally contain shear fabrics (Ootes et al., 2019b).

Four intrusive phases are recognized in the Mesilinka suite. These include older tonalite
and granodiorite phases, which were intruded by equigranular granite and K-feldspar porphyritic

granite phases (Figure 1.3.1.5). All the Mesilinka suite phases have a foliation defined by biotite
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(Ootes et al., 2019b, 2020a,b). Younger pegmatite dykes cross-cut the Mesilinka suite intrusions
(Figure 1.3.1.5).
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Figure 1.3.1.1. Bedrock geology map of northern Hogem batholith, modified after Ootes et al. (2020a)

with sample locations after Jones et al. (2021). Black triangles represent geochronology and geochemistry

intrusive rock samples taken for this thesis study.
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Figure 1.3.1.2. Outcrop photograph of crosscutting and co-mingling magmatic textures between the Thane
Creek diorite and hornblendite.

Figure 1.3.1.3. Rhythmic magmatic layering of the Duckling Creek felsic and mafic syenite in outcrop.
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Figure 1.3.1.4. Outcrop photograph of the Osilinka suite leucocratic granite. Deformation in this lithology
is cryptic due to the lack of mafic minerals.

Figure 1.3.1.5. Outcrop photograph of the Mesilinka suite K-feldspar porphyritic granite that is cut sharply
by a late granitic pegmatite dyke. Black biotite defines a tectonic foliation in the K-feldspar porphyritic
granite.
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1.3.2 Previous Work
1948 to 1954

The Hogem batholith area was originally mapped by Lord (1948), with the most recent
map updates to northern Hogem batholith by Ootes et al. (2019a,b, 2020a,b). Lord (1948)
identified the Hogem batholith as part of the Omineca intrusions and briefly described the field
relationships and mineralogy of the main lithologies. Lord (1948) constrained the relative age of
emplacement of the Omineca intrusions from late Lower Jurassic to upper Lower Cretaceous.
Armstrong (1949) identified the largest known body of the Omineca intrusions as the Hogem
batholith. It was inferred that Hogem batholith differentiated in place into a granodiorite-granite
core bordered by more mafic phases (Armstrong, 1949). Armstrong (1949) sub-divided the
Duckling Creek syenite, suggesting it may be younger than the Hogem batholith. Roots (1954)
described the Hogem batholith as a composite intrusive body composed of many plutons, which
represent a prolonged period of magmatism. Roots (1954) divided the batholith into lesser older

‘melanocratic’ rocks and major younger ‘leucocratic’ rocks.
1968 to 1978

The BSc thesis of Koo (1968) on the geology and mineralization of the Lorraine deposit,
hosted by the Duckling Creek syenites of the Hogem batholith, proposed that the syenites formed
by metasomatism of Hogem batholith diorites. A biotite K-Ar date of 170+8 Ma (confidence
level not stated) was thought to represent the minimum age of syenite crystallization and the
maximum age of mineralization (Koo, 1968). Irvine (1971) reported a biotite K-Ar date of 122+6
(20) Ma for a Hogem batholith granite sample. Irvine (1971) stated this was the first
geochronological date reported for the Hogem batholith and suggested the age was correlative

with geochronology results from the Cassiar batholith.

Garnett (1972) grouped the syenitic phases into the Duckling Creek Syenite Complex and
described copper mineralization within this complex in southern Hogem batholith. Garnett
(1972) described two types of copper mineralization in the Hogem area, with one found as
stringers within volcanic rocks at the Hogem batholith-Takla Group contact zone, and the other

as disseminated sulphide minerals within the Duckling Creek Syenite Complex (Garnett, 1972).
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Woodsworth (1976) grouped the Hogem batholith into four tectonic units with distinct
rock types and structural characteristics. The predominantly diorite to monzodiorite intrusive
body in eastern Hogem batholith was named the ‘Thane Creek pluton’ (Woodsworth, 1976). In
western Hogem batholith, foliated, quartz-rich, quartz monzodiorite to granodiorites were
grouped as the ‘Mesilinka pluton’. Woodsworth (1976) interpreted the Thane Creek and
Mesilinka plutons as the oldest intrusive rocks in Hogem batholith. Woodsworth (1976)
determined the timing of magmatism of the Thane Creek and Mesilinka plutons to between
deposition of the Takla Group (Late Triassic) and emplacement of the Duckling Creek Syenite
Complex (Early Jurassic). The PhD thesis of Meade (1977) described lithologies and interpreted
geochemistry of the Takla Group volcanic rocks and intrusive rocks of the Germansen and

Hogem batholiths.

Garnett (1978) studied part of the southern Hogem batholith and determined three distinct
phases of magmatism based on geochronology and geochemistry. Phase 1 includes the ‘Hogem
basic suite’ and ‘Hogem granodiorite’ and was constrained to 203+9 to 175+£5 Ma using K-Ar
biotite and hornblende geochronology (Garnett, 1978). Phase 2 represents the Duckling Creek
syenite, with magmatism dated between 177+5 and 170+8 Ma (K-Ar biotite and hornblende;
Garnett, 1978; Koo, 1968). Phase 3 includes leucocratic granites with a K-Ar biotite date of
11244 Ma (Garnett, 1978).

1991 to 2005

Woodsworth et al. (1991) compared the Hogem batholith to other Quesnel terrane
intrusions and called the leucocratic granite intrusions in Hogem the ‘Osilinka stocks’. The
Osilinka stocks were correlated to the Cretaceous Cassiar batholith to the north. Ferri et al.
(1993) and Ferri (1997) mapped and described stratigraphy of the Takla Group volcanics and
Lay Range assemblage surrounding the Hogem batholith area. Nixon and Peatfield (2003)
described the geology and interpreted the magmatic setting of the Duckling Creek Syenite

Complex around the Lorraine Cu-Au deposit.

Nelson et al. (2003) referred to the leucocratic granite phase as the Osilinka pluton.
Mortensen et al. (1995) determined a zircon TIMS U-Pb age of 204.0+0.4 Ma on the CAT
monzonite of the Thane Creek pluton (Table 1.3.2.1). Schiarizza and Tan (2005a,b) mapped part
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of northern Hogem batholith and determined preliminary Early Cretaceous U-Pb zircon and

titanite ages from the Mesilinka pluton (ca. 135 Ma).
2014 to Present

Devine et al. (2014) and Bath et al. (2014) studied the Duckling Creek Syenite Complex-
hosted Lorraine Cu-Au deposit in the central Hogem batholith (Figure 1.2.5.1). Isotopic ages
reported in these studies constrained crystallization and mineralization ages within the Duckling
Creek Complex (Table 1.3.2.1). Ootes et al. (2019a,b, 2020a,b) updated and refined mapping in
northern Hogem batholith. Ootes et al. (2019a,b) sub-divided the plutons into Thane Creek,
Duckling Creek, Mesilinka, and Osilinka intrusive suites based on previous studies
(Woodsworth, 1976; Woodsworth et al., 1991). Ootes et al. (2020b) determined preliminary U-
Pb zircon and Ar-Ar biotite, hornblende, and muscovite geochronology (Table 1.3.2.1). Ootes et
al. (2020c¢) and Jones et al. (2021) summarized new and previously unpublished
geochronological data from northern Hogem batholith and constrained the crystallization ages of
the four intrusive suites. A portion of the zircon LA-ICP-MS U-Pb data reported in Ootes et al.
(2020c) and Jones et al. (2021) were collected for this thesis study (section 3.2.1.1).
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Table 1.3.2.1. Summary of previously published northern Hogem batholith mineral U-Pb and Ar-Ar geochronology,
modified after Table 1 from Jones et al. (2021). Ages are quoted at 95% (2c) uncertainty. Bt: biotite; ttn: titanite; zr:
zircon; hbl: hornblende.

Intrusive Suite Lithology Method Age (Ma) Source

Mesilinka Tonalite Ar-Ar (bt) 108+2 Jones et al. (2021)

Mesilinka Tonalite Ar-Ar (bt) 11143 Jones et al. (2021)

Mesilinka Granodiorite Ar-Ar (bt) 12312 Jones et al. (2021)

Mesilinka Equigranular granite  TIMS U-Pb (ttn) 133.940.3 Jonesetal. (2021)

Mesilinka Porphyritic granite TIMS U-Pb (ttn) 134.5+0.3 Jones et al. (2021)

Mesilinka Porphyritic granite TIMS U-Pb (zr) 135.0+0.3 Jones et al. (2021)

Duckling Creek ZS;r;i'tZ'ot'te'a'b'te' Ar-Ar (bt) 175.24¢0.9 Devine et al. (2014)

Duckling Creek Leucosyenite dyke TIMS U-Pb (zr) 176.8+0.2 Devine et al. (2014)

Duckling Creek Syenite Ar-Ar (hbl) 17715 Jones et al. (2021)
Vein: biotite-K-

Duckling Creek feldspar-albite- Ar-Ar (bt) 177.1+0.9 Devine et al. (2014)
magnetite

Duckling Creek Syenite TIMS U-Pb (zr) 177.3+0.4 Bath et al. (2014)

Duckling Creek Pegmatite dyke TIMS U-Pb (zr) 177.620.2 Devine et al. (2014)

Duckling Creek Syenite TIMS U-Pb (zr) 178.4+0.3 Bath et al. (2014)
Pseudoleucite

Duckling Creek bearing feldspathic ~ TIMS U-Pb (zr) 178.4+0.3 Bath et al. (2014)
pyroxenite

Duckling Creek SR:(;’;E':'C"‘"'V lavered 115 U-Pb (2r) 178.6#0.2 Bath et al. (2014)

Duckling Creek Syenite TIMS U-Pb (zr) 178.7+0.3 Bath et al. (2014)
K-feldspar

Duckling Creek megacrystic TIMS U-Pb (zr) 178.8+0.2 Devine et al. (2014)
porphyry

Duckling Creek  Cauigranular TIMS U-Pb (zr) 179.742.5 Devine et al. (2014)
monzonite

Duckling Creek [ Me8rANEd, e pb (2r) 180.240.3 Devine et al. (2014)
equigranular syenite

Duckling Creek Biotite pyroxenite Ar-Ar (bt) 181.7+41.0 Devine et al. (2014)

Thane Creek Diorite Ar-Ar (hbl) 124+2 Jones et al. (2021)

Thane Creek Diorite Ar-Ar (bt) 124+1 Jones et al. (2021)

Thane Creek Diorite Ar-Ar (bt) 12642 Jones et al. (2021)

Thane Creek Diorite CA-TIMS U-Pb (zr) 196.610.9 Ootes et al. (2020b)

Thane Creek Hornblendite CA-TIMS U-Pb (zr) 197.6%0.1 Ootes et al. (2020b)

Thane Creek Rhonda Gabbro TIMS U-Pb (zr) 200.940.2 Bath et al. (2014)

Thane Creek Quartz monzodiorite  Ar-Ar (hbl) 20215 Jones et al. (2021)

Thane Creek CAT monzonite TIMS U-Pb (zr) 204.0+0.4 Mortensen et al.

(1995)

19



1.4 Field Work and Sample Collection

Plutonic rock samples were collected over the course of the 2018 and 2019 field seasons
with the British Columbia Geological Survey. This thesis makes up a portion of the larger
Hogem batholith study, which is a multi-year regional bedrock mapping program in the northern
Hogem batholith and surrounding area (Ootes et al., 2019a,b, 2020a,b). The samples collected
specifically for this thesis were obtained in the 2019 field season over 3 days via helicopter, after
identifying the main lithologies and locations to be studied. These are supplemented by samples
collected during bedrock mapping in 2018 (denoted by sample names with the prefix ‘18’;
Figure 1.3.1.1). This thesis focuses on the geochronology and isotopic tracing of the batholith
and hence geochronology samples taken here supplement a much larger whole rock dataset
constructed in the 2018 and 2019 field seasons. The outcrop locations for geochronology
samples were chosen to represent the main intrusive suites within the Hogem batholith,
providing a representative distribution across the mapping area to account for any geochemical
heterogeneity (Appendix Al). Care was taken to ensure that the samples are as fresh as possible,
not showing evidence of extensive alteration or veining. Samples were collected away from

porphyry-related alteration, as this can significantly affect the geochemistry of samples.
1.5 Sample Descriptions and Petrography

Hand sample and petrographic descriptions of samples collected for whole rock and
mineral geochemistry are summarized below. Sample locations are in Appendix Al. Complete

modal abundances and petrographic details are in Appendix A2.

Thane Creek suite

Hornblendite: 18l022-1a

Hornblendite sample 181022-1a of the Thane Creek suite is from 18.6 km south-southeast
of Mount Ferris (Figure 1.3.1.1). The rock is a coarse-grained to pegmatitic plagioclase-bearing
hornblendite (Figure 1.5.1A-B). Pegmatitic white amphibole-plagioclase segregations (~7%) are
interstitial to predominantly green amphibole (~72%). Amphibole is commonly overgrown by
brown or green biotite, with biotite making up ~10% of the sample. The sample contains ~5%
magnetite that is interstitial to amphibole and is concentrated with accessory titanite (1%) and

apatite (trace). Coarse, subhedral accessory epidote (2%) occurs in pegmatitic plagioclase
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segregations. Euhedral, ~100 to 200 um long zircon (trace) grains occur within patches of
intercumulus feldspar and epidote. Trace fine-grained chalcopyrite is disseminated through the

sample.
Quartz diorite: 18l022-1d

Quartz diorite sample 181022-1d of the Thane Creek suite is from 18.6 km south-
southeast of Mount Ferris, approximately 100 m east of hornblendite sample 18l022-1a (Figure
1.3.1.1). The rock is a “salt and pepper”, medium-grained equigranular quartz diorite (Figure
1.5.1C-D). The rock is deformed and contains a moderate foliation defined by plagioclase,
biotite, and amphibole. The sample is mostly clay-altered plagioclase (65%), biotite (12%), and
amphibole (6%). Minor clay-altered alkali feldspar (7%) and quartz (1-2%) are present and
interstitial to plagioclase. Accessory anhedral to subhedral, fine-grained epidote, apatite,
magnetite, and zircon spatially occur with biotite. Trace fine-grained chalcopyrite is

disseminated through the sample.

Quartz diorite: 19GJ12-4

Quartz diorite sample 19GJ12-4 of the Thane Creek suite is from 17.9 km east-northeast
of Notch Peak (Figure 1.3.1.1). The rock is a white and black, medium-grained, equigranular
quartz diorite, and is composed of mostly plagioclase (~62%), with about 25% equal parts green
amphiboles with corroded clinopyroxene cores, and brown (metamorphic?) and green biotite
(Figure 1.5.1E-F). The sample contains minor quartz (~6%) and alkali feldspar (~7%), with
accessory magnetite, apatite, titanite, zircon, and epidote. Titanite occurs as rims on magnetite
grains. Euhedral, fine-grained apatite (trace) are included in feldspar, magnetite, and amphibole.
Epidote occurs as fine-grained patches that occur with altered feldspar. Anhedral to euhedral,
fine-grained magnetite (1%) are disseminated throughout the sample and as an alteration product
within amphibole. Zircon (trace) occurs as euhedral, ~50 to 100 um long inclusions in amphibole
and clinopyroxene. Trace fine-grained chalcopyrite is disseminated and occurs as inclusions in

magnetite.
Quartz monzodiorite: 19GJ13-3
Quartz monzodiorite sample 19GJ13-3 of the Thane Creek suite is from 25.9 km

southeast of Notch Peak (Figure 1.3.1.1). The rock is a “salt and pepper”, fine- to medium-
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grained, equigranular quartz monzodiorite, composed of ~40% euhedral plagioclase, ~30%
poikilitic alkali feldspar, and ~15% anhedral, strained quartz (Figure 1.5.1G-H). Mafic minerals
make up ~10% of the sample, mainly subhedral amphibole (8%) with lesser biotite (2%).
Anhedral magnetite and titanite, and euhedral apatite and zircon are accessory. Titanite occurs as

~1 mm poikilitic grains and as fine rims on magnetite.
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Figure 1.5.1. Photomicrographs of Thane Creek suite intrusive rock samples: A) Sample 18l022-1a (PPL):
Intercumulus patch of plagioclase, epidote, and magnetite with chalcopyrite, surrounded by cumulate
amphibole in a hornblendite. B) Cross-polarized image of sample 18l022-1a. C) Sample 181022-1d (PPL):
Intergrown altered plagioclase and amphibole, with lesser quartz and K-feldspar, and accessory apatite,
biotite, magnetite, and epidote in a quartz diorite. D) Cross-polarized image of 181022-1d. E) Sample
19GJ12-4 (PPL): Relict clinopyroxene core surrounded by later amphibole with inclusions of apatite and
magnetite, and interstitial biotite, magnetite, and plagioclase in a quartz diorite. F) Cross-polarized image
of sample 19GJ12-4. G) Sample 19GJ13-3 (PPL): intergrown plagioclase, K-feldspar, myrmekitic quartz,
titanite, and amphibole, with apatite and magnetite inclusions in a quartz monzodiorite. H) Cross-polarized
image of 19GJ13-3. Cpx: clinopyroxene, amph: amphibole, bt: biotite, mgt: magnetite, ap: apatite, plag:
plagioclase, ep: epidote, cpy: chalcopyrite, kspar: K-feldspar, ttn: titanite, qtz: quartz.

Duckling Creek suite
Syenite: 181025-2a

Syenite sample 18l025-2a of the Duckling Creek suite is from 22.7 km southeast of
Notch Peak (Figure 1.3.1.1). The rock is a pink-white, medium-grained, equigranular syenite
(Figure 1.5.2A-B). The sample consists of ~90% two alkali feldspars (K- and Na-bearing), with
lesser clinopyroxene (~5%). Magnetite (2%), titanite (1%), chlorite (1%), and zircon (<1%) are
accessory minerals. Titanite occurs as ~1 mm wide euhedral, wedge-shaped grains with

clinopyroxene.
Biotite clinopyroxenite: 19GJ13-1

Biotite clinopyroxenite sample 19GJ13-1 of the Duckling Creek suite is from 18.2 km
southeast of Notch Peak (Figure 1.3.1.1). The rock is a black, medium-grained, equigranular
clinopyroxenite (Figure 1.5.2C-D). The sample consists of ~82% cumulate clinopyroxenite, with
lesser subpoikilitic biotite (~10%), disseminated magnetite (~5%), and trace anhedral amphibole.
Apatite (~3%), titanite (<1%), and epidote (<1%) are accessory. Apatite is bimodal and occurs as
~0.1 to 2 mm wide subhedral to anhedral, mostly interstitial to clinopyroxene and as inclusions

in magnetite. The coarser grained apatite fraction is visible in hand sample.
Syenite: 19GJ13-2

Syenite sample 19GJ13-2 of the Duckling Creek suite is from 18.2 km southeast of Notch
Peak (Figure 1.3.1.1). The rock is a pink-white and greenish-black, coarse-grained, K-feldspar
phenocrystic syenite (Figure 1.5.2E-F). It is mostly made up of >2cm long alkali feldspar
phenocrysts (~85%). Muscovite (10%), epidote (2%), magnetite (1%), biotite (1%), and quartz

(trace) occur as fine-grained intergrown patches interstitial to K-feldspar phenocrysts. Subhedral
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fine-grained titanite (trace) occurs with magnetite. Rare, disseminated, fine-grained chalcopyrite

grains are spatially associated with biotite inclusions within K-feldspar.
Syenite: 19GJ13-4

Duckling Creek suite syenite sample 19GJ13-4 is from 28.9 km southeast of Notch Peak
(Figure 1.3.1.1). The rock is a pink and greenish-black, medium-grained, foliated syenite (Figure
1.5.2G-H). The sample consists of ~80% anhedral, clay-altered alkali feldspar with lesser
anhedral clinopyroxene (~8%) and amphibole (~5%). Biotite (2%) occurs as fine grains along
clinopyroxene grain boundaries, has magnetite inclusions within cleavage, and is spatially
associated with chlorite (2%). Magnetite (1%), muscovite (1%), apatite (1%), epidote (trace),
and titanite (trace) are accessory minerals. Subhedral magnetite is generally very fine-grained
and disseminated throughout the sample and concentrated with other mafic minerals. Muscovite
is very fine-grained and occurs with epidote, biotite, and chlorite. Fine-grained euhedral apatite

and anhedral titanite are spatially associated and occur interstitially to K-feldspar.
Syenite: 19GJ13-5a

Syenite sample 19GJ13-5a of the Duckling Creek suite is from 31.1 km southwest of
Notch Peak (Figure 1.3.1.1). The sample was collected next to the Slide Cu-Au porphyry
prospect, and 7 m south of a grab sample with chalcopyrite that yielded 0.07 wt.% Cu (19GJ13-
5b; Ootes et al., 2020b). The rock is a pink-white and greenish-black, medium-grained,
equigranular syenite (Figure 1.5.21-J). It contains alkali feldspar (~70%), with lesser amphibole
(9%), plagioclase (8%), and clinopyroxene (5%). Biotite, chlorite, and magnetite combine to
make up ~5% of the sample, while fine-grained apatite, titanite, epidote, and zircon are trace
(<1%) accessory minerals. Chalcopyrite occurs as rare fine, disseminated grains, and may be

rimmed by titanite.
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Figure 1.5.2. Photomicrographs of Duckling Creek suite samples. A) Sample 181025-2a (PPL): Coarse K-
feldspar grains with minor muscovite alteration and plagioclase in a syenite. B) Cross-polarized image of
18l025-2a. C) Sample 19GJ13-1 (PPL): Cumulate clinopyroxene and magnetite grains in a biotite
clinopyroxenite. D) Cross-polarized image of sample 19GJ13-1. E) Sample 19GJ13-2 (PPL): Interstitial
muscovite and epidote alteration in a K-feldspar phenocrystic syenite. F) Cross-polarized image of sample
19GJ13-2. G) Sample 19GJ13-4 (PPL): Clinopyroxene core with magnetite inclusions concentrated along
cleavage, rimmed by amphibole and biotite, and surrounded by K-feldspar and titanite in a syenite. H)
Cross-polarized image of 19GJ13-4. I) Sample 19GJ13-5a (PPL): Mafic clot of intergrown clinopyroxene,
amphibole, biotite, and magnetite rimmed with titanite, and lesser apatite, surrounded by K-feldspar in a
syenite. J) Cross-polarized image of 19GJ13-5a. Cpx: clinopyroxene, amph: amphibole, bt: biotite, mgt:
magnetite, ap: apatite, kspar: K-feldspar, plag: plagioclase, ep: epidote, ttn: titanite.

Osilinka suite
Granite: 18lo17-1

Granite sample 18lo17-1 of the Osilinka suite is from 11.9 km southeast of Notch Peak
(Figure 1.3.1.1). The rock is a white (leucocratic), medium-grained, equigranular granite (Figure
1.5.3A-B). Strained quartz (~37%), subhedral alkali feldspar (32%), and subhedral plagioclase
(26%) comprise most of the sample. Rare accessory biotite, muscovite, and magnetite constitute
less than 5% of the rock. Fine-grained biotite and magnetite occur interstitial to feldspar grains,
whereas muscovite and sericite are present within feldspar cores and along grain boundaries.

Trace euhedral zircon grains are found as inclusions within quartz.
Porphyry Sheet: 181020-4

Porphyry sheet sample 181020-4 is from a flat-lying dyke that cuts the Osilinka suite,
14.0 km southeast of Notch Peak (Figure 1.3.1.1). The dyke is at least 4 m thick. Fine-grained
plagioclase and quartz make up most of the groundmass, with plagioclase phenocrysts up to 0.5
cm (Figure 1.5.3C-D). Magnetite, chlorite, epidote, and calcite are accessory groundmass
minerals. Rare ~2.5 mm wide euhedral chalcopyrite grains also occur in the groundmass. A ~0.5

mm wide calcite-filled vein cuts the sample.
Granite: 19GJ12-3

Granite sample 19GJ12-3 of the Osilinka suite is from 6.1 km east of Notch Peak (Figure
1.3.1.1). The rock is a white (leucocratic), medium-grained, equigranular granite (Figure 1.5.3E-
F). Strained quartz (~30%), subhedral alkali feldspar (29%), and subhedral plagioclase (35%)
comprise most of the sample. Muscovite/sericite (5%), biotite (1%), epidote (trace), magnetite

(trace), pyrite (trace), and zircon (trace) are accessory minerals. Muscovite/sericite is fine-
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grained, anhedral and occurs as an alteration product of feldspar. Biotite and magnetite are
spatially associated, very fine-grained, and disseminated. Epidote is fine-grained, anhedral,
fractured, and disseminated through the sample. Rare, anhedral pyrite occurs as fine,
disseminated grains rimmed by hematite. Rare, euhedral ~100 pm long zircon grains are found

as inclusions in feldspar and quartz.
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Figure 1.5.3. Photomicrographs of Osilinka suite samples. A) Sample 18lo17-1 (PPL): Intergrown quartz,
plagioclase, and K-feldspar, with interstitial clot of biotite, epidote, and muscovite in a granite. B) Cross-
polarized image of sample 18lo17-1. C) Sample 181020-4 (PPL): Muscovite alteration in plagioclase
phenocryst, surrounded by quartz and plagioclase dominated matrix with lesser chlorite, crosscut by a calcite
vein in a feldspar porphyry sheet. D) Cross-polarized image of sample 181020-4. E) Sample 19GJ12-3 (PPL):
Intergrown K-feldspar, quartz, and plagioclase, with muscovite alteration in a granite. F) Cross-polarized
image of 19GJ12-3. Qtz: quartz, plag: plagioclase, kspar: K-feldspar, ep: epidote, mu: muscovite, bt: biotite,
chl: chlorite, cc: calcite.
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Mesilinka suite
Equigranular granite: 18lo11-1

Equigranular granite sample 18lo11-1 of the Mesilinka suite is from 1.5 km northeast of
Horn Peak (Figure 1.3.1.1). The rock is an equigranular, fine to medium-grained granite with a
foliation defined by biotite (Figure 1.5.4A-B). The sample is mostly strained fine-grained quartz
(40%), anhedral medium-grained alkali feldspar (30%), and clay-altered plagioclase (25%).
Accessory minerals include zircon, fine-grained muscovite, biotite, and magnetite. Magnetite

may be rimmed by titanite.
K-feldspar porphyritic granite: 18lo12-7

K-feldspar porphyritic granite sample 18lo12-7 of the Mesilinka suite is from 2.1 km
northeast of Horn Peak (Figure 1.3.1.1). The rock is a medium-grained K-feldspar porphyritic
granite with a foliation defined by biotite (Figure 1.5.4C-D). Clay-altered alkali feldspar
phenocrysts up to 5 cm (38%), strained anhedral quartz (28%), and myrmekitic plagioclase
(22%) comprise most of the sample. Biotite (10%) is 1 to 2 mm wide and interstitial to feldspar
and quartz. Accessory minerals include zircon, magnetite, apatite, epidote, and allanite with

epidote rims.
Tonalite: 19GJ12-1

Tonalite sample 19GJ12-1 of the Mesilinka suite is from 2.4 km northwest of Horn Peak
(Figure 1.3.1.1). The rock is a grey, medium-grained, equigranular biotite-rich tonalite with a
foliation defined by biotite (Figure 1.5.4E-F). Equigranular granite dykes cut the tonalite in
outcrop ~50 m away. The sample is composed of slightly clay-altered, subhedral plagioclase
(~50%), with lesser anhedral, strained quartz (~30%) and brown and green biotite (~15%).
Subhedral amphibole (2%) and magnetite (trace) are spatially associated with biotite. Trace fine-
grained anhedral epidote and titanite, and euhedral apatite and zircon occur with and as

inclusions in biotite.
Tonalite: 19GJ12-2

Tonalite sample 19GJ12-2 of the Mesilinka suite is from 2.5 km northeast of Horn Peak

(Figure 1.3.1.1). The rock is a grey, fine-grained, equigranular biotite-rich tonalite (Figure
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1.5.4G-H). The sample is composed of slightly clay-altered, subhedral plagioclase (~48%), with
myrmekitic quartz (~33%), and euhedral, bimodal (very fine- and fine-grained) biotite (~16%).
Minor subhedral, fine-grained amphibole (2%) occurs with biotite and epidote. Apatite, epidote,
magnetite, and titanite are accessory. Apatite (trace) occurs as very fine-grained, euhedral
inclusions within feldspar, quartz, and biotite. Fine, anhedral epidote (1%) grains are spatially
associated with biotite and may have rare allanite cores. Trace, fine-grained subhedral magnetite

(trace) and anhedral titanite occur with biotite.
Equigranular granite: 19GJ16-2

Equigranular granite sample 19GJ16-2 of the Mesilinka suite is from 11.8 km southeast
of Mount Ferris (Figure 1.3.1.1). The rock is a pinkish-white and black, fine to medium-grained,
equigranular granite (Figure 1.5.41-J). The sample is composed of slightly altered, anhedral K-
feldspar (~40%), with subhedral, variably myrmekitic plagioclase (~32%), and anhedral, strained
quartz (~22%). Minor anhedral, fine-grained brown biotite (2%) occurs interstitially to the main
minerals and is variably altered to chlorite (1%). Apatite, epidote, magnetite, titanite, allanite,
muscovite, zircon, chalcopyrite, and bornite are accessory. Apatite (1%) occurs as very fine-
grained, euhedral inclusions within biotite. Subhedral, very fine- magnetite (1%), fine-, anhedral
epidote (trace), and fine-, anhedral titanite (trace) grains are spatially associated with biotite.
Rare, euhedral, fine-grained zoned allanite (trace) are rimmed by epidote. Euhedral, ~50 to 60
um long zircon (trace) grains are inclusions in biotite, quartz, and feldspar. Chalcopyrite and

bornite are rare, very fine-grained inclusions in magnetite.
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Figure 1.5.4. Photomicrographs of Mesilinka suite samples. A) Sample 18lo11-1 (PPL): Intergrown K-
feldspar, quartz, and plagioclase, with minor apatite inclusions and muscovite alteration in a granite. B)
Cross-polarized image of 18lo11-1. C) Sample 18lo12-7 (PPL): Intergrown quartz, plagioclase, and K-
feldspar, with lesser magnetite, biotite, apatite, and allanite rimmed by epidote in a granite. D) Cross-
polarized image of 18lo12-7. E) Sample 19GJ12-1 (PPL): Intergrown quartz and plagioclase with biotite,
titanite, and minor apatite inclusions in a tonalite. F) Cross-polarized image of sample 19GJ12-1. G) Sample
19GJ12-2 (PPL): Intergrown quartz and plagioclase with interstitial biotite and titanite, with minor apatite
inclusions in a tonalite. H) Cross-polarized image of sample 19GJ12-2. I) Sample 19GJ16-2 (PPL):
Intergrown quartz, plagioclase, and K-feldspar, with minor myrmekite, and inclusions of zircon, magnetite,
titanite, and biotite. J) Cross-polarized image of 19GJ16-2. Qtz: quartz, plag: plagioclase, kspar: K-feldspar,
myrm: myrmekite, ap: apatite, mu: muscovite, bt: biotite, ttn: titanite, mgt: magnetite, ep: epidote, aln:
allanite, zr: zircon.

1.6 Data collection workflow

In situ isotopic and trace element data collection of minerals (zircon, apatite, titanite) for
this study involve secondary ion mass spectrometry (SIMS) and laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS) analytical techniques. With the goal to collect
multiple datasets from the same zircon grains, a strategic workflow was planned to preserve
sufficient material for multiple analyses (Figure 1.6.1). Intrusive rock samples were split into
separate portions for whole-rock and mineral geochemistry. After mineral separation, selection,
and mounting (section 3.1.1), zircon oxygen-isotope data were collected first using SIMS, as it is
the least destructive technique. A combination of destructive single stream and split stream LA-
ICP-MS techniques were used to collect zircon U-Pb, Lu-Hf, and trace element data. Due to
zircon grain size limitations and larger analytical spot sizes required for split stream, single
stream LA-ICP-MS techniques were preferred to collect U-Pb data after SIMS oxygen-isotope
analyses. For the remaining zircon Lu-Hf and trace element data collection, single stream or split
stream LA-ICP-MS techniques were used depending on zircon grain sizes and the laboratory set

up at the time.

33



Hogem batholith

\

Intrusive rock samples

"\

Bulk-rock Mineral
geochemistry separates
Zircon Titanite & Apatite
SIMS 30 LASS-ICP-MS

/ * U-Pb & Sm-Nd

LASS-ICP-MS  LA-ICP-MS

Lu-Hf & U-Pb\ U-Pb
LA-ICP-MS
Trace element
; or LASS-ICP-MS
Lu-Hf & trace element
LA-ICP-MS
Lu-Hf

Figure 1.6.1. Sample preparation and data collection workflow for this study. Planning was required to
maximize zircon material for multiple analyses on the same grains.
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2 Whole Rock Geochemistry

2.1 Analytical Methods

One hundred and seventy-seven (110 in 2018 and 67 in 2019) fist-sized samples
(approximately 200 g) were first cut using a rock saw to ensure no visible weathering, alteration,
or veining was present. Where required, some of the samples were then cut into several
centimetre-sized pieces using a rock saw and washed. These samples were then submitted to
Actlabs in Ancaster, Ontario for whole rock major, minor, and trace element geochemical
analysis. At Actlabs, samples were crushed to pass 2 mm, mechanically split using a rifle splitter,
and pulverized using mild steel to 95% passing 105 um (Code RX-2). Lithium
metaborate/tetraborate fusion was performed on the resulting pulp to produce a molten bead,
which was rapidly digested in nitric acid solution. Major element oxides were determined using
inductively coupled plasma optical emission spectroscopy (ICP-OES) and trace element
concentrations were determined using inductively coupled plasma mass spectrometry (ICP-MS),
with 56 elements quantified in total (Code 4 Lithoresearch/WRA+Trace analytical package).
Measurement accuracy was determined using certified reference materials (RMs) provided by
Actlabs. Additionally, blind samples of the RMs SY-4, GSP-2, and TDB-1 and an in-house
BCGS till standard were submitted for analysis with the unknown samples. Accepted values, if
not provided by Actlabs, were determined from the GeoReM website (Jochum et al., 2005).
Duplicate samples were inserted every 10-20 measurements to ensure precision throughout the

analysis.

Measurement accuracy was estimated by comparing the measured value of the RMs to
the certified reference value (Appendix B1 and B2). Major element accuracy was determined to
generally be within 5% error. Major element concentrations which had greater than 5% error
were either within the uncertainty of the standard, were in low concentration (< 1 wt.%), or both.
Oxides MnO, TiO», K0, and P>Os suffered higher uncertainties due to the low concentration of
these elements in the RMs. Major element precision was usually better than 5% relative standard
deviation (RSD), and often better than 2% RSD (Appendix B1 and B2). P,Os was the least
precise major element oxide, as it was higher than 5% RSD in 4 out of 10 duplicate

measurements.
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Minor and trace element accuracy was determined to generally be within 10% error
(Appendix B1 and B2). Accuracy often improved to within 5% error with increased elemental
concentrations. Minor and trace elements which had greater than 10% error were either within
the uncertainty of the RM, lower in concentration (< 10 ppm), or present at concentrations
outside the limit of detection. Exceptions to this include the elements Zr, Ba, and Ni, which
consistently yielded results greater than 10% error. Hafnium, Nb, Y, Cs, Cu, As, Th, and Cr were
each off-set by >10% only once in the sample batch. The rare earth elements (REEs) were
determined to be within 10% of the accepted RM values, except where the RMs had elemental
concentrations too high to quantify (Appendix B1 and B2). Minor, trace, and REE precision was
generally 5% RSD or better (Appendix B1 and B2). Duplicate measurements with RSD higher

than 10% were more common in the 2018 analysis than 2019.

In addition to determining the analytical accuracy and precision, the geochemical
uncertainty introduced during sampling was estimated using the EXCEL spreadsheet developed
by Stanley (2003). This spreadsheet provides an estimate of the 1 SD absolute sampling error (wt
%) and relative sampling error (CV%) using mineral grain sizes, mineral modal percentages, and
mass of a sample. Representative samples from each mappable lithology in the four Hogem
suites were input into the spreadsheet, using the modal compositions and grain sizes determined
from petrographic analysis. An estimated mass of 2 kg was used from the original sample
weights, which varied from 2 to 5 kg. The average 1o relative sampling error (CV%) for whole
rock oxides of the representative lithologies is summarized in Table 2.1.1. Outside of analytical
uncertainty, the whole rock geochemical results can be no more accurate than these sampling

uncertainties.
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Table 2.1.1. Average 1o relative sampling error (CV%) for whole rock oxides of representative Hogem batholith lithologies, calculated after the approach of

Stanley (2003).

Oxide Si0; | TiO; | Al,03 | Fe;03 | FeO | MnO | MgO | a0 | Na,0 | K;0 | H,0 | P,0s | Zr0; | Ce;0;
Isr:jti;t;sive Lithology Average 1 Std. Dev. Relative Sampling Error (CV%)
Thane Hornblendite 1.03 (203|091 | 089 | 080 | 0.00 | 1.16 |1.11| 1.05 |0.50|1.01|0.63 | 1.08 | 0.00

Creek Diorite 0.19 | 2.49| 0.23 | 0.06 | 0.61 | 0.00 | 1.02 | 0.62 | 0.22 | 0.45| 0.83 | 0.11 | 0.17 | 0.00
Duckling | Syenite 0.61 |0.16| 0.56 | 0.26 | 0.24 | 0.00 | 0.43 | 0.27 | 0.65 | 0.65| 0.19 | 0.09 | 0.05 | 0.00
Creek Clinopyroxenite | 0.25 [0.00| 0.32 | 0.30 | 0.17 | 0.00 | 0.26 | 0.25 | 9.23 | 0.12 | 0.27 | 0.42 | 0.00 | 0.00
Osilinka | Granite 0.17 | 0.00| 0.22 | 1.43 | 0.10 | 0.00 | 0.11 | 0.35| 0.31 | 0.31| 0.07 | 0.00 | 0.36 | 0.00
Mesilinka Tonalite 0.09 {0.38| 0.16 | 0.33 | 0.35 | 0.00 | 0.35 | 0.14| 0.18 | 0.41 | 0.34| 0.03 | 0.08 | 0.00

Granite 0.16 |0.76 | 0.11 | 0.49 | 0.24 | 0.00 | 0.34 | 0.15| 0.18 | 0.07 | 0.31 | 0.03 | 2.93 | 2.99
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2.2 Results

Whole rock major-, minor-, and trace-element geochemistry results are reported in
Appendix B3. A total of 120 samples were analyzed from the four Hogem batholith intrusive
suites. The results are summarized below according to intrusive suite. Major element data are

reported on an LOI-free, anhydrous basis.

2.2.1 Major Element Variation

Thane Creek suite

Two fundamental groups can be subdivided from the Thane Creek suite based on field
observations of mafic mineral content, which is supported by major element geochemistry.
Hornblendites (high mafic mineral content) have relatively low SiO> (37 to 49 wt.%), AlO3 (3 to
13 wt.%), Na2O (0.4 to 3 wt.%), and relatively high, but variable, MgO (5 to 15 wt.%), FeO* (10
to 23 wt.%), CaO (8 to 15 wt.%), and TiO2 (1.0 to 2.5 wt.%) (Figure 2.2.1.1). The Thane Creek
suite ‘diorites’ (sensu lato: including granodiorites, quartz monzodiorites, quartz diorites, and
diorites) have relatively lower mafic mineral contents and are higher in SiO2 (48 to 70 wt.%),
ALO;3 (15 to 20 wt.%), Na2O (3 to 5 wt.%), and relatively low in MgO (1 to 6 wt.%), FeO* (3 to
10 wt.%), CaO (3 to 10 wt.%), and TiO2 (0.3 to 1.0 wt.%) (Figure 2.2.1.1).

The Thane Creek suite samples range from mid-K to shoshonitic on a plot of SiO versus
K>O (Figure 2.2.1.2), predominantly falling between mid-K and high-K. On the total alkalis —
silica (TAS) diagram (Figure 2.2.1.3), the Thane Creek intrusive samples plot close to the
subalkaline and alkaline fields boundary. ‘Diorite’ samples predominantly occur within the
gabbro diorite and diorite compositional fields, while hornblendites plot within the peridotite and

gabbro compositional fields (Figure 2.2.1.3).

Both hornblendites and diorites are mostly magnesian on the SiO» versus Fe* diagram
(Figure 2.2.1.4). On the AFM ternary diagram, diorites scatter around the calc-alkaline trend,
while the higher MgO hornblendites are tholeiitic (Figure 2.2.1.5). On the plot of SiO2 versus
modified alkali-lime index (MALI; NaxO+K,0-CaO), the Thane Creek suite rocks plot within
the calc-alkalic to alkali-calcic fields (Figure 2.2.1.6). The Thane Creek suite is entirely
metaluminous on the SiO; versus ASI plot (ASI <1.0), with the most SiO»-rich samples plotting

close to the metaluminous-peraluminous line (ASI=1.0) (Figure 2.2.1.7).
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Overall, rocks of the Thane Creek suite range from ultramafic to felsic compositions and

are predominantly characterized as calc-alkaline, metaluminous, and magnesian.
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Figure 2.2.1.1. Major element oxide (wt. %) Harker plots of the four main intrusive suites of the Hogem
batholith. Data points outlined in black are samples which were used for mineral isotopic analyses.
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Figure 2.2.1.2. SiO; vs. K,O plot of Peccerillo and Taylor (1976) showing low-, mid-, and high-K calc-

alkaline and shoshonitic fields. Data points outlined in black are samples which were used for mineral
isotopic analyses.
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Figure 2.2.1.3. Total Alkali-Silica (TAS) diagram (wt.%) for the four main intrusive suites of the Hogem
batholith, after LeBas et al. (1986). Intrusive grain size equivalent rock names after Middlemost (1994).
Grey line dividing alkaline and subalkaline fields is from Irvine and Baragar (1971). Data outlined in black
are samples which were used for mineral isotopic analyses.
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Figure 2.2.1.4. Fe-index versus SiO; (wt.%) from Frost and Frost (2008) for the four main intrusive suites
of the Hogem batholith. Data points outlined in black are samples which were used for mineral isotopic
analyses. Fe-index = FeO*/(FeO*+MgO).
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batholith (Irvine and Baragar, 1971). Data outlined in black are samples which were used for mineral
isotopic analyses.
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Figure 2.2.1.6. Modified alkali-lime index (MALI) versus SiO, (wt.%) from Frost and Frost (2008) of the
four main intrusive suites of the Hogem batholith. Data points outlined in black are samples which were
used for mineral isotopic analyses. MALI = molar Na,O+K,0-CaO.
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Figure 2.2.1.7. Alumina saturation-index (ASI) versus SiO, (wt.%) from Frost and Frost (2008) of the four
main intrusive suites of the Hogem batholith. Data points outlined in black are samples which were used
for mineral isotopic analyses. AST = molar Al,03/(CaO+K,0+Nay0).
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Duckling Creek suite

The Duckling Creek suite is subdivided into mafic pyroxenites and more felsic syenites
to monzonites based on field observations of relative mafic mineral content, which is supported
by whole rock geochemistry. Pyroxenites have low SiO2 (33 to 43 wt.%), Al2O3 (3 to 9 wt.%),
Naz0 (0.2 to 1 wt.%), K20 (0.6 to 2 wt.%), and relatively high MgO (8 to 15 wt.%), FeO* (16 to
22 wt.%), CaO (17 to 20 wt.%), and TiO2 (0.9 to 1.7 wt.%) (Figure 2.2.1.1). Duckling Creek
‘syenites’ (sensu lato: including monzonites and syenites) are higher in SiO2 (52 to 70 wt.%),
AL O3 (14 to 20 wt.%), Na2O (3 to 6 wt.%), K20 (2 to 8 wt.%), and relatively low in MgO (0.4 to
3 wt.%), FeO* (2 to 11 wt.%), CaO (1 to 8 wt.%), and TiO2 (0.1 to 1.5 wt.%) (Figure 2.2.1.1).

Nearly all the Duckling Creek syenite samples have compositions plotting within the
shoshonitic field on the plot of SiO; versus K>O (Figure 2.2.1.2). Clinopyroxenite samples are
not plotted on this diagram, as the SiO, compositions are too low to be classified. On the TAS
diagram, the Duckling Creek intrusive suite rocks mainly plot within the alkaline field (Figure
2.2.1.3). ‘Syenite’ samples predominantly range from the monzodiorite to syenite fields, while
clinopyroxenites plot within the feldspathoidolite and peridotite gabbro compositional fields
(Figure 2.2.1.3). The syenites mainly plot as ferroan on the SiO; versus Fe* diagram, while the
pyroxenites are not classified due to their low SiO» contents (Figure 2.2.1.4). Syenites plot in the
alkalic field on the SiO; versus MALI diagram (Figure 2.2.1.6). However, like the Thane Creek
suite, on the AFM ternary plot, the Duckling Creek syenites plot as calc-alkaline, while the
pyroxenites classify as tholeiitic, as this plot was not designed to differentiate alkaline rocks
(Figure 2.2.1.5). Pyroxenites are distinctly metaluminous (ASI= 0.0-0.4), while syenites range
from metaluminous to slightly peraluminous (ASI= 0.6-1.1) (Figure 2.2.1.7).

Overall, rocks of the Duckling Creek intrusive suite range from ultramafic to
intermediate compositions and are predominantly characterized as alkaline, metaluminous, and

ferroan.

Osilinka suite

The Osilinka suite rocks have relatively narrow major element compositional variations.
Granites have high SiO; (67 to 75 wt.%), ALO;3 (14 to 19 wt.%), and NaxO (0.6 to 6 wt.%), and
low MgO (0.1 to 0.4 wt.%), FeO* (0.9 to 2.9 wt.%), TiO2 (~0.1 wt.%), and CaO (0.9 to 2 wt.%)
(Figure 2.2.1.1). Most Osilinka granite samples occur within the upper mid-K field on a plot of
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Si0; versus K>O (Figure 2.2.1.2). On the TAS diagram, the Osilinka samples plot within the
subalkaline and granite compositional fields (Figure 2.2.1.3). The Osilinka granites plot as
ferroan on the SiO; versus Fe* diagram (Figure 2.2.1.4). The Osilinka suite rocks are weakly
peraluminous (ASI= 1.0-1.2) (Figure 2.2.1.7), and predominantly classify as calc-alkalic on both
the SiO» versus MALI (Figure 2.2.1.6) and AFM plots (Figure 2.2.1.5).

Overall, the Osilinka suite rocks have felsic compositions, and are considered calc-

alkaline, weakly peraluminous, and ferroan.
Mesilinka suite

Plutonic rocks of the Mesilinka suite generally form a continuous range of major element
concentrations that span between tonalite and granite. Tonalites have the lowest SiO2 (62 to 72
wt.%) and K>O (0.9 to 2 wt.%), highest A0z (16 to 18 wt.%), MgO (0.6 to 3 wt.%), FeO* (2 to
5 wt.%), TiO2 (0.2 to 0.5 wt.%), and CaO (3 to 6 wt.%) (Figure 2.2.1.1). Equigranular granites
have relatively high SiO2 (68 to 76 wt.%) and Na,O (3 to 5 wt.%), moderate K>O (1 to 5 wt.%),
ALO;3 (13 to 16 wt.%), and low MgO (0.1 to 1 wt.%), FeO* (1 to 3 wt.%), TiO2 (0.04 to 0.4
wt.%), and CaO (0.7 to 4 wt.%) (Figure 2.2.1.1). The K-feldspar phenocrystic granite samples
have narrower major element concentration ranges compared to equigranular granite samples. K-
feldspar phenocrystic granites also have relatively high Si0; (68 to 69 wt.%) and Na,O (~4
wt.%), moderate K>O (~3 wt.%), Al2O3 (15 to 16 wt.%), and low MgO (0.6 to 1 wt.%), FeO* (2
to 3 wt.%), TiO2 (0.3 to 0.4 wt.%), and CaO (2 to 3 wt.%) (Figure 2.2.1.1).

The Mesilinka suite intrusive rocks predominantly fall within the mid-K field on a plot of
Si02 versus K20, but equigranular and K-feldspar phenocrystic granites range into the high-K
field (Figure 2.2.1.2). The Mesilinka plutonic rocks have compositions that generally fall within
the subalkaline field on the TAS diagram (Figure 2.2.1.3). Tonalite samples mostly plot within
the diorite and granodiorite fields, while both equigranular and K-feldspar phenocrystic granites
occur within the granodiorite and granite compositional fields (Figure 2.2.1.3). The tonalites and
K-feldspar phenocrystic granites classify as magnesian on the Fe* versus SiO; plot, while
equigranular granites classify as both magnesian and ferroan (Figure 2.2.1.4). On the AFM
ternary, all three Mesilinka suite lithologies plot as calc-alkaline (Figure 2.2.1.5). On the SiO>
versus MALI diagram, tonalites classify as calcic, K-feldspar phenocrystic granites classify as

calc-alkalic, and equigranular granites classify as calcic to weakly alkali-calcic (Figure 2.2.1.6).
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The Mesilinka tonalites plot across the metaluminous-peraluminous line (ASI=0.9-1.1), while
both equigranular granites (ASI= 1.0-1.3) and K-feldspar phenocrystic granites (ASI=1.0-1.1)

are weakly peraluminous (Figure 2.2.1.7).

Overall, Mesilinka suite rocks range in composition from intermediate to felsic, and are

considered predominantly calcic to calc-alkalic, weakly peraluminous, and magnesian to ferroan.
2.2.2 Minor and Trace Element Variation

Thane Creek suite

On chondrite-normalized rare earth element plots, the Thane Creek suite plutonic rocks
demonstrate low to moderate enrichment in LREE relative to HREE (Lan/Ybn: 1.2-4.6) in
hornblendites, and moderate enrichment (Lan/Ybn: 4.5-11) in diorites (Figure 2.2.2.1-2.2.2.2).
Hornblendite REE patterns are slightly concave downward to sigmoidal and diorite REE patterns
are concave upward. Hornblendite samples have moderate negative Eu-anomalies (Eu/Eun*=0.6-
1.0), whereas diorite samples have moderate negative to positive Eu-anomalies (Eu/Eun*=0.7-

1.4; Figure 2.2.2.1 and 2.2.2.3).

The Thane Creek hornblendites show negative Nb-Ta and Zr signatures on primitive-
mantle normalized trace element diagrams (Figure 2.2.2.4). Primitive-mantle normalized P and
Ti are variable, resulting in both negative and positive anomalies. Lead anomalies range from
absent to positive on normalised plots. Thane Creek diorites also display negative Nb-Ta
anomalies and absent to positive Pb anomalies. However, Zr anomalies range from negative to
positive and P and Ti are negative. Uranium and Th concentrations in Thane Creek plutonic
rocks are relatively low (Figure 2.2.2.5). Hornblendites have U concentrations from 0.1 to 0.5
ppm and Th concentrations from 0.2 to 1.0 ppm. ‘Diorites’ are slightly more enriched, with U
concentrations from 0.1 to 2.4 ppm and Th from 0.2 to 6.8 ppm. Thane Creek hornblendite
samples yield the greatest ranges in Cu, Ni, and Cr concentrations. Hornblendites have Cu
concentrations from <10 ppm (LOD) to 780 ppm, Ni concentrations from <10 ppm (LOD) to
110 ppm, and Cr concentrations from <10 ppm (LOD) to 340 ppm (Figures 2.2.2.6-2.2.2.8).
Thane Creek diorites are significantly less enriched in Cu, Ni, and Cr than hornblendites.
Diorites have Cu concentrations up to 220 ppm, Ni concentrations up to 30 ppm, and Cr

concentrations up to 70 ppm.
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Figure 2.2.2.1. Chondrite-normalized rare earth element (REE) plot (Sun and McDonough, 1989) of the
four Hogem batholith suites. The entire range of normalized REEs of the main phases within the suites are
shown in colour, while black lines indicate the signatures of individual samples used in later zircon
geochemical analyses.
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Figure 2.2.2.3. Whole rock chondrite-normalized Eu-anomalies versus SiO; (wt. %), Zr (ppm), Hf (ppm),
and Sr (ppm). Chondrite values from Sun and McDonough (1989). Data points outlined in black indicate
individual samples used in later mineral geochemical analyses. Eu/Eu* = Eux / (Smn*Gdn)®?.
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Figure 2.2.2.5. Whole rock Uranium and Thorium concentrations (ppm) versus SiO» (wt.%) for Hogem
batholith intrusive samples. Data points outlined in black indicate individual samples used in later mineral

geochemical analyses.
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Figure 2.2.2.6. Copper concentration (ppm) versus SiO; (wt.%) for Hogem batholith whole rock intrusive
samples. Limit of detection (LOD, 10 ppm) is indicated by the dashed grey line. Data points outlined in
black indicate individual samples used in later mineral geochemical analyses.
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Figure 2.2.2.7. Nickel concentration (ppm) versus SiO» (wt.%) for Hogem batholith whole rock intrusive
samples. Limit of detection (LOD, 10 ppm) is indicated by the dashed grey line. Data points outlined in

black indicate individual samples used in later mineral geochemical analyses.
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Figure 2.2.2.8. Chromium concentration (ppm) versus SiO» (wt.%) for Hogem batholith whole rock
intrusive samples. Limit of detection (LOD, 10 ppm) is indicated by the dashed grey line. Data points
outlined in black indicate individual samples used in later mineral geochemical analyses.
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Trace element ratios Zr/Y and Th/Yb were used as a more robust method to distinguish
calc-alkaline from tholeiitic rocks (Ross and Bedard, 2009). Thane Creek hornblendites plot as
tholeiitic, however, diorites form a trend across the tholeiitic, transitional, and calc-alkaline
fields, with the majority of samples plotting as calc-alkaline (Figure 2.2.2.9). This differs slightly
from the AFM results (Figure 2.2.1.5), which separated tholeiitic hornblendite samples from
calc-alkaline diorites. Thane Creek suite intrusive rocks predominantly fall within the volcanic
arc granite (VAG) field on tectonomagmatic trace-element discrimination diagrams (Figure
2.2.2.10; Pearce et al., 1984). Pearce discrimination diagrams were modified by Whalen and
Hildebrand (2019) to better discriminate granitoid rocks with Si0, compositions between 55 and
70 wt.% and to identify granitoids generated by slab break-off during subduction, referred to as
“slab failure”. On these modified discrimination diagrams, silica-rich Thane Creek diorite
samples predominantly plot within the field defined by plutonic rocks that result from “slab
failure”, or on the boundary between arc and slab failure fields (Figure 2.2.2.11). Thane Creek
hornblendite samples have SiO2 compositions below 55 wt.% and thus are not discriminated

using these plots.
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Figure 2.2.2.9. Trace element ratios Zr/Y versus Th/Yb results for the four Hogem batholith intrusive
suites. “Tholeiitic”, “Transitional”, and “Calc-alkaline” fields are from Ross and Bedard (2009). Data
points outlined in black indicate individual samples used in later mineral geochemical analyses.
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Figure 2.2.2.10. Tectonomagmatic discrimination diagrams (Pearce et al., 1984) for Hogem batholith
samples. Data points outlined in black indicate individual samples used in later mineral geochemical
analyses. WPG= within-plate granite, VAG= volcanic arc granite, ORG= ocean ridge granite, syn-COLG=

syn-collisional granite.
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Figure 2.2.2.11. Modified Pearce et al. (1984) tectonomagmatic discrimination diagrams for Hogem
batholith samples, with discriminant boundaries of Whalen and Hildebrand (2019). Transparent symbols
represent samples with less than 55 wt. % or greater than 70 wt. % SiO» and are not used for
discrimination. A-type indicates granitoids found in anorogenic settings. The Al field is interpreted
intraplate oceanic island and continental rift environments. The A2 field is interpreted as late stage
collisional or extensional collapse environments. The arc field designates typical subduction-generated
granitoids. Slab failure indicates granitoids generated by magmatism related to break off of the subducting
slab (Whalen and Hildebrand, 2019).
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Duckling Creek suite

The Duckling Creek suite samples have chondrite-normalized trace element patterns
similar to Thane Creek patterns. Clinopyroxenites have low to moderate enrichment in LREE
relative to HREE (Lan/Ybn: 2.7-11), and syenite samples have moderate enrichment (Lan/Ybn:
4.7-8.7) (Figures 2.2.2.1-2.2.2.2). Clinopyroxenite REE patterns are slightly concave downward
and diorite REE patterns are concave upward. Clinopyroxenite samples have slight negative Eu-
anomalies (Eu/Eun*=0.8-1.0), whereas syenites have positive Eu-anomalies (Eu/Eun*= 1.0-1.5;

Figures 2.2.2.1 and 2.2.2.3).

The Duckling Creek clinopyroxenites have negative Nb-Ta and Zr anomalies on
primitive mantle normalized trace element plots (Figure 2.2.2.4). Phosphorus and Ti anomalies
are variable, ranging from negative to positive, and Pb anomalies are absent. The Duckling
Creek syenites also display negative Nb-Ta signatures. However, Zr anomalies range from

negative to positive, P and Ti anomalies are negative, and Pb is positive.

Uranium and Th concentrations in the Duckling Creek plutonic rocks are relatively low
(Figure 2.2.2.5). Clinopyroxenites have U concentrations from 0.02 to 0.3 ppm, while ‘syenites’
range from 0.3 to 1.2 ppm. Th concentrations range from 0.03 to 1.7 ppm in clinopyroxenites

and from 0.6 to 2.2 ppm in ‘syenites’.

The Duckling Creek intrusive samples have intermediate Cu, Ni, and Cr concentrations
relative to the Thane Creek suite. Pyroxenites have Cu concentrations up to 70 ppm, Ni
concentrations from 30 ppm to 160 ppm, and Cr concentrations up to 160 ppm (Figure 2.2.2.6-
Figure 2.2.2.8). The Duckling Creek syenites are more enriched in Cu and less enriched in Ni
and Cr than pyroxenites. Syenites have Cu concentrations up to 90 ppm and Ni and Cr

concentrations <10 ppm.

On the Zr/Y versus Th/Yb plot, the Duckling Creek clinopyroxenites classify as
tholeiitic, while the syenites predominantly plot within the transitional field (Figure 2.2.2.9).
This differs slightly from the AFM results (Figure 2.2.1.5), which separate tholeiitic
clinopyroxenite samples from calc-alkaline syenites. However, neither of these plots were

designed to differentiate alkaline rocks.
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The Duckling Creek suite intrusive rocks predominantly classify within the VAG field on
all Pearce et al. (1984) tectonomagmatic trace-element discrimination plots (Figure 2.2.2.10). On
modified Pearce discrimination diagrams (Whalen and Hildebrand, 2019), silica-rich Duckling
Creek syenites predominantly plot within the “slab failure” field (Figure 2.2.2.11). The Duckling
Creek clinopyroxenites have Si0; compositions below 55 wt.%, so these samples are not

discriminated using these plots.
Osilinka suite

The Osilinka granite samples are relatively depleted in chondrite-normalized REEs and
have slight enrichment in LREE relative to HREE (Lan/Ybn: 3 to 15; Figures 2.2.2.1-2.2.2.2).
Europium-anomalies in the Osilinka granites range from slightly negative to positive (Eun/Eu*=
0.9 to 1.9; Figures 2.2.2.1 and 2.2.2.3). On primitive-mantle normalized trace element plots
(Figure 2.2.2.4), the Osilinka granites show negative Nb-Ta, P, and Ti anomalies. Zirconium and

Pb anomalies are positive.

The Osilinka granites have anomalously low U and Th contents, with U concentrations
ranging from 0.1 to 0.6 ppm and Th from 0.1 to 0.7 ppm (Figure 2.2.2.5). Additionally, the
Osilinka suite granites are the least Cu, Ni, and Cr enriched samples, with only one sample above

the LOD (Figures 2.2.2.6 and 2.2.2.8).

On the Zr/Y versus Th/YD plot, the Osilinka granites plot within the calc-alkaline field
(Figure 2.2.2.9), consistent with the AFM plot classification (Figure 2.2.1.5).

On tectonomagmatic trace-element discrimination diagrams (Pearce et al., 1984; Figure
2.2.2.10), the Osilinka suite granite samples predominantly plot within the VAG field on all
plots. Only two Osilinka suite granite samples have Si02 compositions between 55 and 70 wt.%,
the range used to discriminate granitoids on modified Pearce discrimination diagrams (Whalen
and Hildebrand, 2019). These two samples occur within the “slab failure field” (Figure 2.2.2.11);
However, caution should be used in discriminating these samples, as they may represent “S-
type” granites, which the authors warn may share trace element characteristics (high La/Yb,
Nb/Y) with granites plotting within the “slab failure” discrimination field (Whalen and
Hildebrand, 2019). The Sr/Y ratio may be used as a rough discriminator between slab failure

granitoids (>20) and S-type granites (<20), however, this parameter is also not definitive, as Sr is
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fluid mobile (Whalen and Hildebrand, 2019). The Osilinka suite granites have St/Y ratios of
approximately 100 to 900 ppm, indicating these granites may be “S-type” and not slab failure

granites.
Mesilinka suite

Chondrite-normalized trace element patterns of the Mesilinka plutonic rocks demonstrate
low to high enrichment in LREE relative to HREE in tonalites (Lan/Ybn: 3.6-36) and
equigranular granites (Lan/Ybn: 5.5-44), and high enrichment (Lan/Ybn: 30-48) in K-feldspar
phenocrystic granites (Figures 2.2.2.1-2.2.2.2). The Mesilinka REE patterns are concave upward
to steeply negatively sloped. Tonalites have slight negative to slight positive Eu anomalies
(Eun/Eu*= 0.9 to 1.2), while equigranular granites have a larger range between moderately
negative and positive Eu anomalies (Eun/Eu*= 0.6 to 1.4). K-feldspar phenocrystic granites

generally lack an Eu-anomaly (Eun/Eu*= 0.9 to 1.0; Figures 2.2.2.1 and 2.2.2.3)

On primitive-mantle normalized trace element plots, the Mesilinka tonalites, equigranular
granites, and K-feldspar phenocrystic granites show negative Nb-Ta, P, Ti and positive Pb
anomalies (Figure 2.2.2.4). Zirconium anomalies are positive in tonalites, absent to positive in

equigranular granites, and negative in K-feldspar phenocrystic granites.

The Mesilinka suite plutonic rocks have the most enriched U and Th in the Hogem
batholith (Figure 2.2.2.5). Tonalites have the lowest U and Th contents in the suite, with U
concentrations from 1.0 to 2.9 ppm and Th from 1.9 to 9.5 ppm. Equigranular granites have U
ranging from 1.3 to 10.8 ppm and Th from 2.0 to 23 ppm. K-feldspar phenocrystic granites have
U concentrations from 3.3 to 8.0 ppm and Th from 8.9 to 21 ppm.

The Mesilinka suite samples have less enriched Cu, Ni, and Cr concentrations relative to
the Thane Creek and Duckling Creek suites. Tonalites have Cu concentrations up to 40 ppm, Ni
concentrations up to 60 ppm, and Cr concentrations up to 70 ppm (Figures 2.2.2.6 and 2.2.2.8).
Mesilinka suite granites are less enriched in Cu, Ni, and Cr than the tonalites. Equigranular
granites have Cu concentrations up to 20 ppm, Ni concentration < 10 ppm, and Cr up to 30 ppm.
K-feldspar phenocrystic granites have Cu concentrations up to 40 ppm, Ni concentration < 10

ppm, and Cr up to 40 ppm.
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On the Zr/Y versus Th/YDb plot, all the Mesilinka tonalites and granites plot within the
calc-alkaline field (Figure 2.2.2.9), which does not differ from the AFM results (Figure 2.2.1.5).

On tectonomagmatic trace-element discrimination diagrams (Pearce et al., 1984; Figure
2.2.2.10), the Mesilinka suite rocks predominantly plot within the VAG field. On the Yb versus
Ta discrimination diagram, a portion of the Mesilinka samples fall within the syn-collisional
granite (syn-COLG) field. In contrast, the majority of the Mesilinka suite rocks plot within the

slab failure field on modified Pearce discrimination diagrams (Figure 2.2.2.11).
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3 Mineral Geochronology and Geochemistry

3.1 Analytical Methods

3.1.1 Grain Mount Preparation

Preparation for mineral geochemistry was completed at University of Alberta.
Approximately 500 to 1000 grams of sample, with more material for coarser-grained samples,
were cut into several centimetre-sized pieces using a diamond blade rock saw. These were
disaggregated using the electronic pulse disaggregation system in the SELFRAG laboratory in
the Canadian Centre for Isotopic Microanalysis (CCIM), University of Alberta, which fragments
samples along grain boundaries to yield high quality mineral separates. The mineral separates
were dried in a 20°C oven over night, or until dry, then sieved to pass 355 um mesh to remove
the coarser portion. The fine-grained fraction was panned to separate high density minerals, and
this portion was then dried again in a 20°C oven over night, or until dry. A hand-held magnet
was used to remove magnetic grains from the high-density mineral separates. The remaining
grains were then examined using a stereoscope to select apatite, titanite, and zircon grains for
epoxy mounting. Zircon separates from the 2018 batch of samples were picked by L. Ootes

(British Columbia Geology Survey) and Dr. R. Friedman at the University of British Columbia.

Zircon grain mounts were prepared by the author, Dr. R. Stern, and R. Dokken at the
CCIM, University of Alberta. Apatite and titanite grain mounts were prepared by the author and
Mark Labbe at the Thin Section Laboratory, Department of Earth and Atmospheric Science,
University of Alberta. Minerals were selected and placed onto a mount stage using fine-tipped
tweezers, then set with epoxy resin within 25 mm round moulds. Once the epoxy was set, the
minerals were polished using diamond grits to expose the grain mid-sections, while using a

reflected microscope periodically to check the exposure of the grains.
3.1.2 SIMS Oxygen Isotope Analysis

Oxygen isotope ('¥0/'°0) data for zircon was collected by secondary ion mass-
spectrometry (SIMS), and this was completed first in the workflow cycle (Figure 1.6.1), asitis a
non-destructive process. Zircon mounts (M1533, M1579, and M1623) were first coated with 25

nm of Au, then imaged using a Zeiss EVO MA15 scanning electron microscope (SEM) equipped
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with cathodoluminescence (CL) and backscattered electron (BSE) detectors. Beam conditions
were 15kV and 3-5 nA sample current. Following SEM imaging and before SIMS analysis, a
further 100 nm of Au was coated on the grain mount. Zircon grains and individual spots were
selected using CL and BSE images of the grains. Grains or zones with fractures, alteration, or
metamictization were avoided as these may not yield representative '30/!°O signatures. Most
zircons from the Hogem batholith display oscillatory zoning and commonly magmatic cores,
while inherited cores are less common. When possible, multiple analytical spots were selected

for both the core and rim of a single zircon grain.

¥0/1%0 compositions were measured on 488 spots on 397 zircon grains using a Cameca
IMS 1280 multicollector ion microprobe. Analytical procedures followed those of Stern (2020).
A 133Cs* beam was operated using an impact energy of 20 keV and beam current of
approximately 2.0 nA. Prior to data acquisition, the 10 pm diameter was rastered (20 x 20 pm)
for 30 seconds, over an area of 5 x 5 pm during analysis. The normal incidence electron gun was
used for charge compensation. Negative secondary ions were extracted through 10 kV into the
secondary (transfer) column. Transfer conditions included a 122 pum entrance slit, a 5 x 5 mm
pre-ESA (field) aperture, and 100x (MA80) sample magnification at the field aperture,
transmitting all regions of the sputtered area. No energy filtering was employed. The
mass/charge separated oxygen ions were detected simultaneously in Faraday cups L’2 (1°0") and
H’2 (*0") as mass resolutions (m/Am at 10%) of 1950 and 2250, respectively. Secondary ion
count rates for 0" and '*0" were approximately 2x10° and 4x10° counts per second using 10'° Q
and 10'' Q amplifier circuits, respectively. Faraday cup baselines were determined at the
beginning of the analytical run. A single analysis took 240 s in total, including pre-analysis

rastering, automated secondary ion tuning, and 75 s of continuous peak counting.

Oxygen isotope results were presented as 8'*Ovsmow and reported in permille, %o,

calculated as follows:

("*0/"®*OsampLE) )
(IKO/IOOVSMOW) -1 XlOOO)

3"80vsmow= (

where %0/'°Ovsmow = 0.0020052 (Baertschi, 1976).

Instrumental mass fractionation (IMF) was monitored by repeated analysis of the zircon

primary reference material (S0081 with 8'®Ovsmow = +4.87%o; R. Stern, unpublished laser
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fluorination data, University of Oregon), once after every four unknowns. Additionally, a
secondary zircon reference material, TEM2 (8'30vsmow = +8.2%o; Black et al., 2004) was
analyzed after every 12 unknowns (Table 3.1.2.1). The collective '*O7/!°0O" data for S0081 for the
single analytical session resulted in a standard deviation of 0.08%o., after correction for
systematic within-session drift of +1.5%o. Uncertainties in §'®Ovsmow of individual spots for the
unknowns have a median of £0.20%. at 95% confidence, including errors relating to within-spot
counting statistics, between-spot (geometric) effects, and correction for IMF. Results for multiple
spots on multiple grains of the secondary reference material (TEM2) yield a weighted mean of

5180 within uncertainty to the accepted value (Figure 3.1.2.1).
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Table 3.1.2.1. Summary of SIMS weighted mean 6180VSMOW results for zircon reference material TEM2.

18 : : .
Sample Session Date 6*°0Ovsmow weighted No. analyses; Difference from

run mean, %o (2SE) MSWD; p(x?) accepted (%o)

18lo11-1
18lo12-7
18lo017-1 1 February 2019 8.19+0.04 20/21; 0.47; 0.97 0.01
18l020-4
18l025-2a

18l022-1a
19GJ12-1
19GJ12-4 2 December 2019 8.2010.04 24/26; 0.69; 0.86 0.00
19GJ13-3
19GJ13-5a

18lo022-1d

19GJ16-2 3 September 2020 8.27+0.05 18/19; 0.77; 0.73 0.07
19GJ12-3
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Figure 3.1.2.1. SIMS §'%0 results for secondary zircon reference material TEM?2. The grey line indicates the
published RM 8'#0vsmow value (+8.2%o; Black et al., 2004).
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3.1.3 Zircon U-Pb Isotopes Geochronology LA-ICP-MS

Uranium-lead isotopes of zircon grains were determined following oxygen isotope
(section 3.1.2) analyses on the same grains. Zircon U-Pb isotope data were collected using laser
ablation coupled plasma mass spectrometry (LA-ICP-MS) with a RESOlution 193 nm ArF
excimer laser, equipped with a 2-volume Laurin-Technic S-155 ablation cell, coupled with a
Thermo Fisher Scientific Element II-XR single collector (SC)-sector field (SF)-ICP-MS at the
University of Alberta in the Arctic Resources Geochemistry Laboratory. Analytical points were
determined from CL and BSE images as described in section 3.1.2, and U-Pb spots were
positioned on top of shallow SIMS analysis pits. A 33 um (session 1-3), 40 um (session 4), or 23
pum (session 5) diameter laser spot size was ablated using settings of 35 to 50 s of ablation, 50 s
of background and washout, 6 Hz repetition rate, 120 mJ laser energy, 11%T attenuator value,
and ca. 1.8 J/cm? fluence, measured at the ablation site. Masses 202, 204, 206, 207, 208, 232,
and 238 were measured. Uranium-235 was calculated from **U results and the *%U/>°U
isotopic ratio (Jaffey et al., 1971). Data was processed and reduced offline using the Iolite
version 3 software package (Paton et al., 2010; Paton et al., 2011), using the data reduction
scheme (DRS) “X U Pb_Geochron”. The decay constants of 2*°U (9.485 x 1071? year'!), 23U
(1.55125 x 10 year!) and the 2*8U/?*°U isotopic ratio (137.88) used in age calculations are from
Jaffey et al. (1971).

No common Pb correction was applied to the data. The 2°°Pb/2**Pb ratio in the unknown
zircons ranged from 200 to 1800000. The presence of significant common Pb in individual
zircon analyses was indicated by calculating f***Pby, in which the 2°°Pb/?**Pb ratio was calculated
using the method of Stacey and Kramers (1975) and divided by the measured 2°°Pb/***Pb ratio
for each analysis (e.g., Vezinet et al., 2018). Measured 2**Pb was corrected for 2**Hg interference
by subtracting the counts per second (cps) of 2“?Hg multiplied by the natural ratio of 2°*Hg to
202Hg (6.87/29.86; Rosman and Taylor, 1998) from the cps of 2%/Pb. Zircon with 2°Pby results

>1% were not included in age calculations.
f206Pbc % = [(206Pb/ 204Pb)Stacey & Kramers, 1975 / (206Pb/ 2041)b)measured] *100

Possible lead loss in zircon was determined by calculating the total alpha dose of single

zircons, using U-Pb isotope analysis results and the equations of Murakami et al. (1991).
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Total alpha-dose = 23U alpha-dose + 2*°U alpha-dose + ?**Th alpha-dose, in which:

238U alpha-dose = 8*(U ppm)*isotopic abundance 2*8U) *10e6*(6.022¢**/ mass of

238U)*(e(k238U*age of zircon)_ 1 )

235U alpha-dose = 7*(U ppm)*natural ratio 2>3U/2*8U)*10e%*(6.022¢**/ mass of

235U) *(e(k235U*age of zircon)_ 1 )

232Th alpha-dose = 6*Th(pm) *10e*(6.022e%/ mass of 232Th)*(e*232Th*age of zircon)_1y

Zircon with a total alpha-dose greater than 3x10'> a-decay events/mg indicates stage II
zircon damage to the crystal structure may have occurred (Murakami et al., 1991). During stage
II zircon damage, fluid mobile elements, including Pb, can be lost or gained from the crystal
structure, which may affect the U-Pb isotopic ratios. Zircon analyses with total alpha-dose
greater than 3x10'° a-decay events/mg were not used to filter data from weighted mean and
concordia age calculations but were used to assess these age results. Only three intrusive samples

(19GJ12-4, 181025-2a, 19GJ12-3) had zircons with total alpha-dose >3x10'° a-decay events/mg.

Zircon grains with >5% discordance, determined using the individual zircon 2*°Pb/***U
and 2°7Pb/**U ages, were rejected from intrusive sample age weighted means. In addition to U-
Pb data filters, the internal structures of zircon were examined using CL and BSE images
(Appendix C). Xenocrystic or antecrystic cores were identified by the degree of roundness and
crosscutting growth zones, and these grains were not used toward calculating sample ages.
Zircon grains with suspect age results (significantly younger or older than the main population)
that passed the initial data filters were further filtered using trace element concentrations (section
3.1.5) of Ca >300 ppm, Fe >300 ppm, Ti >20 ppm, and La >1 ppm. Concentrations over these
values may indicate altered zircon domains, or growth zones with mineral inclusions, which may
affect the interpreted age of the sample. After data filtering, individual zircon 2%°Pb/?*3U ages
were used to calculate a weighted mean °Pb/?*U age for each sample. Zircon **’Pb/?*°U and
206pp/238U ratios were used to determine concordia ages. Weighted means and concordia plots
were created using IsoplotR online (Vermeesch, 2018). All reported isotope ratios and age
uncertainties are reported as 2¢ standard error, or 95.4% confidence level, propagated by

quadratic addition.
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Uranium-lead isotopes of standard zircon reference material were determined throughout
three analytical sessions. Three zircon reference materials were analyzed after every six analyses
of unknowns. The zircon 91500 (Wiedenbeck et al., 1995, 2004) was used as the primary
calibration reference material to monitor analytical reproducibility, U-Pb fractionation, and
instrument drift during each analytical run. The Plesovice, 94-35, and Mud Tank zircons (Slama
et al., 2008; Klepeis et al., 1998; Gain et al., 2019) were used as secondary validation reference
materials to monitor the accuracy of the primary correction. In sequence 5, PleSovice was used as
the primary calibration reference material, as this yielded lower propagated U-Pb ratio analytical
uncertainties. The weighted mean 2°°Pb/?*8U age results for the primary and secondary zircon
reference materials were compared to the accepted values and summarized in Table 3.1.3.1-

3.1.34.

The LA-ICP-MS 2%Pb/?*8U dates determined on calibration material 91500 agreed within
uncertainty of the published weighted 2°°Pb/***U age of 1062.4+0.8 Ma (ID-TIMS, 2c;
Wiedenbeck et al., 1995) for three analytical runs (Figure 3.1.3.1; Table 3.1.3.1).
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Table 3.1.3.1. Summary of LA-ICP-MS weighted 2*°Pb/>**U date results for primary zircon reference material 91500.

206ph /238y date

No. analyses;

Difference from

Sample run | Session Date weighted mean (2SE) MSWD; p(2) accepted age (%)
19GJ13-3 1 Feb. 19, 2020 1062.3+1.5 19/19; 0.22; 1.00 0.01
18lo22-1a

+ . .

19GJ13-53 2 Feb. 19, 2020 1062.2+3.6 27/27; 0.87; 0.65 0.02

19GJ12-1

+ . .
19GJ12-4 3 Feb. 20, 2020 1062.4+2.3 27/27;0.52; 0.98 0.00
18l022-1d 4 Mar. 25, 2021 1062.3+2.4 15/15; 0.39; 0.98 0.01
19GJ12-3

+ . .
19GJ16-2 5 Mar. 26, 2021 1060.7+3.5 24/24;0.99; 0.47 0.16
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Figure 3.1.3.1. LA-ICP-MS 2%Pb/*33U age results for primary calibration zircon reference material 91500.
The grey line indicates the published RM age (1062.4+0.8 Ma; Wiedenbeck et al., 1995).
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The LA-ICP-MS 2%Pb/?*8U dates determined on validation material 94-35 agreed within
uncertainty with the published concordia age of 55.5+1.5 Ma (ID-TIMS, 2c; Klepeis et al., 1998)
for three analytical runs (Figure 3.1.3.2; Table 3.1.3.2). The 94-35 2°Pb/?*8U dates yield less

than 1% differences from the accepted age.
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Table 3.1.3.2. Summary of LA-ICP-MS weighted 2°°Pb/?*8U date results for zircon reference material 94-35.

206ph/238y date

No. analyses; MSWD;

Difference from accepted

Sample run | Session Date weighted mean (25E) o07) e (%)
19GJ13-3 1 Feb. 19, 2020 55.1+0.5 8/10; 1.9; 0.073 0.73
18l022-1a

+ . .

19GJ13-5a 2 Feb. 19, 2020 55.9+0.5 15/15; 1.02; 0.42 0.72

19GJ12-1
+ . .
19GJ12-4 3 Feb. 20, 2020 55.9+0.4 13/13; 1.01; 0.44 0.72
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Figure 3.1.3.2. LA-ICP-MS 2%Pb/>*3U age results for zircon reference material 94-35, analysed as a
secondary standard. The grey line indicates the published RM age (55.5+1.5 Ma; Klepeis et al., 1998). Blue

bars indicate analyses rejected from the weighted mean.

76



The validation material Plesovice yielded elevated 2°Pb/**®U ratios, resulting in
206ph/2381 dates older than the published age of 337.13+0.37 Ma (ID-TIMS, 2c; Slama et al.,
2008) for four analytical runs (Figure 3.1.3.3; Table 3.1.3.3). Analytical session 1 yielded a
spread in Plesovice 2°Pb/>**U dates resulting in a high MWSD and a ~1.5-2% difference from
the accepted age. The difference in the measured 2°°Pb/>*8U ratios and ages from the accepted
values may be attributed to heterogeneity in the PleSovice RM (e.g., Horstwood et al., 2016;
Widmann et al., 2019). Although the results are older relative to the published age, the mean

Plesovice dates are consistent between the analytical sessions.
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Table 3.1.3.3. Summary of LA-ICP-MS weighted 2°°Pb/?**U date results for zircon reference material PleSovice.

Sample . 206ph /238y date weighted No. analyses; MSWD; Difference from
Session Date )
run mean (2SE) p(x?) accepted age (%)
19GJ13-3 1 Feb. 19, 2020 344.310.8 16/16; 6.4; 0.006 2.13
18l022-1a
+ . .
19GJ13-53 2 Feb. 19, 2020 344.5+1.6 15/15; 0.39; 0.98 2.14
19GJ12-1
+ . .
19G)12-4 3 Feb. 20, 2020 342.4+0.9 24/24; 1.33; 0.13 1.45
18l022-1d 4 Mar. 25, 2021 341.1+1.0 14/14;0.83; 0.63 1.18
19GJ12-3
+ . .
19G)16-2 5 Mar. 26, 2021 337.1+1.1 21/21;0.69; 0.84 0.01
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Figure 3.1.3.3. LA-ICP-MS 2%Pb/?*8U age results for zircon reference material PleSovice, analysed as a
secondary standard. The grey line indicates the published RM age (337.13+£0.37 Ma; Slama et al., 2008).
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Figure 3.1.3.3 continued.
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The validation material Mud Tank yielded low 2*°Pb/?*8U ratios, resulting in 2°°Pb/?*3U
dates younger than the published age of 731.0+0.2 Ma (LA-ICP-MS, 2c; Gain et al., 2019) for
two analytical runs (Figure 3.1.3.4; Table 3.1.3.4). Analytical session 4 and 5 yielded Mud Tank
206pb/238U dates ~3.0 to 4.5% younger than the accepted age. Although the results are younger
relative to the published age, the Mud Tank dates are consistent, indicated by low MSWDs of the

means.
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Figure 3.1.3.4. LA-ICP-MS 2%Pb/?*8U age results for zircon reference material Mud Tank, analysed as a
secondary standard. The grey line indicates the published RM age (731.0+0.2 Ma; Gain et al., 2019).
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Table 3.1.3.4. Summary of LA-ICP-MS weighted 2°°Pb/238U date results for zircon reference material Mud Tank.

Sample . 206ph /238y date No. analyses; Difference from
Session Date . 2
run weighted mean (2SE) MSWD; p(x?) accepted age (%)
18l022-1d 4 Mar. 25, 2021 708.41£2.9 9/9; 1.00; 0.43 3.09
19GJ12-3
+ . .
19GJ16-2 5 Mar. 26, 2021 698.315.5 11/11;0.97;0.43 4.47
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3.1.4 Zircon Lu-Hf Isotopes LA-ICP-MS

Lutetium-hafnium isotopes in zircon were analyzed by multi-collector (MC) LA- ICP-
MS in the Arctic Resources Laboratory at the University of Alberta. The same zircon grains used
for oxygen isotope (section 3.1.2) and U-Pb isotope (section 3.1.3) analyses were used for Lu-Hf
isotope analysis, and the same analytical spots or magmatic zones were sampled. The same laser
ablation system used for U-Pb isotope analyses (section 3.1.3) was utilized for Hf isotope
analysis and coupled with a Thermo Fisher Scientific Neptune Plus MC-SF-ICP-MS using
multiple Faraday detectors with 10'! Q amplifiers operating in static collection mode. Masses
172,173,175, 176, 177, 178, 179, 180, and 181 were measured. A 33 pm diameter laser spot
size was ablated using settings of 60 s of ablation, 60 s of background and washout, 8 Hz

repetition rate, 120 mJ laser energy, 44%T attenuator value, and ca. 6.5 J/cm?.

Data was processed and reduced offline using the Iolite version 3 software package
(Paton et al., 2010; Paton et al., 2011), using the data reduction scheme (DRS) “Hf Alberta”.
Due to the interferences of 7°Yb and '7®Lu on "SHf, a two-step correction was necessary to
determine accurate Hf isotopic ratios. The Yb-mass bias factor (BYb) was determined using the
peak-stripping method, by measuring the ratio of two interference-free isotopes of Yb,
12Yb/'Yb (Woodhead et al., 2004; Fisher et al., 2011), and calculated using the exponential
mass fractionation law described in Russell et al. (1978). The measured '7°Yb/!*Yb was
iteratively calibrated to optimize the Yb-interference correction, monitored by zircon reference
materials with variable Yb contents (91500, MUN1, MUN3). The Lu interference correction was
calculated in the same manner as the Yb interference, assuming Lu behaves similarly to Yb,

using the '"®Lu/!""°Lu ratio (e.g., Vezinet et al., 2018).

The corrected 7°Hf/!""Hf results of unknowns were converted to eHf(t), which is the
6Hf/'7THf ratio of at the time of crystallization (t) relative to the 7*Hf/!”’Hf ratio of the

chondritic uniform reservoir (CHUR):

("7SHf/'T"HfsampLE())

TR 1) %10000, in which:

eHf(o)- (
176Hf/177Hf(t): 176Hf/177Hf(measured) _ 176Lu/177Hf X e[()»176Lu xt)- 1]’

and A'7°Lu=1.867x10"!! (Séderlund et al., 2004).
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The time of crystallization used in the eHf(t) for individual zircon analyses was either the single
zircon 2%°Pb/?*U age, or the interpreted crystallization age of the sample if a single zircon age
was not available. Uncertainties on eHf(t) values were propagated using the calculations of Ickert

(2013).

Hafnium isotopes of standard zircon reference material were determined throughout three
analytical sessions. Four zircon reference materials were analyzed after every seven to twelve
unknown analyses. The natural zircon PleSovice (Slama et al., 2008) was used as the primary
calibration reference material to monitor analytical reproducibility, Hf fractionation, and
instrument drift during each analytical run. The natural zircon 91500 (Wiedenbeck et al., 1995;
Blichert-Toft, 2008) and synthetic zircons MUN1 and MUN3 (Fisher et al., 2011) were used as
secondary reference materials to verify the accuracy of the calibration. The weighted mean
76H£/177Hf results for the primary and secondary zircon reference materials were compared to

the accepted values and summarized in Tables 3.1.4.1-3.1.4.4.

The mean LA-MC-ICP-MS '"°Hf/"7"Hf results of Plesovice for each analytical run (Table
3.1.4.1; Figure 3.1.4.1) agreed with published LA-ICP-MS and solution '7*Hf/!""Hf results
(0.282482:13 (26): Slama et al., 2008).
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Table 3.1.4.1. Summary of LA-ICP-MS weighted '7*Hf/""’Hf ratio results for zircon reference material PleSovice.

samble run | Session Date 176Hf/77Hf weighted No. analyses; Difference from accepted
i mean (2SE) MSWD; p(x*) 176Hf/277HE (ppm)
18l022-1a
+ . .
19GJ12-1 1 Aug. 22, 2020 0.282482+0.000005 24/24; 1.33;0.13 0
19GJ12-1
+ . .
19GJ12-4 2 Aug. 22, 2020 0.282482+0.000008 12/12;0.12; 1.00 0
19GJ12-4
19GJ13-3 3 Aug. 23, 2020 0.282482+0.000005 27/27;1.21;0.22 0
19GJ13-5a
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Figure 3.1.4.1. LA-ICP-MS ""°Hf/'"Hf ratio result for primary calibration zircon reference material
Plesovice. The grey line indicates the published RM value (0.282482+13; Slama et al., 2008).
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The mean LA-MC-ICP-MS ""SHf/!""Hf results of 91500 for each analytical run (Table
3.1.4.2; Figure 3.1.4.2) agreed with published solution '"®Hf/"’"Hf results (0.282308+6 (20);
Blichert-Toft, 2008). The measured 91500 '7°Hf/'7"Hf ratios yield a less than a 35 ppm

difference from the accepted ratio, on average.
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Table 3.1.4.2. Summary of LA-ICP-MS weighted !7®Hf/'7’Hf ratio results for zircon reference material 91500.

sample run | Session Date 1764£/177Hf weighted No. analyses; Difference from accepted
mean (2SE) MSWD; p(x?) 176H£/177Hf (ppm)

18l022-1a 1 Aug. 22,2020 |  0.282301+0.000010 14/14; 1.23; 0.25 25

19GJ12-1 ! : = y 1.43; U.

12211;:‘11 2 Aug. 22, 2020 0.282307+0.000015 6/6; 1.38; 0.23 4

19GJ12-4

19GJ13-3 3 Aug. 23, 2020 0.282298+0.000009 18/18; 0.83; 0.66 35

19GJ13-53
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Figure 3.1.4.2. LA-ICP-MS ""*Hf/'""Hf ratio results for zircon reference material 91500, analysed as a
secondary standard. The grey line indicates the published RM value (0.282308+6; Blichert-Toft., 2008).
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The mean LA-MC-ICP-MS ""®Hf/!"Hf results of synthetic zircons MUN1 and MUN3 for
each analytical run (Tables 3.1.4.3 and 3.1.4.4; Figures 3.1.4.3 and 3.1.4.4) agreed with
published solution 7Hf/!""Hf results (0.282135+7 (20); Fisher et al., 2011). The measured
MUNI and MUN3 7°Hf/!""Hf ratios yielded less than a 50 ppm difference from the accepted

ratios, on average.
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Table 3.1.4.3. Summary of LA-ICP-MS weighted '7*Hf/'7’Hf ratio results for synthetic zircon reference material MUNI.

samble run | Session Date 176Hf/77Hf weighted No. analyses; Difference from accepted
P mean (2SE) MSWD; p(x?) 176H£/177Hf (ppm)
18l022-1a
+ : .
19GJ12-1 1 Aug. 22, 2020 0.282132+0.000009 9/9; 1.34;0.22 11
19GJ12-1
+ : .
19GJ12-4 2 Aug. 22,2020 | 0.282128%0.000018 3/3;0.97;0.38 25
19GJ12-4
19GJ13-3 3 Aug. 23, 2020 0.282132+0.000009 9/9; 1.34;0.22 11
19GJ13-5a

Table 3.1.4.4. Summary of LA-ICP-MS weighted '7®Hf/'7"Hf ratio results for synthetic zircon reference material MUN3.

samble run | Session Date 176Hf/77Hf weighted No. analyses; Difference from accepted
P mean (2SE) MSWD; p(x?) 76H£/177Hf (ppm)
18l022-1a
+ . .
19GJ12-1 1 Aug. 22,2020 | 0.282149+0.000012 8/8; 1.85; 0.07 50
19GJ12-1
+ : .
19GJ12-4 2 Aug. 22,2020 | 0.282131+0.000024 3/3;0.26; 0.77 14
19GJ12-4
19GJ13-3 3 Aug. 23, 2020 | 0.282144 +0.000012 9/9; 0.95; 0.47 32
19GJ13-5a
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Figure 3.1.4.3. LA-ICP-MS "SH{/'"7Hf ratio results for synthetic zircon reference material MUNI1,
analysed as a secondary standard. The grey line indicates the published RM value (0.282135=+7; Fisher et

al., 2011).
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Figure 3.1.4.4. LA-ICP-MS "SH{/'"7Hf ratio results for synthetic zircon reference material MUN3,
analysed as a secondary standard. The grey line indicates the published RM value (0.282135+7; Fisher et
al., 2011).
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3.1.5 Zircon Trace Element LA-ICP-MS

Trace elements in zircon were analyzed by LA-SC-SF-ICP-MS using the same laser
ablation and ICP-MS configuration as used for U-Pb isotope analysis, described in section 3.1.2.
The same zircon grains used for oxygen isotope (section 3.1.2), U-Pb isotope (section 3.1.3), and
Hf isotope (section 3.1.4) analyses were used for trace element analysis, and the same analytical
spots or growth zones were sampled. A portion of the samples were analyzed for Hf isotopes
prior to trace element analysis, while the other portion was analyzed for trace elements first.
Concentrations for twenty-nine elements were acquired: *'P, ¥*Ca, *Sc, **Ti, **Mn, >'Fe, %Y,
SNb, 137Ba, 1PLa, 140Ce, '!Pr, 146Nd, '¥Sm, 'SEu, '57Gd, 'Tb, '©*Dy, '®Ho, 'Er, ' Tm,
172yb, 15Lu, 1"7Hf, 181Ta, 232Th, 2%4Pb, 2°*Pb, and 2*3U. Samples were ablated for 40 or 50s, using
a 33um or 50 um laser beam diameter, 60s of background and washout, 10 Hz repetition rate,

120m1J laser energy, 26%T attenuator value, and fluence of ca. 3.5 J/cm?.

Data was processed and reduced offline using the Iolite version 4.3.7 software package
(Paton et al., 2010; Paton et al., 2011), using the DRS “Trace Elements” (Longerich et al., 1996).
Trace element reference materials were analyzed between every 8-10 unknowns. Glass standard
reference material (SRM) NIST 612 was used as the primary calibration standard. NIST SRM
614 and zircon 91500 were used as secondary verification standards to monitor accuracy,
instrumental drift, and matrix effects. The stoichiometric 2°Si content in zircon (15.32 wt.%) was
used as an internal standard. Limits of detection (LOD= 3.29¢ blank; Currie, 1968) were
calculated in Iolite using the calculation of Pettke et al. (2012), based on Poisson statistics. For
data to be quantitative it must exceed the limit of quantification (LOQ= 10c blank; Currie,
1968), which was calculated and reported for each analysis. If unknown results were below the
LOQ, but above LOD, the result for that analytical point was replaced with 0.5*LOQ in order to
be plotted.

Table 3.1.5.1 summarizes the average concentration, uncertainty, LOD, and LOQ results
for the three RMs, compared to accepted values. The NIST 612, NIST 614, and zircon 91500
reference values are from preferred GeoReM values (GeoReM 5211, Jochum et al., 2011;

GeoReM 104, Wiedenbeck et al., 2004).

The trace element concentrations of NIST 612 from this study are within the 2 standard

errors of GeoReM 5211 reported values (Figure 3.1.5.1; Jochum et al., 2011).
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The NIST 614 results generally agree with the GeoReM 5211 values (Table 3.1.5.1,
Figure 3.1.5.2; Jochum et al., 2011). Exceptions include *'P, with a measured concentration of
61.2+5.3 ppm, significantly higher than the reported 11.4+3.9 ppm. >>Mn and *’Fe yielded
concentrations below their respective limits of quantification (average LOQ=2.37 and 44.5 ppm).
All rare earth elements (La through Lu) had concentrations lower than the values reported in

GeoReM 5211 (Figure 3.1.5.2; Jochum et al., 2011).
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Table 3.1.5.1. Summary of average trace element concentration, uncertainty, LOD, and LOQ results for glass standard reference materials NIST612 and
NIST614 and zircon reference material 91500.

Referelzlce Element 31p 43Ca BSc | ¥Ti | Mn 57Fe 8y | BNb | 1%7Ba
Material
Average concentration (ppm) | 46.3 84942.8 39.9 |44.0| 387 51.7 383 | 389 | 393
Uncertainty (2SE) 2.3 362.4 0.2 0.3 0.2 13 0.2 0.2 0.2
Average LOD -1.8 122.7 0.3 1.2 0.7 15.1 0.1 0.01 0.12
NISTE12 Average LOQ -6.0 408.9 0.9 4.1 2.2 50.2 0.2 [0.04| 041
Reference Value 46.6 85049.0 399 (440 38.7 51.0 38.3 | 38.9 39.3
Uncertainty 6.9 0.1 2.5 2.3 0.9 2.0 14 2.1 0.9
. Below | Below
Average concentration (ppm) 61.2 82682.7 1.0 3.2 L0Q L0Q 0.74 | 0.79 3.12
Uncertainty (2SE) 53 749.4 0.0 0.1 0.1 1.8 0.01 | 0.02 0.07
NIST614 | Average LOD -9.3 115.9 0.3 0.9 0.7 13.3 0.04 | 0.01 | 0.09
Average LOQ -31.1 386.3 0.9 2.9 2.4 44.5 0.14 | 0.03 0.31
Reference Value 114 85061.0 0.74 | 3.61 1.42 18.8 0.79 | 0.82 3.2
Uncertainty 3.9 715.0 0.25 0.07 6 0.032 | 0.03 0.09
. Below Below | Below Below
Average concentration (ppm) 25.0 L0Q 769.6 | 4.2 L0Q L0Q 115.2 | 0.99 L0Q
Uncertainty (2SE) 1.8 10.4 3.0 0.2 0.08 1.3 0.4 |0.01]| 0.01
91500 Average LOD -1.3 99.2 0.2 1.0 0.5 12.1 0.04 | 0.01 0.09
Average LOQ -4.4 330.8 0.7 3.3 1.8 40.3 0.14 | 0.03 0.31
Reference Value 13.9 1.9 1.17 |4.73 | 0.19 3.4 145 | 2.03 | 0.06
Uncertainty 4.1 1.2 0.12 0.3 0.1 0.4 38 0.12 0.03
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Table 3.1.5.1 continued.

Reference Element 139) 5 | 140Ce | 141py | M6Ng | W75y | 153Fy | 157Gd | 159Th | 163Dy | 165Ho | 165Ey
Material

Average concentration (ppm) 360 | 384 | 379 | 355 | 37.7 | 356 | 373 | 376 | 35,5 | 383 | 38.0
Uncertainty (2SE) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Average LOD 0.01 | 0.01 | 0.01 | 0.08 | 0.07 | 0.02 | 0.10 | 0.01 | 0.07 | 0.01 | 0.07

NISTe12 Average LOQ 0.02 | 0.03 | 0.02 | 0.26 | 0.24 | 0.07 | 0.34 | 0.03 | 0.23 | 0.03 | 0.22
Reference Value 36 384 | 379 | 355 | 37.7 | 356 | 373 | 37.6 | 35,5 | 383 38
Uncertainty 0.7 0.7 1.00 0.7 0.8 0.8 0.9 1.1 0.7 0.8 0.9

Average concentration (ppm) 0.68 | 0.74 | 0.72 | 0.71 | 0.71 | 0.74 | 0.71 | 0.71 | 0.70 | 0.70 | 0.71
Uncertainty (2SE) 001 | 0.01 | 0.01 | 0.02 | 0.03 | 0.02 | 0.03 | 0.01 | 0.02 | 0.01 | 0.02

Average LOD 0.004 | 0.01 | 0.01 | 0.06 | 0.06 | 0.02 [ 0.07 | 0.01 | 0.05 | 0.01 | 0.05

NISTe14 Average LOQ 001 | 0.03 | 0.02 | 0.20 | 0.20 | 0.05 | 0.24 | 0.02 | 0.18 | 0.03 | 0.16
Reference Value 0.72 | 0.813 | 0.768 | 0.752 | 0.754 | 0.77 | 0.763 | 0.739 | 0.746 | 0.749 | 0.74

Uncertainty 0.013 | 0.025 | 0.015 | 0.014 | 0.013 | 0.016 [ 0.021 | 0.02 | 0.022 | 0.015 | 0.017

Average concentration (ppm) 0.01 | 2.10 |0.014) 0.17 | 034 | 0.19 | 1.84 | 0.68 | 9.22 | 3.80 | 20.85
Uncertainty (2SE) 0.001| 0.01 {0.001| 0.01 | 001 | 0.01 | 0.03 | 0.01 | 0.07 | 0.02 | 0.11

91500 Average LOD 0.004 | 0.01 | 0.01 | 0.06 | 0.06 | 0.02 | 0.08 | 0.01 | 0.05 | 0.01 | 0.05
Average LOQ 001 | 003 | 002 | 021 | 0.19 | 0.05 | 0.27 | 0.03 | 0.18 | 0.03 | 0.18

Reference Value 0.015| 2.6 |0.019| 0.23 | 0.38 0.2 1.8 0.83 | 104 4.6 24.1
Uncertainty 0.02 04 |0.012| 0.02 | 0.06 | 0.04 0.8 0.16 1.8 1 5.6
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Table 3.1.5.1 continued.

Reference Element 169Tm | 172yp | 751y | 177Hf | 18174 | 20%pp 208pp, | Totalpp* | 2327h | 238y
Material
Average concentration (ppm) 36.8 | 39.2 | 37.0 36.7 37.6 38.6 38.5 37.8 | 374
Uncertainty (2SE) 0.2 0.2 0.2 0.2 0.2 0.4 0.1 0.2 0.2
Average LOD 0.01 | 0.05 | 0.01 0.07 0.01 1.21 0.02 0.02 | 0.01
NIST612 Average LOQ 0.03 | 0.18 | 0.04 0.23 0.03 4.03 0.05 0.06 | 0.02
Reference Value 36.8 | 39.2 37 36.7 37.6 38.57 38.57 37.79 | 37.38
Uncertainty 0.6 0.9 0.9 1.2 1.9 0.20 0.20 0.08 | 0.08
Average concentration (ppm) | 0.68 | 0.75 | 0.70 | 0.67 | 0.72 Bfol‘g"’ 2.18 0.73 | 0.78
Uncertainty (2SE) 0.01 | 0.03 | 0.01 0.03 0.01 0.21 0.03 0.02 | 0.01
NIST614 | Average LOD 0.01 | 005 | 0.01 | 006 | 0.01 | 127 | 0.2 0.02 | 0.00
Average LOQ 0.03 0.16 | 0.03 0.19 0.02 4.25 0.05 0.06 | 0.01
Reference Value 0.732 | 0.777 | 0.732 | 0.711 | 0.808 2.32 2.32 0.748 | 0.823
Uncertainty 0.02 | 0.021|0.018 | 0.022 | 0.026 0.04 0.04 0.006 | 0.002
Average concentration (ppm) | 5.11 | 54.8 |10.87 | 5298.5 | 0.28 Bf(')%"’ 252 | 16.67 | 24.3 | 68.2
Uncertainty (2SE) 0.03 0.3 0.05 24.0 0.01 0.09 0.02 0.1 0.3
91500 | Average LOD 001 | 004 | 0.01 | 006 | 001 | 1.00 | 0.1 0.02 | 0.00
Average LOQ 0.03 | 0.14 | 0.03 0.18 0.03 3.34 0.04 0.05 | 0.01
Reference Value 6.1 61.4 | 14.2 6030 0.54 0.11 1.76 15 286 | 81.3
Uncertainty 1.2 18 3.8 640 0.1 2 2 0.1 9.2

*Total Pb determined using calculated average 2°6Pb and 2°’Pb from U-Pb LA-ICP-
MS analyses
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Figure 3.1.5.1. LA-ICP-MS trace elements results for primary calibration glass reference material
NIST612. The grey line indicates a 1:1 ratio of measured concentrations to the accepted RM values

(summarized in Table 3.1.5.1; Jochum et al., 2011). Deviation from this line indicates elements which do

not agree with the accepted values.
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Figure 3.1.5.2. LA-ICP-MS trace elements results for secondary glass reference material NIST614. The
grey line indicates a 1:1 ratio of measured concentrations to the accepted RM values (summarized in Table
3.1.5.1; Jochum et al., 2011). Deviation from this line indicates elements which do not agree with the
accepted values.
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The results of zircon 91500 are also generally within agreement of GeoReM 104 (Table
3.1.5.1, Figure 3.1.5.3; Wiedenbeck et al., 2004). Exceptions include *'P and **Sc which had
measured concentrations significantly greater than reported values (Table 3.1.5.1; Figure
3.1.5.3). The high concentrations of **Sc are likely due to interference with 2°Si'0* and Zr**™,
while 3'P has an interference with '>’N'60 and is difficult to ionize. **Ca, >>Mn, *’Fe, and '*’Ba
yielded concentrations below the limit of detections (average LOD = 99.2, 0.54, 12.1, and 0.09
ppm). Most REEs (Ce, Tb, Dy, Er, Tm, Lu), Nb, and Ta were lower than the reported GeoReM
values, while 2*®Pb concentrations were greater than the GeoReM value (Figure 3.1.5.3;
Wiedenbeck et al., 2004). Since 2°*Pb values were greater than published values, the average
total Pb concentration was determined for zircon 91500. The average total Pb was calculated
using the average 2°°Pb and °’Pb concentrations determined from LA-ICP-MS U-Pb results and
adding these averages to the average °*Pb (<LOD) and 2*Pb concentrations from the LA-ICP-
MS trace element analyses. The calculated average total Pb (16.67 ppm) for zircon 91500 was
within uncertainty of the published value (15+2 ppm). The zircon 91500 La and Nd results were
below the LOQ for this study (average LOQ= 0.01 and 0.21). The low concentrations of light
rare earth elements (LREE) in zircon resulted in La, Pr, Nd, and Sm concentrations being below
or close to the LOD in all unknown analyses. Figure 3.1.5.4 shows the proximity of all La, Pr,
Nd, and Sm results to the LOD of these elements.

Europium- and Ce-anomalies were calculated for unknown zircons. The zircon Eu-anomaly is
calculated as:
Euw/Eun* = Eun/(Smn*Gdn)®, where N indicates the element concentration normalized
to chondrite (Sun and McDonough, 1989).
However, due to low LODs in La and Pr in zircon, Ce-anomalies may be overestimated if
calculated as:
Ce/Cen* = Cen/(Lan*Pry)"?
Therefore, Ce-anomalies are instead calculated as Ce/Cec*, which better estimates Ce* by using
a curve fit line function through the zircon MREE and HREE concentrations (Zhong et al., 2019;
Lee et al., 2020; Lee et al., 2021).
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Figure 3.1.5.3. LA-ICP-MS trace elements results for secondary zircon reference material 91500. The grey
line indicates a 1:1 ratio of measured concentrations to the accepted RM values (summarized in Table
3.1.5.1; Wiedenbeck et al., 2004). Deviation from this line in dictates elements which do not agree with the
accepted values.
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Figure 3.1.5.4. Range in LA-ICP-MS light rare earth element results in unknown zircons. Red boxes
represent the range in concentrations from all unknown zircon analyses. Black lines represent the range in
LODs for each LREE.
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3.1.6 Laser Ablation Split Stream (LASS) ICP-MS

Apatite and titanite Sm-Nd and U-Pb

Samarium-neodymium and U-Pb isotopes in apatite and titanite were simultaneously
measured using the laser ablation split-stream (LASS)-ICP-MS method (Yuan et al., 2004;
Fisher et al., 2011; Fisher et al., 2014; Fisher et al., 2017). Concurrent Sm-Nd and U-Pb
measurements were obtained at the University of Alberta Arctic Resources Laboratory, using the
same laser and ICP-MS configurations as described in the U-Pb and Lu-Hf single stream LA-
ICP-MS methods (Section 3.1.3 and 3.1.4). The U-Pb isotope measurements were acquired on a
Thermo Fisher Element II XR SC-SF-ICP-MS. The Sm-Nd isotope measurements were obtained
simultaneously, on a portion of the same material as analyzed for U-Pb, on a Thermo Fisher
Scientific Neptune Plus MC-SF-ICP-MS using multiple Faraday detectors with 10'! Q amplifiers
operating in static collection mode. Masses 143, 144, 145, 148, and 150 were measured. The
apatite and titanite samples were ablated using a RESOlution 193 nm ArF excimer laser using a
90 um diameter spot size, 45s of ablation time, 60s of background and washout, 8 Hz repetition

rate, and ca. 5-6 J/cm? fluence.

Data was processed and reduced offline using the Iolite version 3 software package
(Paton et al., 2010; Paton et al., 2011) in multiple DRS mode, using the DRS
“SmNd_Downhole” and “X U Pb_Geochron”. The Nd mass bias corrections were calibrated
using the Bear Lake titanite (TH-tnt-1 of Fisher et al., 2020 and BLR-1 of Aleinikoff et al., 2007)
and Bancroft apatite (TH-ap-1 of Fisher et al., 2020) as primary reference materials. Verification
of the Nd mass bias correction was determined using the MKED titanite (Spandler et al., 2016)
and MAD apatite (Fisher et al., 2020). The U-Pb mass bias corrections were calibrated using the
MKED titanite and Bancroft apatite and verified using the Bear Lake titanite and MAD apatite.
The LASS-ICP-MS *3Nd/!"**Nd and U-Pb ages were compared to the reported values for each

reference material, shown in Figures 3.1.6.1-3.1.6.7, and summarized in Tables 3.1.6.1-3.1.6.4.

The LASS-ICP-MS "“Nd/'"*Nd ratios and U-Pb discordia age results of titanite RM Bear
Lake (Table 3.1.6.1; Figures 3.1.6.1 and 3.1.6.2) agreed with published **Nd/'**Nd ratio results
0f 0.512310+0.000005 (ID-TIMS, 20; Fisher et al., 2020) and age of 1047.1+0.4 Ma (TIMS, 2g;
Aleinikoff et al., 2007). The measured Bear Lake '**Nd/"**Nd ratios yield a less than a 10 ppm
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difference from the accepted ratio, on average. The Bear Lake discordia age yields a less than

1% difference from the accepted age.

0.51245 T T
Weighted mean: 0.512305+0.000008 (20)
MSWD: 1.19, POF: 0.23, n=26/27
0.51240 |~ —
S 0.51235 [ —
3
P
g 0.51230 (- “I H H
0.51225 — |
0.51220

Figure 3.1.6.1. LASS-ICP-MS '“*Nd/!**Nd ratio results for primary calibration titanite reference material
Bear Lake. The grey line indicates the published RM value (0.512310+5; Fisher et al., 2020).
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Figure 3.1.6.2. LASS-ICP-MS U-Pb concordia results for secondary U-Pb titanite reference material Bear
Lake. The published RM age is 1047.1+0.4 Ma (Aleinikoff et al., 2007).
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Table 3.1.6.1. Summary of LASS-ICP-MS weighted '*Nd/'*/Nd ratio and 2°°Pb/?*¥U-2"Pb/>*>U discordia age results for titanite reference material Bear Lake.

Sample 143Nd/14Nd No. analyses; 206pfy /238 - No. analyses; Difference from accepted
ru: Date weighted mean MSWD; 207pp /235y MSWD; age (%): “3Nd/ 4Nd (p m)
(2SE) p(x?) Discordia age (2SE) p(x?) ge 1ok PP
19GJ12-1
ggﬁg; Jan. 31, 0.512305 zf/1297_" 1053.3 291/ 5,9; 0.6;
+ T + o
19GJ13-3 2020 +0.000008 0.23 4.3 Ma 0.012 10
19GJ13-4
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The LASS-ICP-MS weighted mean '**Nd/'**Nd ratios and 2°°Pb/***U age results of
titanite RM MKED (Table 3.1.6.2; Figure 3.1.6.3 and 3.1.6.4) agreed with published '**Nd/'*Nd
ratio results of 0.511630+0.000003 (TIMS, 26; Spandler et al., 2016) and 2°°Pb/?*%U age of
1519.5+3.0 Ma (LA-ICP-MS, 2c; Spandler et al., 2016). The measured MKED **Nd/**Nd
ratios yield a less than a 10 ppm difference from the accepted ratio, on average. The MKED

206pp/238U weighted mean age yields a less than 1% difference from the accepted age.
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Figure 3.1.6.3. LASS-ICP-MS '“*Nd/!'**Nd ratio results for titanite reference material MKED, analysed as
a secondary standard. The grey line indicates the published RM value (0.511630+3; Spandler et al., 2016).
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Figure 3.1.6.4. LASS-ICP-MS 20Pb/?38U age results for primary U-Pb calibration titanite reference
material MKED. The grey line indicates the published RM age (1519.543.0 Ma; Spandler et al., 2016)
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Table 3.1.6.2. Summary of LASS-ICP-MS weighted '*Nd/'*Nd ratio and 2°°Pb/>*8U age result for titanite reference material MKED.

143Nd/**Nd | No. analyses; 206pp, /238y No. analyses; Difference from
Sample run Date weighted MSWD; weighted mean MSWD; accepted age (%);
mean (2SE) p(x?) age (2SE) p(x) 13Nd/**Nd (ppm)
19GJ12-1
196)12-2 11031, | 0511635+ 28/28; 1519.7+ 28/28; 0.01;
19G113-2 2020 0.000007 0.80; 4.5 Ma 0.64; 10
19GJ13-3 0.76 0.92
19GJ13-4
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The LASS-ICP-MS weighted mean '**Nd/!"**Nd ratio results of apatite RM Bancroft (Table
3.1.6.3; Figures 3.1.6.5 and 3.1.6.6) agreed with published '**Nd/'**Nd ratio results of
0.512048+0.000006 (ID-TIMS, 20; Fisher et al., 2020). The measured Bancroft '“*Nd/'**Nd
ratios yield a 31 ppm difference from the accepted ratio, on average. However, the concordia age
result of 964.8+4.1 Ma of the RM is significantly less than the published 2*’Pb/?°Pb and
238U/2%Pb intercept age of 1021+3 Ma (ID-TIMS, 2c; Fisher et al., 2020). This Bancroft

concordia age accounts for a ~5.5% difference from the accepted age.

0.51215 -
Weighted mean: 0.512064+0.000008 (20)
MSWD: 0.49, POF: 0.98, n=24/25
0.51210 -
©
Z
§ l
= 0.51205 | I -
mZ
0.51200 —]
0.51195

Figure 3.1.6.5. LASS-ICP-MS *3Nd/!**Nd ratio results for apatite reference material Bancroft, analysed as
a secondary standard. The grey line indicates the published RM value (0.512048+6; Fisher et al., 2020).
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Figure 3.1.6.6. LASS-ICP-MS U-Pb concordia results for primary U-Pb calibration apatite reference
material Bancroft. The published RM age is 102143 Ma (Fisher et al., 2020).
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Table 3.1.6.3. Summary of LASS-ICP-MS weighted '*Nd/'*Nd ratio and 2°°Pb/>*3U-2"7Pb/?*U concordia age results for calibration apatite reference material
Bancroft.

143Nd/24Nd | No. analyses; 206ppy /238 - No. analyses; Difference from
Samplerun | Date weighted MSWD; 207pp /235y MSWD; accepted age (%);
mean (2SE) p(x?) Concordia age (2SE) p(x?) 193Nd/*Nd (ppm)
18lo22-1a
18l022-1d
19GJ12-4 Jan. 30, 0.512064 23695_' 964.8 25/7275' 5.5;
19GJ13-3 2020 +0.000008 0.98, 4.1 Ma O. 87’ 31
19GJ13-4 ) )
19GJ16-2
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The LASS-ICP-MS weighted mean **Nd/***Nd ratio results of apatite RM MAD (Table
3.1.6.4; Figure 3.1.6.7) agreed with published '**Nd/'*Nd ratio results of 0.5113040.000013
(ID-TIMS, 2c; Fisher et al., 2020). The measured MAD **Nd/'*Nd ratios yield a 39 ppm
difference from the accepted ratio, on average. However, U-Pb analyses did not yield any dates

correlating to the published 2*°Pb/?*8U age of 475.4+1.8 Ma (ID-TIMS, 2o; Fisher et al., 2020).

Weighted mean: 0.511284+0.000010 (20)
MSWD: 0.66, POF: 0.74, n=10/11
0.51134 1
i®]
32 0.51130 |~ —
3
o’:z B -
3
0.51126 -
0.51122

Figure 3.1.6.7. LASS-ICP-MS *3Nd/"**Nd ratio results for primary calibration apatite reference material
MAD. The grey line indicates the published RM value (0.511304+13; Fisher et al., 2020).
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Table 3.1.6.4. Summary of LASS-ICP-MS weighted '**Nd/'*Nd ratio and 2°°Pb/>3¥U-27Pb/2**U concordia age results for apatite reference material MAD,
analysed as a secondary standard.

193Nd/1Nd | No. analyses; 206pp /238y . 207ply 235y No. analyses; Difference from
Sample run Date weighted MSWD; . MSWD; accepted
Concordia age (2SE)

mean (2SE) p(x?) p(x?) 1Nd/**Nd (ppm)
19GJ12-1
19GJ12-2 10/11;

+

19GJ13-2 Jazr:)' 2300' 06501010208140_ 0.66; N/A N/A 39
19GJ13-3 ' 0.74
19GJ13-4
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The *3Nd/'**Nd results of unknown titanite and apatite grains were converted to eNd(t),
which is the **Nd/'*Nd ratio of at the time of crystallization (t) relative to the "**Nd/"**Nd ratio

of the chondritic uniform reservoir (CHUR):

("3Nd/"““NdsampLE)
("SNd/"Ndcuure)

eNdo- ( 1) ¥10000

Where "Nd/*Ndig= "Nd/**Nd measured) — '7Sm/*Nd x ¢l01475mx0-1]
N A/MMNdesurmeasared=0.51263+1 1, 47Sm/ *Nderur=0.1960::4 (Bouvier et al., 2008),
and A'*’Sm=6.54x10"1? (Lugmair and Marti, 1979).

The interpreted titanite U-Pb discordia age was used for time of crystallization in the eNd(t)
calculation for individual titanite analyses. Since apatite U-Pb analyses did not yield any ages,
the interpreted zircon 2°°Pb/?*8U ages from the same samples were used to calculate eNd(t) of the
apatite grains. Uncertainties on eNd(t) values were propagated using the calculations of Ickert

(2013).

Additionally, titanite and apatite eNd(t) results were converted to eHf(t) using the calculation of

Vervoort et al. (2011), which utilizes the linearity of the mantle Hf-Nd isotope array:
eHf(t) = [1.55 x eNd(t)] + 1.21

Zircon Lu-Hf and U-Pb

Uranium-lead and Lu-Hf isotopes in a subset of zircon grains were simultaneously
measured using the laser ablation split-stream (LASS)-ICP-MS method (e.g., Yuan et al., 2004;
Fisher et al., 2011, 2014, 2017). Concurrent U-Pb and Lu-Hf measurements were obtained at the
University of Alberta Arctic Resources Laboratory, using the same laser and ICP-MS
configurations as described in U-Pb and Lu-Hf single stream LA-ICP-MS methods (Section
3.1.3 and 3.1.4). Analytical points were determined from CL and BSE images as described in
section 3.1.2, and split stream spots were positioned on top of shallow SIMS analysis pits. The
zircon samples were ablated using a RESOlution 193 nm ArF excimer laser using a 44 pm
diameter laser spot size and settings of 60 s of ablation, 60 s of background and washout, 8§ Hz

repetition rate, 120 mJ laser energy, 44%T attenuator value, and ca. 6.0 J/cm?.

Data was processed and reduced offline using the Iolite version 3 software package

(Paton et al., 2010; Paton et al., 2011), using the same DRS as described in sections 3.1.3 and
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3.1.4, in multiple DRS mode. For U-Pb data processing, the decay constants of 23U (9.485 x 10
19 year!), 28U (1.55125 x 10'%year™!) and the 2**U/>*U isotopic ratio (137.88) used in age
calculations are from Jaffey et al. (1971). Weighted means and Concordia plots were created
using IsoplotR online (Vermeesch, 2018). The same data correction as utilized for the single
stream Lu-Hf measurements (section 3.1.4) were applied to the split-stream measurements. All
reported isotope ratios and age uncertainties are reported as 2¢ standard error, or 95.4%

confidence level, and were propagated by quadratic addition.

Hafnium and U-Pb isotopes of standard zircon reference material were determined
throughout four analytical sessions. Six zircon reference materials were analyzed after every
eight to twelve unknown analyses. The natural zircon 91500 (Wiedenbeck et al., 1995, 2004;
Blichert-Toft, 2008) was used as the primary calibration reference material to monitor analytical
reproducibility, Hf and U-Pb fractionation, and instrument drift during each analytical run. The
natural zircons PleSovice (Slama et al., 2008) and GJ1 (Jackson et al., 2004; Morel et al., 2008)
were used as secondary reference materials to verify accuracy of both U-Pb and Lu-Hf
calibrations, while natural zircon R33 (Black et al., 2004) was only used to verify U-Pb
calibrations and synthetic zircons MUN1 and MUN3 (Fisher et al., 2011) were only used to
verify accuracy of Hf calibrations. The LASS-ICP-MS weighted mean '"°Hf/!”’Hf and U-Pb ages
were compared to the reported values for each reference material are shown in Figures 3.1.6.8-

3.1.6.16 and summarized in Tables 3.1.6.5-3.1.6.10.

The mean LASS-MC-ICP-MS "SHf/!"7Hf results of RM zircon 91500 for each analytical
run (Table 3.1.6.5; Figures 3.1.6.8 and 3.1.6.9) agreed with the published '"°Hf/!”Hf ratio of
0.282308+6 (solution chemistry and MC-ICP-MS, 2c; Blichert-Toft, 2008). The measured
91500 '7*Hf/'""Hf ratios yield a less than an 18 ppm difference from the accepted ratio, on
average. However, three analytical runs yielded younger 2°Pb/?*8U ages than the published
206ph/2381 age of 1062.4+0.8 Ma (ID-TIMS, 26; Wiedenbeck et al., 1995). These 91500

weighted mean 2°°Pb/?*8U dates yield 1.4% or less differences from the accepted age.
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Table 3.1.6.5. Summary of LASS-ICP-MS weighted 2°°Pb/?*8U age and "*Hf/'7’Hf ratio results for zircon reference material 91500.

176 4f /177 Hf No. analyses; 206pp /238y No. analyses; | Difference from
Sample run Session Date weighted MSWD; date weighted MSWD; accepted age (%);
mean (2SE) p(x?) mean (2SE) p(x?) 176H£/177Hf (ppm)
18l011-1 Mar. 19, 0.282306 211/5232 1047.3 222/7252 1.4;
- + * ’ + . ’
18lo12-7 1 2019 +0.000007 0.06 2.3 0.00 7
18l012-7 , Mar. 20, 0.282305 102{9172_; 1062.6 102/7172.; 0.02;
- + * ’ + . ’
18lo017-1 2019 +0.000009 0.47 4.5 0.67 11
18lo17-1 Mar. 21, 0.282313 18/18; 1050.3 16/18; 1.1;
18l020-4 3 2019 +0.000007 1.48; +3.8 0.99; 18
18lo025-2a - 0.09 - 0.46
18102524 . Mar. 21, 0.282310 152182_; 1054.8 102/5;2.‘ 0.7;
+ Y + s
2019 +0.000009 0.56 4.7 0.84 7
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0.28238 Weighted mean: 0.282306+0.000007 (20)
MSWD: 1.53, POF: 0.06, n=21/22
0.28234 - _
I*-HI_ I i
"= 0.28230
ST
0.28226 _
0.28222
Sequence 1
Weighted mean: 0.282305+0.000009 (20)
MSWD: 0.97, POF: 0.47, n=12/12
0.28236 | -
T 0.28232 -
E
0.28228 |- .
0.28224

Sequence 2

Figure 3.1.6.8. LASS-ICP-MS '7°Hf/'77Hf ratio results for primary calibration zircon reference material
91500. The grey line indicates the published RM value (0.282308+6; Blichert-Toft, 2008).
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Figure 3.1.6.8 continued.
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Figure 3.1.6.9. LASS-ICP-MS 2°Pb/?*8U age results for primary calibration zircon reference material
91500. The grey line indicates the published RM age (1062.4+0.8 Ma; Wiedenbeck et al., 1995).
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Figure 3.1.6.9 continued.
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The mean LASS-MC-ICP-MS "*Hf/'"7Hf and 2°Pb/***U results of RM Plesovice for
each analytical run (Table 3.1.6.6; Figures 3.1.6.10 and 3.1.6.11) agreed with the published
6Hf/'7THf ratio of 0.282482+13 (solution and laser ablation MC-ICP-MS, 20) and 2°°Pb/?*8U
age of 337.13+0.37 Ma (ID-TIMS, 2c; Slama et al., 2008). These 91500 weighted mean
206pb/238U dates yield 1.4% or less differences from the accepted age. The measured Plesovice
76H{/'"Hf ratios yield a less than a 4 ppm difference from the accepted ratio, on average. The

Plesovice weighted mean 2°°Pb/?*8U dates yield less than 1% differences from the accepted age.
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Table 3.1.6.6. Summary of LASS-ICP-MS weighted 2°°Pb/?*8U age and "°Hf/'7’Hf ratio results for zircon reference material PleSovice.

1764£ /1771 206pp, /238y Difference from
. . No. analyses; . No. analyses;
Sample run | Session Date weighted MSWD; p(x?) date weighted MSWD; p(x?) accepted age (%);
mean (2SE) P PX mean (2SE) P PX 761§ /777Hf (ppm)
18l011-1 . Mar.19, | 0.282482 117 2177 337.0 1314(?; 0.03;
- + ° ’ + . ’
18lo12-7 2019 +0.000006 0.15 0.9 0.97 0
181012-7 , Mar.20, | 0.282482 103217%‘ 338.8 113’{3143_"' 0.5;
- + ° ’ + . ’
18lo17-1 2019 +0.000005 0.94 1.6 0.04 0
18lo17-1 Mar.21, | 0.282481 23/24; 337.2 23/23; 0.02;
18l020-4 3 2019 £0.000004 0.75; 11 0.47; 4
18l025-2a - 0.79 - 0.98
18102522 . Mar.21, | 0.282483 13/7107_‘ 336.1 15/318?; 0.3;
+ Y + 7
2019 +0.000005 0.80 1.6 0.98 4
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Weighted mean: 0.282482+0.000006 (20)
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0.28254 -
Y
T 0.28250
£
©
0.28246
0.28242
Sequence 1
Weighted mean: 0.282482+0.000005 (20)
MSWD: 0.4, POF: 0.94, n=13/1
0.28253 L SWD: 0.4, POF: 0.94, n=13/13 i
0.28251 | -
N—
h—I —— —
~
L 0.28249

1

0.28247

0.28245
Sequence 2

Figure 3.1.6.10. LASS-ICP-MS '"Hf/'"7Hf ratio results for zircon reference material PleSovice, analysed
as a secondary standard. The grey line indicates the published RM value (0.282482+13; Slama et al., 2008).
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Figure 3.1.6.10 continued.
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Figure 3.1.6.11. LASS-ICP-MS 2%Pb/?*¥U age results for zircon reference material PleSovice, analysed as
a secondary standard. The grey line indicates the published RM age (337.13+0.37 Ma; Slama et al., 2008).
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Figure 3.1.6.11 continued.
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The mean LASS-MC-ICP-MS '"*Hf/'"Hf results of RM GJ1 for each analytical run
(Table 3.1.6.7; Figure 3.1.6.12 and 3.1.6.13) agreed with the published "Hf/!"’Hf ratio of
0.282013+5 (laser ablation MC-ICP-MS, 2c; Morel et al., 2008). The measured GJ1 7®Hf/!7"Hf
ratios yield a 39 ppm or less difference from the accepted ratio, on average. However, three
analytical runs yielded younger 2*°Pb/?*8U ages than the published 2*’Pb/2%U age of 608.5+0.4
Ma (TIMS, 2c; Jackson et al., 2004). The GJ1 weighted mean 2°°Pb/?*®U dates yield 1.7 to 2.4%

differences from the accepted age.
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Table 3.1.6.7. Summary of LASS-ICP-MS weighted 2°°Pb/?38U age and '7°Hf/'7"Hf ratio results for zircon reference material GJ1.

176Hf /177 HE 206ph /238y date Difference from
. . No. analyses; . No. analyses;
Sample run | Session Date weighted MSWD; p(x?) weighted mean MSWD; p(x?) accepted age (%);
mean (2SE) s PX (2SE) PPUCH 1764817716 (0pm)
18l011-1 | | Mar.19,| 0282021 18{11;); 594.8 1%1;); 2.3;
- + * ’ + . ’
18lo12-7 2019 +0.000008 0.92 +1.9 0.00 28
18lo12-7 ’ Mar. 20, 0.282024 05{357’ 597.9 52% 1.7;
- + * ’ + . ’
18l017-1 2019 +0.000011 0.48 4.1 0.77 39
18lo17-1 Mar.21, |  0.282020 8/8; 594.2 8/8; 2.4;
18l020-4 3 5019 +0.000008 1.06; 3.2 3.02; 5c
18l025-2a o 0.39 - 0.004
Mar. 21,
18l025-2a 4 2019 N/A N/A N/A N/A
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Figure 3.1.6.12. LASS-ICP-MS 7SH{/!"’Hf ratio results for zircon reference material GJ1, analysed as a
secondary standard. The grey line indicates the published RM value (0.282013+5; Morel et al., 2008).
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Figure 3.1.6.13. LASS-ICP-MS 2%Pb/>*3U age results for zircon reference material GJ1, analysed as a
secondary standard. The grey line indicates the published RM age (608.5+0.4 Ma; Jackson et al., 2004).
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The mean LASS-MC-ICP-MS 2%Pb/?*U results of RM R33 for two analytical runs
(Table 3.1.6.8; Figure 3.1.6.14) agreed with the published 2°Pb/>**U age of 418.9+0.4 Ma (ID-
TIMS, 20; Black et al., 2004). One analytical run yielded a slightly younger weighted mean
206pb/238U age result than the published age. The R33 weighted mean 2°Pb/2*¥U dates less than

1% differences from the accepted age.
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Table 3.1.6.8. Summary of LASS-ICP-MS weighted 2°°Pb/?*8U age results for zircon reference material R33.

206pp/238U date

No. analyses;

Difference from

Sample run | Session Date weighted mean (2SE) MSWD; p(x?) accepted age (%)
18lo11-1 419.3 ) )
181012-7 1 Mar. 19, 2019 118 7/10; 2.27; 0.03 0.1
18lo12-7 414.7 ) )
1810171 2 Mar. 20, 2019 134 4/6; 4.52; 0.00 1.0
18lo17-1 417.9
181020-4 3 Mar. 21, 2019 3 3 4/4;1.75; 0.15 0.2
18l025-2a )
18l025-2a 4 Mar. 21, 2019 N/A N/A
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Figure 3.1.6.14. LASS-ICP-MS 2%Pb/?*¥U age results for zircon reference material R33, analysed as a
secondary standard. The grey line indicates the published RM age (418.9+0.4 Ma; Black et al., 2004).

133



The mean LASS-MC-ICP-MS '"®Hf/!""Hf results of RMs MUN1 and MUN3 for each
analytical run (Tables 3.1.6.9 and 3.1.6.10; Figures 3.1.6.15 and 3.1.6.16) agreed with the
published '"Hf/!""Hf ratio of 0.282135+7 (solution chemistry, 2c; Fisher et al., 2011). The
measured MUN1 and MUN3 '7®Hf/!7Hf ratios yield a 43 ppm or less difference from the

accepted ratio, on average.
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Table 3.1.6.9. Summary of LASS-ICP-MS weighted !7°Hf/'7"Hf ratio results for synthetic zircon reference material MUNI.

Sample run | Session Date 176Hf/177Hf weighted No. analyses; Difference from accepted
P mean (2SE) MSWD; p(x3) 176H{/177Hf (ppm)
18lo11-1 0.282137
181012-7 1 Mar. 19, 2019 +0.000009 10/10; 1.40; 0.18 7
18lo12-7 0.282136
181017-1 2 Mar. 20, 2019 +0.000010 6/6; 1.31; 0.26 4
18lo017-1
181020-4 3 Mar. 21, 2019 0.282123 10/12; 1.54; 0.13 43
+0.000008
18l025-2a
0.282136
18lo25-2a 4 Mar. 21, 2019 +0.000012 3/3; 2.42; 0.09 4
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Table 3.1.6.10. Summary of LASS-ICP-MS weighted '7°Hf/'7"Hf ratio results for synthetic zircon reference material MUN3.

Sample run | Session Date 176Hf/177Hf weighted | No. analyses; Difference from accepted
P mean (2SE) MSWD; p(x?) 176H£/177Hf (ppm)
18lo11-1 0.282123
181012-7 1 Mar. 19, 2019 +0.000009 8/9; 0.57;0.78 43
18lo12-7 0.282125
18l017-1 2 Mar. 20, 2019 +0.000010 6/6; 1.36; 0.23 35
18lo017-1
18l020-4 3 Mar. 21, 2019 0.282127 8/8;0.93; 0.48 28
1+0.000009
18l025-2a
0.282123
18l025-2a 4 Mar. 21, 2019 +0.000014 3/3;0.45; 0.64 43
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Figure 3.1.6.15. LASS-ICP-MS '"Hf/'"7Hf ratio results for zircon reference material MUNI, analysed as a
secondary standard. The grey line indicates the published RM value (0.282135+7; Fisher et al., 2011).
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Figure 3.1.6.15 continued.
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Figure 3.1.6.16. LASS-ICP-MS '"Hf/'"7Hf ratio results for zircon reference material MUN3, analysed as a
secondary standard. The grey line indicates the published RM value (0.282135+7; Fisher et al., 2011).
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Figure 3.1.6.16 continued.
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Zircon Lu-Hf and TE

Lutetium-Hafnium isotopes and trace elements in a subset of zircon grains were
simultaneously measured using the laser ablation split-stream (LASS)-ICP-MS method (Yuan et
al., 2004; Fisher et al., 2011, 2014, 2017). Concurrent Lu-Hf and TE measurements were
obtained at the University of Alberta Arctic Resources Laboratory, using the same laser and ICP-
MS configurations as described in Lu-Hf and TE single stream LA-ICP-MS methods (section
3.1.4 and 3.1.5). Analytical points were determined from CL and BSE images as described in
section 3.1.2, and split stream spots were positioned on top of shallow SIMS analysis pits. The
zircon samples were ablated using a RESOlution 193 nm ArF excimer laser using a 33 or 40 pm
diameter laser spot size and settings of 60 s of ablation, 60 s of background and washout, 8 Hz

repetition rate, 120 mJ laser energy, 44%T attenuator value, and ca. 6.0 J/cm?.

Data were processed and reduced offline using the lolite version 3 software package in
multiple DRS mode (Paton et al., 2010, 2011), using the same Lu-Hf DRS as described in
section 3.1.4 with the trace element DRS “X Trace Elements IS”. The same data correction as
utilized for the single stream Lu-Hf measurements (section 3.1.4) were applied to the split-

stream measurements.

Lutetium-Hafnium isotopes and trace elements of standard reference materials were
determined throughout two analytical sessions. Seven zircon reference materials were analyzed
after every eight to twelve unknown analyses. The natural zircon PleSovice (Slama et al., 2008),
was used as the primary calibration reference material for Lu-Hf isotopes to monitor analytical
reproducibility, Hf fractionation, and instrument drift during each analytical run. The natural
zircon 91500 (Wiedenbeck et al., 1995, 2004; Blichert-Toft, 2008), and synthetic zircons MUN1
and MUN3 (Fisher et al., 2011) were used to verify accuracy of Hf calibrations. Glass standard
reference material (SRM) NIST 612 was used as the primary calibration standard. NIST SRM
614 and zircon 91500 were used as secondary verification standards to monitor accuracy,
instrumental drift, and matrix effects. The stoichiometric 2°Si content in zircon (15.32 wt.%) was

used as an internal standard.

The LASS-ICP-MS weighted mean "SHf/!”’Hf were compared to the reported values for
each reference material are shown in Figures 3.1.6.17-3.1.6.20 and summarized in Tables

3.1.6.11-3.1.6.14. The mean LA-MC-ICP-MS "*Hf/!7’Hf results of PleSovice for each analytical

141



run (Table 3.1.6.11; Figure 3.1.6.17) agreed with published LA-ICP-MS and solution '7*Hf/'""Hf
results (0.282482+13 (20); Slama et al., 2008).

0.28254
Weighted mean: 0.282482+0.000004 (20)
MSWD: 1.40, POF: 0.11, n=21/21
0.28250
Y—
I
B
=
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Weighted mean: 0.282482+0.000006 (20)
MSWD: 0.04, POF: 1.00, n=23/23
0.28250
T
S
=
(DI
0.28246 - -
0.28242

Sequence 2

Figure 3.1.6.17. LASS-ICP-MS '"Hf/'"7Hf ratio result for primary calibration zircon reference material
Plesovice. The grey line indicates the published RM value (0.282482+13; Slama et al., 2008).
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Table 3.1.6.11. Summary of LA-ICP-MS weighted '"*Hf/'7"Hf ratio results for zircon reference material PleSovice.

sambole run | Session Date 1764£/177Hf weighted No. analyses; Difference from accepted
i mean (2SE) MSWD; p(x?) 176H£/177Hf (ppm)
18l022-1d 1 May 4, 2021 | 0.282482+0.000004 21/21;1.40;0.11 0
19GJ12-3
+ . .
19GJ16-2 2 May 5, 2021 | 0.282482+0.000006 23/23;0.04; 1.00 0
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The mean LASS-MC-ICP-MS '"®Hf/!7"Hf results of RM zircon 91500 for each analytical
run (Table 3.1.6.12; Figure 3.1.6.18) agreed with the published "Hf/!"’Hf ratio of 0.282308+6
(solution chemistry and MC-ICP-MS, 2c; Blichert-Toft, 2008). The measured 91500 7°Hf/'7"Hf

ratios yield a less than 32 ppm difference from the accepted ratio, on average.
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0.28220 — —
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Figure 3.1.6.18. LASS-ICP-MS "SH{/!"’Hf ratio results for zircon reference material 91500, analysed as a
secondary standard. The grey line indicates the published RM value (0.282308+6; Blichert-Toft, 2008).
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Table 3.1.6.12. Summary of LA-ICP-MS weighted !"°Hf/""Hf ratio results for zircon reference material 91500.

Sample Session Date 176H£/177Hf weighted No. analyses; Difference from accepted
run mean (2SE) MSWD; p(x?) 176H£/177Hf (ppm)
0.282310
18l022-1d 1 May 4, 2021 +0.000010 14/14;0.32; 0.99 14
19GJ12-3 0.282297
19GJ16-2 2 May 5, 2021 +0.000015 16/16; 1.68; 0.05 32
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The mean LA-MC-ICP-MS ""®Hf/!"’Hf results of synthetic zircons MUN1 and MUN3 for
each analytical run (Tables 3.1.6.13 and 3.1.6.14; Figures 3.1.6.19 and 3.1.6.20) agreed with
published solution 7Hf/!""Hf results (0.282135+7 (20); Fisher et al., 2011). The measured
MUNI and MUN3 7SHf/!""Hf ratios yielded less than an 89 ppm difference from the accepted

ratio, on average.
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Table 3.1.6.13. Summary of LA-ICP-MS weighted !"*Hf/""Hf ratio results for synthetic zircon reference material MUNI.

samole run | Session Date 176H£/177Hf weighted No. analyses; Difference from accepted
i mean (2SE) MSWD; p(x?) 176H£/177Hf (ppm)
18lo022-1d 0.282134
1 May 4, 2021 +0.000009 7/7;0.37;0.9 4
19GJ12-3 0.282116
19GJ16-2 2 May 5, 2021 +0.000018 8/8; 1.83; 0.08 67
Table 3.1.6.14. Summary of LA-ICP-MS weighted '7*Hf/!7Hf ratio results for synthetic zircon reference material MUN3.
sample run | Session Date 176H£/177Hf weighted No. analyses; Difference from accepted
P mean (2SE) MSWD; p(x?) 176H£/177Hf (ppm)
18l022-1d 1 May 4,2021 | 0.282110 +0.000015 7/7;2.01; 0.06 89
19GJ12-3
+ . .
19GJ16-2 2 May 5,2021 | 0.282119 +0.000016 8/8; 2.06; 0.05 57
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Figure 3.1.6.19. LASS-ICP-MS '"H{/'"7Hf ratio results for synthetic zircon reference material MUN1,
analysed as a secondary standard. The grey line indicates the published RM value (0.282135+7; Fisher et
al., 2011).
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Figure 3.1.6.20. LASS-ICP-MS '7Hf/'"7Hf ratio results for synthetic zircon reference material MUN3,
analysed as a secondary standard. The grey line indicates the published RM value (0.282135+7; Fisher et
al., 2011).
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Table 3.1.6.15 summarizes the average concentration, uncertainty, LOD, and LOQ results
for the three trace element RMs, compared to accepted values. The NIST 612, NIST 614, and
zircon 91500 reference values are from preferred GeoReM values (GeoReM 5211, Jochum et al.,

2011; GeoReM 104, Wiedenbeck et al., 2004).

The trace element concentrations of NIST 612 from this study are within the 2 standard

errors of GeoReM 5211 reported values (Figure 3.1.6.21; Jochum et al., 2011).

150



Table 3.1.6.15. Average trace element concentration, uncertainty, LOD, and LOQ for glass reference materials (RM) NIST612, 614 and zircon RM 91500.

l;ii?;?:f Session Element sp $Ca 8¢ “Ti SMn STFe 8y %Nb
Average concentration (ppm) | 46.6 85035.7 39.9 44.0 38.7 51.2 38.3 38.9
1 Uncertainty (2SE) 0.3 321.3 0.2 0.3 0.2 0.9 0.2 0.1
Average LOD 1.1 127.3 0.2 0.4 1.6 4.6 0.0 0.02
Average LOQ 3.2 381.9 0.6 1.2 4.7 13.8 0.1 0.05
NIST612 Average concentration (ppm) | 46.6 85056.3 39.9 44.0 38.8 50.8 38.3 38.9
) Uncertainty (2SE) 0.4 411.5 0.2 0.4 0.4 1.4 0.2 0.2
Average LOD 2.0 196.3 0.4 0.7 3.0 8.7 0.1 0.03
Average LOQ 5.9 588.8 1.2 2.2 9.1 26.1 0.3 0.09
Reference Value 46.6 85049 39.9 44.0 38.7 51 383 38.9
Uncertainty 6.9 2.5 2.3 0.9 2 1.4 2.1
Average concentration (ppm) | 41.0 85131.4 BelowLOQ | 3.2 | BelowLOQ | BelowLOQ | 0.79 0.80
1 Uncertainty (2SE) 0.4 448.8 0.0 0.1 0.3 1.0 0.02 0.02
Average LOD 1.1 98.9 0.4 0.5 1.4 5.1 0.04 0.08
Average LOQ 3.2 296.6 1.2 1.6 4.2 15.4 0.13 0.25
Average concentration (ppm) | 40.7 84562.5 BelowLOQ | 3.1 | BelowLOD | BelowLOQ | 0.78 0.79
NIST614 ) Uncertainty (2SE) 0.5 573.9 0.1 0.2 0.5 1.8 0.02 0.02
Average LOD 1.9 191.3 0.4 0.7 2.9 8.7 0.09 0.03
Average LOQ 5.7 573.8 1.2 2.1 8.6 26.1 0.26 0.09
Reference Value 11.4 85061 0.74 3.61 1.42 18.8 0.790 0.824
Uncertainty 3.9 0.25 0.07 6.0 0.032 0.030
Average concentration (ppm) | 29.7 | BelowLOD 599.4 4.6 | BelowLOQ | BelowLOD | 122.0 | BelowLOD
1 Uncertainty (2SE) 0.2 12.5 3.7 0.1 0.19 0.6 0.7 0.01
Average LOD 0.9 92.6 0.3 0.4 1.3 6.9 0.04 2.66
Average LOQ 2.7 277.7 0.8 1.1 3.9 20.6 0.11 7.97
91500 Average concentration (ppm) | 30.6 | BelowLOD 593.6 4.5 | BelowLOQ | BelowLOD | 116.5 | BelowLOD
5 Uncertainty (2SE) 0.3 22.3 4.7 0.1 0.34 1.0 0.9 0.00
Average LOD 1.8 157.3 0.3 0.6 2.4 7.0 0.07 0.02
Average LOQ 5.3 472.0 1.0 1.9 7.1 20.9 0.22 0.07
Reference Value 24 1.9 1.17 6 0.19 34 140 0.79
Uncertainty 2 1.2 0.12 2 0.10 0.4 28 0.14
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Table 3.1.6.15. continued.

l?\iiiii?:le Session Element 137Ba 1392 40Ce 14ipy 146Nd 1478 m IS3Eu
Average concentration (ppm) 39.3 36.0 38.4 379 35.5 37.7 35.6
1 Uncertainty (2SE) 0.2 0.1 0.1 0.1 0.2 0.2 0.1
Average LOD 0.1 0.00945 0.0152 0.01 0.05 0.05 0.03
Average LOQ 0.4 0.0284 0.0456 0.04 0.16 0.15 0.08
NIST612 Average concentration (ppm) 39.3 36.0 38.4 379 35.5 37.7 35.6
) Uncertainty (2SE) 0.3 0.1 0.2 0.2 0.2 0.3 0.2
Average LOD 0.2 0.0196 0.0306 0.03 0.11 0.10 0.05
Average LOQ 0.7 0.0589 0.0917 0.09 0.34 0.30 0.16
Reference Value 39.3 36.0 38.4 37.9 35.5 37.7 35.6
Uncertainty 0.9 0.7 0.7 1.0 0.7 0.8 0.8
Average concentration (ppm) 3.18 0.71 0.79 0.76 0.75 0.76 0.77
| Uncertainty (2SE) 0.09 0.01 0.01 0.01 0.03 0.03 0.02
Average LOD 0.11 0.009 0.02 0.01 0.06 0.05 0.03
Average LOQ 0.33 0.03 0.05 0.04 0.17 0.15 0.09
Average concentration (ppm) 3.12 0.70 0.78 0.76 0.72 0.77 0.78
NIST614 ) Uncertainty (2SE) 0.10 0.01 0.02 0.02 0.04 0.04 0.02
Average LOD 0.22 0.019 0.03 0.03 0.13 0.11 0.05
Average LOQ 0.66 0.06 0.09 0.09 0.38 0.32 0.16
Reference Value 3.20 0.720 0.813 0.768 0.752 0.754 0.770
Uncertainty 0.09 0.013 0.025 0.015 0.014 0.013 0.016
Average concentration (ppm) BelowLOQ | BelowLOD 2.18 BelowLOQ 0.16 0.37 0.21
| Uncertainty (2SE) 0.01 0.001 0.02 0.002 0.01 0.02 0.01
Average LOD 0.01 0.095 0.01 0.01 0.01 0.05 0.04
Average LOQ 0.04 0.29 0.03 0.04 0.04 0.14 0.13
91500 Average concentration (ppm) BelowLOD | BelowLOD 2.13 BelowLOD | BelowLOQ 0.36 0.19
5 Uncertainty (2SE) 0.02 0.002 0.03 0.003 0.02 0.02 0.01
Average LOD 0.18 0.015 0.02 0.02 0.10 0.09 0.04
Average LOQ 0.55 0.04 0.07 0.07 0.31 0.27 0.13
Reference Value 0.06 0.006 2.6 0.024 0.24 0.50 0.24
Uncertainty 0.06 0.006 0.6 0.030 0.08 0.16 0.06
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Table 3.1.6.15 continued.

lf\iiet:‘;‘l‘:f Session Element 15Gd | 'Tb | Dy | SHo | 'Er | 'Tm | !?Yb | "SLu | 'Hf | '®!Ta
Average concentration (ppm) 37.3 37.6 | 35.5 38.3 38.0 36.8 39.2 | 37.0 36.7 37.6
1 Uncertainty (2SE) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.1
Average LOD 0.13 0.01 | 0.05 0.01 0.05 0.01 0.04 | 0.01 0.05 0.01
Average LOQ 0.38 0.03 | 0.15 0.03 0.14 0.04 0.12 | 0.04 0.16 0.03
NIST612 Average concentration (ppm) 37.3 37.6 | 35.5 38.3 38.0 36.8 39.2 | 37.0 36.7 37.6
) Uncertainty (2SE) 0.3 0.2 0.2 0.2 0.2 0.2 0.3 0.2 0.2 0.2
Average LOD 0.27 0.02 | 0.10 0.02 0.09 0.03 0.09 | 0.03 0.09 0.02
Average LOQ 0.80 0.07 | 0.29 0.06 0.27 0.08 0.26 | 0.08 0.26 0.07
Reference Value 373 37.6 | 355 38.3 38.0 36.8 39.2 | 37.0 36.7 37.6
Uncertainty 0.9 1.1 0.7 0.8 0.9 0.6 0.9 0.9 1.2 1.9
Average concentration (ppm) 0.77 0.74 | 0.75 0.75 0.75 0.72 0.78 | 0.73 0.72 0.75
| Uncertainty (2SE) 0.04 0.01 | 0.03 0.01 0.02 0.01 0.03 | 0.01 0.02 0.01
Average LOD 0.14 0.01 | 0.05 0.01 0.04 0.01 0.04 | 0.01 0.05 0.01
Average LOQ 0.42 0.03 | 0.16 0.03 0.13 0.04 0.13 | 0.04 0.14 0.03
Average concentration (ppm) BelowLOQ | 0.73 | 0.77 0.75 0.74 0.72 0.78 | 0.73 0.72 0.75
NIST614 ) Uncertainty (2SE) 0.06 0.02 | 0.03 0.02 0.03 0.02 0.04 | 0.02 0.03 0.02
Average LOD 0.28 0.02 | 0.10 0.02 0.10 0.03 0.08 | 0.03 0.10 0.02
Average LOQ 0.84 0.07 | 0.29 0.07 0.29 0.08 0.25 | 0.08 0.29 0.07
Reference Value 0.763 0.739 | 0.746 | 0.749 0.740 0.732 10.777 | 0.732 | 0.711 | 0.808
Uncertainty 0.021 0.020 | 0.022 | 0.015 0.017 0.020 | 0.021 | 0.018 | 0.022 | 0.026
Average concentration (ppm) 1.96 0.75 | 9.77 4.13 22.44 5.51 57.6 | 11.97 | 5076.0 | 0.34
| Uncertainty (2SE) 0.04 0.01 | 0.09 0.03 0.15 0.04 0.4 0.07 29.0 0.01
Average LOD 0.02 0.11 | 0.01 0.04 0.01 0.04 0.01 | 0.04 0.01 0.04
Average LOQ 0.07 0.34 | 0.03 0.12 0.03 0.12 0.03 | 0.13 0.03 0.11
91500 Average concentration (ppm) 1.89 0.72 | 9.36 3.95 21.57 5.25 552 | 11.37 | 4948.7 | 0.30
5 Uncertainty (2SE) 0.06 0.01 | 0.11 0.04 0.20 0.05 0.5 0.10 38.6 0.01
Average LOD 0.22 0.02 | 0.08 0.02 0.08 0.02 0.08 | 0.02 0.07 0.02
Average LOQ 0.65 0.06 | 0.24 0.05 0.23 0.07 0.23 | 0.06 0.21 0.06
Reference Value 2.2 0.86 12 4.8 25 6.9 74 13 5900 0.5
Uncertainty 0.6 0.14 2 0.8 6 0.8 8 2 600 0.2
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Table 3.1.6.15. continued.

Reference Material | Session Element 204pp 06pp | 207pp | 208pp | Totalpp® | 232Th | 238y
Average concentration (ppm) 38.6 38.6 38.6 38.6 38.6 37.8 37.4
| Uncertainty (2SE) 0.6 0.1 0.1 0.1 0.1 0.1
Average LOD 1.33 0.01 0.01 0.01 0.01 0.00
Average LOQ 3.99 0.03 0.03 0.04 0.04 0.01
NIST612 Average concentration (ppm) 38.7 38.6 38.6 38.6 38.6 37.8 374
) Uncertainty (2SE) 0.8 0.2 0.2 0.2 0.2 0.2
Average LOD 2.7 0.02 0.02 0.02 0.03 0.01
Average LOQ 8.1 0.06 0.06 0.07 0.08 0.02
Reference Value 38.57 | 37.79 | 37.38
Uncertainty 0.20 0.08 0.08
Average concentration (ppm) BelowLOQ 2.38 2.28 2.32 2.33 0.75 0.81
| Uncertainty (2SE) 0.32 0.03 0.03 0.03 0.01 0.01
Average LOD 1.33 0.01 0.01 0.01 0.01 0.00
Average LOQ 3.99 0.04 0.03 0.04 0.04 0.01
Average concentration (ppm) BelowLOD 2.43 2.30 2.39 2.38 0.75 0.82
NIST614 ) Uncertainty (2SE) 0.56 0.04 0.03 0.04 0.02 0.02
Average LOD 2.78 0.02 0.02 0.02 0.02 0.01
Average LOQ 8.33 0.05 0.06 0.06 0.07 0.02
Reference Value 2.32 0.748 | 0.823
Uncertainty 0.04 0.006 | 0.002
Average concentration (ppm) 1.00 52.40 4.27 2.55 14.9 23.4 66.7
| Uncertainty (2SE) 0.19 0.16 0.03 0.03 0.1 0.4
Average LOD 0.01 1.16 0.01 0.01 0.03 0.01
Average LOQ 0.03 3.49 0.03 0.03 0.10 0.03
91500 Average concentration (ppm) BelowLOD | 53.00 4.41 2.61 15.1 23.1 65.5
5 Uncertainty (2SE) 0.31 0.19 0.04 0.03 0.2 0.5
Average LOD 2.17 0.02 0.05 0.02 0.02 0.01
Average LOQ 6.52 0.05 0.16 0.05 0.06 0.02
Reference Value 15 30 80
Uncertainty 6 16
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Sequence 1 - NIST612
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Figure 3.1.6.21. LASS-ICP-MS trace elements results for primary calibration glass reference material
NIST612. The grey line indicates a 1:1 ratio of measured concentrations to the accepted RM values
(Jochum et al., 2011). Deviation from this line indicates elements which do not agree with the accepted
values.
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The NIST 614 results generally agree with the GeoReM 5211 values (Table 3.1.6.15,
Figure 3.1.6.22; Jochum et al., 2011). Exceptions include *'P, with average concentrations of
41.0+0.4 ppm for session 1 and 40.7+0.5 for session 2, significantly higher than the reported
11.443.9 ppm. Scandium-45, >*Mn and *’Fe yielded concentrations below their respective limits
of quantification. Additionally, the average concentration of '*’Gd was below the average limit

of quantification in session 2 (Table 3.1.6.15).
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Sequence 1 - NIST 614
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Figure 3.1.6.22. LASS-ICP-MS trace elements results for secondary glass reference material NIST614.

The grey line indicates a 1:1 ratio of measured concentrations to the accepted RM values (Jochum et al.,
2011). Deviation from this line indicates elements which do not agree with the accepted values.
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The results of zircon 91500 are also generally within agreement of GeoReM 104 (Table
3.1.6.15, Figure 3.1.6.23; Wiedenbeck et al., 2004). Exceptions include *'P and **Sc which had
measured concentrations significantly greater than reported values (Table 3.1.6.15, Figure
3.1.6.23). The high concentrations of **Sc are likely due to interference with 2°Si'®O* and Zr***",
while 3'P has an interference with '’N'60 and is difficult to ionize. Calcium-43, >>Mn, >’Fe, **Nb,
137Ba,!*La, and "*'Pr yielded average concentrations below the limit of detections or
quantification in both sessions 1 and 2. Additionally, the average concentration of '“*Nd was
below the average LOQ in session 2. Concentrations of '®Tm, !72Yb, and !”’Hf were lower than

the reported GeoReM 104 values (Figure 3.1.6.23; Wiedenbeck et al., 2004).
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Figure 3.1.6.23. LASS-ICP-MS trace elements results for secondary zircon reference material 91500. The
grey line indicates a 1:1 ratio of measured concentrations to the accepted RM values (Coble et al., 2018).
Deviation from this line indicates elements which do not agree with the accepted values.
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3.2 Results

3.2.1 LA-ICP-MS U-Pb Geochronology Results

3.2.1.1 Zircon U-Pb Geochronology

Zircon U-Pb LA-ICP-MS results are reported in the BCGS Geofile (in preparation) and
summarized in Table 3.2.1.1. The majority of zircon LA-ICP-MS U-Pb crystallization ages
presented in this thesis were previously reported in Jones et al. (2021). The ages have been
further refined for this thesis, but do not differ significantly from Jones et al. (2021). Zircon LA-
ICP-MS U-Pb ages for Thane Creek quartz diorite sample 181022-1d, Osilinka granite sample
19GJ12-3, and Mesilinka equigranular granite 19GJ16-2 were not previously reported.

Table 3.2.1.1. Summary of LA-ICP-MS 2%°Pb/>*3U weighted mean age results for unknown zircons.

Intrusive 206p| /238y weighted No. of Excess

Sample suite mean age, Ma (2SE)  analyses MSWD  p(x’) scatter
19GJ12-4 Thane Creek 206.81+0.9 12/13 1.7 0.06 N/A
18l022-1a Thane Creek 191.4+0.7 33/42 0.87 0.68 N/A
18l022-1d Thane Creek 199.0+0.5 26/46 1.2 0.24 N/A
19GJ13-3 Thane Creek 194.0+1.0 38/50 13 0.11 3.25
18l025-2a  Duckling Creek 179.0£1.0 20/44 1.0 0.46 1.63
19GJ13-5a  Duckling Creek 174.7+0.7 24/26 1.4 0.12 N/A
18l017-1 Osilinka 159.2+4.0 1 N/A N/A N/A
19GJ12-3 Osilinka 187.7+£3.8 1 N/A N/A N/A
18l020-4 Osilinka 162.2+2.6 1 N/A N/A N/A
19GJ12-1 Mesilinka 134.1+0.5 18/23 1.5 0.09 N/A
18l012-7 Mesilinka 135.4+0.9 20/33 1.4 0.11 2.18
18l011-1 Mesilinka 127.7+0.8 34/48 1.5 0.02 2.31
19GJ16-2 Mesilinka 127.1+1.6 13/33 1.4 0.18 2.58
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Thane Creek suite

Quartz diorite: 19GJ12-4

Zircons from Thane Creek quartz diorite sample 19GJ12-4 are typically brown, euhedral,
fractured, 70 to 280 um long, and dark in CL images. Internal textures are poorly preserved, with
growth zones mostly obscured (Appendix C). The 2°Pb/2*Pb ratio in zircon ranges between 830
and 190000.

Thirteen spots from 11 zircons were analyzed for U-Pb from sample 19GJ12-4. After
analysis and data reduction, one zircon was rejected for f?°Pbc >1%. Twelve remaining zircons
range in age from 204.0+3.1 to 208.9+3.3 Ma. These results yield a weighted mean 2°°Pb/*3*U
date of 206.8+0.9 Ma (mean squared weighted deviation; MSWD =1.7; probability of fit;
(p(%?))=0.06). This weighted mean, and its associated MSWD, is consistent with the analysed
zircons being derived from a single age population (Spencer et al., 2016), and is interpreted as
the best estimate for the crystallization age for quartz diorite sample 19GJ12-4 (Figure 3.2.1.1;
Table 3.2.1.1).
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Figure 3.2.1.1. A) The weighted mean of zircon 2°°Pb/?38U dates, interpreted as the crystallization age, of
Thane Creek quartz diorite sample 19GJ12-4. The black line is the weighted mean, and the grey bar is the
26 uncertainty of the mean. B) Wetherhill concordia plot of zircon 2°°Pb/?*3U and 2°7Pb/?*3U ratio results for
19GJ12-4. Open grey ellipses were screened out for 2°Pbc >1% and were not included in the concordia
age calculation. The white ellipse is the concordia age result. Uncertainties and ages are reported at the
95.4% confidence level (20).
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Hornblendite: 18l022-1a

Zircons from Thane Creek hornblendite sample 18l022-1a are typically light pink,
euhedral, and 250 to 900 um long. Internal textures are well preserved, with oscillatory and
sector growth zoning (Appendix C). The 2°Pb/?**Pb ratio in zircon ranges between 400 and
1800000.

Forty-two spots from 32 zircons were analyzed for U-Pb from sample 181022-1a. After
analysis and data reduction, nine results were rejected for f2°°Pb, >1%. Thirty-three remaining
zircons range in age from 187.5+3.8 to 195.5+4.1 Ma. These results have a 2°Pb/***U weighted
mean date of 191.4+0.7 Ma (MSWD=0.87; p(x*)=0.68) (Figure 3.2.1.2; Table 3.2.1.1). This
weighted mean, and its associated MSWD, is consistent with the analysed zircons being derived
from a single age population (Spencer et al., 2016).

A zircon CA-TIMS U-Pb age of 197.6+0.1 Ma for sample 18l022-1a was previously
determined (Ootes et al., 2020b). The discrepancy between the LA-ICP-MS weighted mean
206ph/2381 date (191.4+0.7 Ma) and the reported CA-TIMS 2°Pb/>3¥U date (197.6£0.1 Ma) may
be due to differences in the calibration techniques between the LA-ICP-MS and CA-TIMS
methods. Although both the LA-ICP-MS and CA-TIMS U-Pb dates of the hornblendite are
considered valid, the CA-TIMS date (197.6+0.1 Ma) is interpreted to be more accurate and the

best estimate of the crystallization age.
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Figure 3.2.1.2. A) The weighted mean of zircon 2°°Pb/?38U dates from Thane Creck hornblendite sample
18l022-1a. The black line is the weighted mean, and the grey bar is the 26 uncertainty of the mean. B)
Wetherhill concordia plot of zircon 2°°Pb/?3¥U and 27Pb/?>**U ratio results, shown by green ellipses, for
hornblendite sample 181022-1a. Red ellipses indicate the CA-TIMS U-Pb age results for 181022-1a,
interpreted as 197.5+0.1 Ma by Ootes et al. (2020b) and determined as the best estimate of the
crystallization age for this sample. Open grey ellipses were screened out for f2%°Pbc >1% and were not
included in the concordia age calculation. The white ellipse is the concordia age result. Uncertainties and
ages are reported at the 95.4% confidence level (20).

Quartz diorite: 18l022-1d

Zircons from Thane Creek quartz diorite sample 18l022-1d are typically light pink,
euhedral, and 250 to 600 um long. Internal textures are well preserved, with oscillatory and
sector growth zoning (Appendix C). The 2°°Pb/?**Pb ratio in zircon ranges between 500 and
26000. Forty-six spots from 38 zircons were analyzed from sample 18l022-1d. After analysis and
data reduction, 16 analyses were rejected for exceeding >5% discordance and/or f2°°Pb. >1%.

Thirty remaining zircon spots range in 2°°Pb/***U apparent age from 196.5+2.6 to
203.3+2.2 Ma. These results have a weighted mean 2°°Pb/?*8U date of 199.6+0.7 Ma
(MSWD=2.5). The high MSWD indicates the data may not represent a single population, using
the MSWD versus sample number cut-off guidelines from Spencer et al. (2016). The four oldest
zircon results (zircon 27, 22@?2, 29, 20@1), with ages ranging from 202.7+2.1 to 203.3+2.2 Ma,
may represent antecrysts or early crystallized grains and are not representative of the population.
These four data were removed and 26 remaining results yield a 2°°Pb/>**U weighted mean date of

199.0+0.5 Ma (MSWD=1.2; p(x?)=0.24) (Figure 3.2.1.3; Table 3.2.1.1).
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A zircon CA-TIMS age of 196.61+0.19 Ma was previously determined for sample
18l022-1d (Ootes et al., 2020b). The CA-TIMS age was interpreted using the youngest zircon
result out of five grains, which range in 2°Pb/?*8U age from 196.61+0.19 to 202.28+0.64 Ma
(Ootes et al., 2020b). Although the CA-TIMS U-Pb age results are more precise than LA-ICP-
MS U-Pb age results for individual zircon grains, the range of LA-ICP-MS ages agree with the
range of CA-TIMS U-Pb results in that sample. The reported CA-TIMS age may not represent
the main stage of zircon crystallization in this sample, as the youngest zircon may have
crystallized later than the bulk of the population. The LA-ICP-MS age takes a greater range of
dates into account and is more representative of the age range of the zircon population in this
sample than the interpreted CA-TIMS age. We consider the LA-ICP-MS age (199.0+£0.5 Ma) the
best estimate of the crystallization age for quartz diorite sample 18l022-1d.
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Figure 3.2.1.3. A) The weighted mean of zircon 2°°Pb/?38U dates, interpreted as the crystallization age, of
Thane Creek quartz diorite sample 181022-1d. White bars are zircon grains interpreted as antecrystic or
early crystallized grain, and were not included in the weighted mean calculation. The black line is the
weighted mean, and the grey bar is the 26 uncertainty of the mean. B) Wetherhill concordia plot of zircon
206pp/238U and 2°7Pb/>*3U ratio results, shown by green ellipses, for quartz diorite sample 181022-1a. Open
grey ellipses are data filtered for >5% discordance, >1% {2%Pbc, or interpreted to be antecrystic or
xenocrystic zircons, and were not included in the concordia age calculation. The white ellipse is the
concordia age result. Red ellipses are the CA-TIMS U-Pb results for 18l022-1d, interpreted as 196.6+0.9
Ma by Ootes et al. (2020b) using the youngest zircon result. Uncertainties and ages are reported at the
95.4% confidence level (20).
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Quartz monzodiorite: 19GJ13-3

Zircons from Thane Creek quartz monzodiorite sample 19GJ13-3 are typically clear to
light pink, euhedral, and 150 to 425 pm long. Internal textures are well preserved, with
oscillatory and sector growth zoning. Several zircons have rounded cores that are overgrown, but
not crosscut, by later zonation (Appendix C). The 2*°Pb/?**Pb ratio in zircon ranges between 400
and 87000.

Fifty spots from 35 zircons were analyzed from sample 19GJ13-3. After LA-ICP-MS
analysis, six zircon data were rejected for f2°Pbc >1% and two zircons were rejected for >5%
discordance. The remaining zircons range in apparent *°’Pb/>*8U age from 182.9+3.2 to
201.4+£2.9 Ma (MSWD=9.9). This high MSWD for this number of datapoints indicates the
dataset includes multiple populations, using the MSWD versus sample number cut-off guidelines
from Spencer et al. (2016). Only one rounded, possibly inherited, zircon core was identified
using the CL image, and this result was removed from the weighted mean (Zircon 29@1).

Despite the high MSWD in the remaining zircon data, the zircon grains are interpreted as
magmatic. It is possible the scatter in the age data is due to multiple magma pulses in a chamber
over time, but individual pulse ages cannot be resolved at the level of analytical precision.
Although the high MSWD indicates scatter in the age beyond that expected for a single data
population controlled by random uncertainties (Spencer et al., 2016), further objective criteria
(Hf, §'%0, trace element data) did not find any data outliers to remove and define a more accurate
intrusion age. As such, the age presented must be viewed as an initial estimate of the age,
pending further refinement.

Since the elevated MSWD of this age population is not commensurate with a single age
population dominated by random uncertainties (Spencer et al., 2016), the overdispersed data
were dealt with using the ‘model-3” method outlined by Vermeesch (2018). In this method, data
overdispersion is attributed to geologic scatter in the ages, and an overdispersion term (excess
scatter; Table 3.2.1.1) is calculated to reduce the MSWD to unity (Vermeesch, 2018). This
method did not change the resulting weighted mean 2°°Pb/>*3U age but increased the uncertainty
of the weighted mean. An excess scatter constant of 3.25 was calculated and added to the
standard error of the filtered data to decrease the MSWD of the weighted mean. The youngest
three results (Zircon S@1, 23@?2, 3) were not included in the final weighted mean, as these may

indicate undetected Pb-loss. Thirty-eight remaining results yield a weighted mean 2°°Pb/?*¥U date
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of 194.0+£1.0 Ma (MSWD=1.3; p(x>)=0.11). This weighted mean is interpreted as the best
estimate for the crystallization age for quartz monzodiorite sample 19GJ13-3 (Figure 3.2.1.4;
Table 3.2.1.1).
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Figure 3.2.1.4. A) The weighted mean of zircon 2°°Pb/?38U dates, interpreted as the crystallization age, of
Thane Creek quartz monzodiorite sample 19GJ13-3. White bars are zircons interpreted to have potential
Pb-loss or as xenocrystic, and were excluded from the weighted mean calculation. The black line is the
interpreted weighted mean, and the grey bar is the 2¢ uncertainty of the mean. B) Wetherhill concordia
plot of zircon 2°°Pb/?*¥U and 27Pb/?3>U ratio results for 19GJ13-3. Open grey ellipses indicate data filtered
for >5% discordance, >1% f2°°Pb, or interpreted to have Pb-loss or xenocrystic zircons, and were not
included in the concordia age calculation. The white ellipse is the concordia age result. Uncertainties and
ages are reported at the 95.4% confidence level (20).
Duckling Creek suite

Syenite: 18l025-2a

Duckling Creek syenite sample 181025-2a bears two types of zircon. Type ‘A’ are clear-
pink coloured zircon fragments between 100 to 200 mm. Type ‘B’ zircons are larger grains (300
to 400 mm) that are brown with good crystal habit, but with cores that are commonly metamict
or highly fractured (Appendix C). The 2°*Pb/>**Pb ratio in zircon ranges between 2100 and
35000. The U-Pb age interpretations were mostly determined from type A zircons, as only two
type B zircon analyses passed data screenings.

Forty-four spots from 44 zircons were analyzed from sample 18l0o25-2a. After LA-ICP-
MS analysis, 17 type A and B zircons were rejected for >5% discordance, and three type B
zircons were filtered for trace element results with Fe >300 ppm and/or Ca >300 ppm and La >1

ppm. One type B zircon analysis was rejected for excessive standard error of Ca.
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After data screening, the remaining 23 zircons ranged in apparent 2°°Pb/>*¥U age from
174.9+4.3 to 186.7+£3.4 Ma (MSWD = 4.0). This high MSWD indicates the dataset likely
includes multiple populations, using the MSWD versus sample number cut-off guidelines from
Spencer et al. (2016). The three oldest zircon results (Zircon A6, A9, B7-1; Appendix C), with
dates from 185.143.1 to 186.7+3.4 Ma, were removed from the weighted mean calculation, as
these may represent antecrysts or early crystallized zircons and are not representative of the
remaining grains. Excluding these older grains, the remaining 20 analyses ranged in apparent
206pb/2381 age from 174.9+4.3 Ma to 182.4+3.1 (MSWD = 2.3). The MSWD indicates the
remaining data do not represent a single population; however, zircon BSE images and Hf, §'*0,
and trace element data provide no further evidence that multiple zircon populations may be
present. It is possible the age scatter is due to multiple magma pulses over time, but individual
pulse ages cannot be resolved at the level of analytical precision. As such, the age presented
must be viewed as an initial estimate of the age, pending further refinement.

Since the MSWD of this age population does not correspond with a single population
dominated by random uncertainties (Spencer et al., 2016), the overdispersed data were dealt
with using the model-3 method outlined by Vermeesch (2018). An excess scatter constant of
1.63 was calculated and added to the individual uncertainties of the remaining data to decrease
the MSWD. This method did not change the resulting weighted mean 2*°Pb/>*3U age, nor
significantly increase the uncertainty of the weighted mean. Twenty remaining zircons yield a
weighted mean 2°°Pb/?*¥U date of 179.0+£1.0 Ma (MSWD=1.0; p(yx%)=0.46). This weighted mean
is interpreted as the best estimate for the crystallization age of Duckling Creek syenite sample

18l025-2a (Figure 3.2.1.5; Table 3.2.1.1).
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Figure 3.2.1.5. A) The weighted mean of zircon 2°°Pb/?38U dates, interpreted as the crystallization age, of
Duckling Creek syenite sample 181025-2a. White bars are zircons that may represent antecrysts and were
excluded from the weighted mean. The black line is the weighted mean, and the grey bar is the 2¢
uncertainty of the mean. B) Wetherhill concordia plot of zircon 2°°Pb/?*8U and 2*’Pb/?3>U ratio results for
181025-2a. Open grey ellipses are data filtered for >5% discordance, >1% f2*Pbc, >300 ppm Fe, >300 ppm
Ca, >1 ppm La, or interpreted to be antecrystic, and are not included in the concordia age calculation. The
white ellipse is the concordia age. Uncertainties and ages are reported at the 95.4% confidence level (20).

Syenite: 19GJ13-5a

Zircons from Duckling Creek syenite sample 19GJ13-5a are typically clear-pink,
euhedral, and 110 to 250 um long. Internal textures are well preserved, with oscillatory, sector,
and/or tabular growth zoning. The 2°Pb/2**Pb ratio in zircon ranges between 500 and 13000.
Several zircons have cores with rounded rims that are overgrown, but not crosscut, by later
zonation (Appendix C).

Twenty-six spots from 23 zircons were analyzed from sample 19GJ13-5a. After LA-ICP-
MS analysis, two zircon U-Pb analyses were rejected for f°Pbc >1%. Twenty-four remaining
zircons have apparent 2°°Pb/?**U ages ranging from 170.7+3.3 to 178.0+3.7 Ma. These data yield
a weighted mean 2°°Pb/?*8U date of 174.7+0.7 Ma (MSWD=1.4; p(x*)=0.12). This weighted
mean, and its associated MSWD, is consistent with the analysed zircons being derived from a
single age population (Spencer et al., 2016), and is interpreted as the best estimate for the

crystallization age for Duckling Creek syenite sample 19GJ13-5a (Figure 3.2.1.6; Table 3.2.1.1).
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Figure 3.2.1.6. A) The weighted mean of zircon 2°°Pb/?3%U dates, interpreted as the crystallization age, of
Duckling Creek syenite sample 19GJ13-5a. The black line is the weighted mean, and the grey bar is the 2¢
uncertainty of the mean. B) Wetherhill concordia plot of zircon 2°°Pb/>*3U and 2°’Pb/?**U ratio results for
19GJ13-5a. The white ellipse is the concordia age. Uncertainties and ages are reported at the 95.4%
confidence level (20).

Osilinka suite
Granite: 18lo17-1

Zircons from Osilinka granite sample 18lo17-1 are typically clear, euhedral, fragmented,
and 150 to 500 um long. Internal textures are well preserved, with oscillatory growth zoning.
The 2°Pb/>*Pb ratio in zircon ranges between 200 and 39000. Grains occasionally have
overgrown rims (Appendix C).

Twenty-four spots from 21 zircons were analyzed from sample 18lo17-1. After LA-ICP-
MS analysis, twelve results were rejected for f2°°Pb. >1% and/or >5% discordance. The ten
remaining zircons have a 36.1 million year spread in 2*°Pb/**®U dates and are interpreted as
inherited. The youngest zircon has a °’Pb/?*3U date of 159.2 £4.0 Ma; it is unclear if this is a
magmatic or inherited zircon and therefore this 2°Pb/>**U date is interpreted as the maximum

crystallization age for Osilinka granite 18lo17-1 (Figure 3.2.1.7; Table 3.2.1.1).
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Figure 3.2.1.7. Wetherhill concordia plot of zircon 2°’Pb/?3°U and 2%°Pb/?*8U ratio results for Osilinka
granite sample 18lo17-1. Open grey ellipses are data points screened for >5% discordance and/or >1%
20Pbc. Closed grey ellipses with black outlines are data that passed screenings, but are interpreted as
inherited zircons. The green ellipse is the youngest zircon result, interpreted as the maximum crystallization
age of the sample. Uncertainties and ages are reported at the 95.4% confidence level (20).

Granite: 19GJ12-3

Zircons from Osilinka granite sample 19GJ12-3 are typically colourless to pink, euhedral,
60 to 140 um long. Approximately half the grains have well-preserved internal textures, while
the remaining grains are metamict or irregularly zoned. The 2°°Pb/2**Pb ratio in zircon ranges
between 200 and 9000. Several grains have bright, rounded cores crosscut by later oscillatory
zonation (Appendix C).

Sixteen spots from 16 zircons were analyzed from sample 19GJ12-3. After LA-ICP-MS
analysis, ten zircon data points were rejected for >5% discordance and/or f2%Pb, >1%. The six
remaining zircons yield a 42.6 million year spread in 2°’Pb/>*®U dates and are interpreted as
inherited. The youngest zircon has a 2*°Pb/>**U date of 187.7+3.8 Ma (Figure 3.2.1.8; Table
3.2.1.1). It is likely this zircon grain is also inherited, due to the presence of younger (ca. 160
Ma) zircons in Osilinka granite 18lo17-1 and porphyry sheet 181020-4. Additionally, Osilinka
granite cross-cuts Duckling Creek syenite (ca. 179 to 174 Ma) in the field, so the Osilinka granite

must be younger than at least ca. 174 Ma.
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Figure 3.2.1.8. Wetherhill concordia plot of zircon 2°’Pb/?3°U and 2%°Pb/?*8U ratio results for Osilinka
granite sample 19GJ12-3. Open grey ellipses are data points screened for >5% discordance and/or >1%
f206PbC. Closed grey ellipses with black outlines are data that passed screenings, but are interpreted as
inherited zircons. The green ellipse is the youngest zircon date result, which is also interpreted as inherited.
Uncertainties and ages are reported at the 95.4% confidence level (20).

Porphyry sheet cutting granite: 181020-4
Zircons from porphyry sheet sample 181020-4 are typically euhedral, fragmented, and 85

to 425 um long. Internal textures are generally well preserved with oscillatory growth zoning;
however, some grains have metamict cores with overgrown rims. The 2°Pb/?**Pb ratio in zircon
ranges between 300 and 97000. Several grains have rounded cores cross-cut by later zonation
(Appendix C).

Seventeen spots from 14 zircons were analyzed from sample 181020-4. After LA-ICP-MS
analysis, ten zircon data points were rejected for >5% discordance and/or f2°Pb. >1%. Seven
remaining zircons have a 96.1 million year spread in 2*°Pb/***U dates and are interpreted as
inherited. The youngest zircon has a 2°Pb/?*8U date of 162.2+2.6 Ma; it is unclear if this is a
magmatic or inherited zircon and therefore this 2°°Pb/>**U date is interpreted as the maximum

crystallization age (Figure 3.2.1.9; Table 3.2.1.1).
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Figure 3.2.1.9. Wetherhill concordia plot of zircon 2°’Pb/?3°U and 2%°Pb/?*8U ratio results for Osilinka
porphyry sheet sample 181020-4. Open grey ellipses are data points screened for >5% discordance and/or
>1% f2%Pbc. Closed grey ellipses with black outlines are data that passed screenings, but are interpreted as
inherited zircons. The green ellipse is the youngest zircon date result, interpreted as the maximum
crystallization age of the sample. Uncertainties and ages are reported at the 95.4% confidence level (20).

Maesilinka suite

Tonalite: 19GJ12-1

Zircons from Mesilinka tonalite sample 19GJ12-1 are typically clear-pink, euhedral, and
65 to 200 um long. Internal textures are well preserved, with oscillatory growth zoning. The
206pb/294Pb ratio in zircon ranges between 700 and 24000. Several grains have overgrown rims
that disrupt previous zonation (Appendix C).

Twenty-three spots from 22 zircons were analyzed from sample 19GJ12-1. After LA-
ICP-MS analysis, three zircon results were rejected for f2°°Pbc >1%. After data screening, two
results were rejected from the weighted mean calculation because the zircons are interpreted as
xenocrysts or antecrysts. These grains have dark cores and disrupted rim growth in zircon CL
images (Zircons 51 and 55; Appendix C). In addition, these zircons have higher §'30 values
relative to the remaining population (section 3.2.2). Trace element data was not available for this

sample as an additional check for altered zircon grains.
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Eighteen remaining analyses yield a weighted mean 2*°Pb/?*8U date of 134.1+0.5 Ma
(MSWD=1.5; p(x*)=0.09). The weighted mean, and its associated MSWD, is consistent with the
analysed zircons being derived from a single age population (Spencer et al., 2016), and is
interpreted as the best estimate for the crystallization age of tonalite sample 19GJ12-1 (Figure
3.2.1.10; Table 3.2.1.1).
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Figure 3.2.1.10. A) The weighted mean of zircon 2°°Pb/?38U dates, interpreted as the crystallization age, of
Mesilinka tonalite sample 19GJ12-1. White bars are zircon grains interpreted as xenocrystic or antecrystic
and were excluded from the weighted mean calculation. The black line is the weighted mean, and the grey
bar is the 26 uncertainty of the mean. B) Wetherhill concordia plot of zircon 2°°Pb/?*8U and 2°’Pb/>*3U ratio
results for 19GJ12-1. Closed grey ellipses with black outlines are zircon grains that passed data screenings,
but are interpreted as antecrystic or xenocrystic. Open grey ellipses are data screened for >1% 2%Pbc.
Uncertainties and ages are reported at the 95.4% confidence level (20).

K-feldspar porphyritic granite: 18lo12-7

Zircons from Mesilinka K-feldspar porphyritic granite sample 18lo12-7 are typically
clear-pink, euhedral, and 200 to 460 um long. Internal textures are moderately preserved, with
oscillatory growth zoning often surrounding irregularly zoned or metamict cores. The 2°Pb/***Pb
ratio in zircon ranges between 300 and 550000. Several grains have rims overgrowing rounded
cores or crosscutting older growth zones (Appendix C).

Thirty-three spots from 22 zircons were analyzed from sample 18lo12-7. From the LA-
ICP-MS results, seven analyses were rejected for f2°°Pbc >1% and/or >5% discordance. Two
results were not included in the weighted mean, as the zircon was interpreted as inherited,
displaying a bright, rounded core crosscut by later growth zoning in the CL image (Zircon 49-1

and -2; Appendix C). Two additional zircons (Zircons 45-1 and -2, 44-2) were interpreted as
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antecrysts, as the 2°°Pb/?*8U dates (146.9+3.5, 147.3+2.7, 148.9+3.0 Ma) of the grains are several
million years older than the mean date of the sample zircon population. The youngest zircon U-
Pb result (zircon 30-2; 126.5+2.1 Ma) analytical spot was from a younger growth zone cross-
cutting and rimming a core with >40% discordance (zircon 30-1). Zircon 30-2 was not included
in the weighted mean as it may represent a later crystallized growth zone that is not
representative of the zircon population, or it may have experienced undetected Pb-loss.

The remaining interpreted magmatic zircons range from 130.7£3.3 to 139.942.3 Ma
(MSWD=6.3). This high MSWD indicates the data may not represent a single population;
however, CL and BSE images, §'0, Hf, and trace elements do not provide clear evidence of the
presence of multiple populations. Lacking such discriminatory criteria, the remaining zircon
were treated as a single population. As such, the age presented must be viewed as an initial
estimate of the age, pending further refinement.

The higher-than-expected MSWD for the number of analyses (Spencer et al., 2016) was
attributed to overdispersion due to geological scatter (Vermeesch, 2018). Using the model-3
method of dealing with overdispersion outlined by Vermeesch (2018), an excess scatter constant
of 2.18 was calculated and added to the individual uncertainties of the remaining data to reduce
the MSWD to unity. This method did not significantly change the resulting weighted mean
206pp/238U age, nor the uncertainty of the weighted mean. Twenty zircon results have a weighted
mean 2°°Pb/?*8U date of 135.4+0.9 Ma (MSWD=1.4; p(x*)=0.11). The weighted mean is
interpreted as the best estimate for the crystallization age of K-feldspar porphyritic granite
sample 18lo12-7 (Figure 3.2.1.11; Table 3.2.1.1).
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Figure 3.2.1.11. A) The weighted mean of zircon 2°°Pb/?3®U dates, interpreted as the crystallization age, of
Mesilinka K-feldspar phenocrystic granite sample 18lo12-7. White bars are zircon grains interpreted as
xenocrystic or antecrystic and were excluded from the weighted mean calculation. The black line is the
weighted mean, and the grey bar is the 26 uncertainty of the mean. B) Wetherhill concordia plot of zircon
206pb/238U and 297Pb/?*°U ratio results for 18lo12-7. Closed grey ellipses are zircon grains that passed data
screenings, but are interpreted as antecrystic or xenocrystic. Open grey ellipses are data screened for >5%
discordance and/or >1% f2*Pbc. Uncertainties and ages are reported at the 95.4% confidence level (20).

Equigranular granite: 18lo11-1

Zircons from Mesilinka equigranular granite sample 18lo11-1 are typically clear-pink,
euhedral, and 100 to 430 um long. Internal textures are well preserved, with oscillatory growth
zoning. The 2°°Pb/2%*Pb ratio in zircon ranges between 700 and 840000. Several grains have
overgrown rims that cross-cut older growth zones or cores (Appendix C). Forty-eight spots from
40 zircons were analyzed from sample 18lo11-1. Eleven analyses were rejected for f2°Pb >1%
and/or >5% discordance. Three zircons were not included in age calculations, as these grains are
interpreted as antecrysts or xenocrysts. In CL images, these zircons have bright cores that are
crosscut by darker rims (Zircons 8, 22, and 35; Appendix C). The youngest zircon (122.1£3.3
Ma; zircon 27) was rejected due to possible undetected Pb-loss and large uncertainty in the
206pb/238U result.

The 34 remaining zircons range have 2°°Pb/?*8U dates from 123.3£1.7 to 132.2+2.0 Ma
(MSWD=9.7). This high MSWD indicates the data may not represent a single population;
however, CL and BSE images, §'%0, Hf, trace elements do not provide clear evidence of the

presence of multiple zircon populations and the remaining zircons were treated as a single
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population. As such, the age presented must be viewed as an initial estimate of the age, pending
further refinement.

The higher-than-expected MSWD for the number of analyses (Spencer et al., 2016) was
attributed to overdispersion due to geological scatter (Vermeesch, 2018). Using the model-3
method of dealing with overdispersion outlined by Vermeesch (2018), an excess scatter constant
of 2.23 was calculated and added to the individual uncertainties of filtered data to reduce MSWD
to unity. This method did not change the resulting weighted mean 2°°Pb/?38U age, nor
significantly increase the uncertainty of the weighted mean. Thirty-four remaining results have a
weighted mean 2°°Pb/?*8U date of 127.7+0.8 Ma (MSWD=1.5; p(x?)=0.02). The weighted mean
is interpreted as the best estimate for the crystallization age of equigranular granite sample

18lo11-1 (Figure 3.2.1.12; Table 3.2.1.1).
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Figure 3.2.1.12. A) The weighted mean of zircon 2%°Pb/>*3U dates, interpreted as the crystallization age, of
Mesilinka equigranular granite sample 18lo11-1. White bars are zircon grains interpreted as xenocrystic or
antecrystic or data with potential Pb-loss, and were excluded from the weighted mean calculation. The
black line is the weighted mean, and the grey bar is the 20 uncertainty of the mean. B) Wetherhill
concordia plot of zircon 2°Pb/233U and 2*"Pb/?*3U ratio results for 18lo11-1. Closed grey ellipses are zircon
grains that passed data screenings, but are interpreted as antecrystic or xenocrystic, or potentially have
undetected Pb-loss. Open grey ellipses are data points screened for >5% discordance and/or >1% f2%Pbc.
Uncertainties and ages are reported at the 95.4% confidence level (20).
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Equigranular granite: 19GJ16-2

Zircons from Mesilinka equigranular granite sample 19GJ16-2 are typically clear-pink,
euhedral, and 80 to 160 pm long. Internal textures are well preserved, with generally oscillatory
growth zoning. The 2°Pb/?**Pb ratio in zircon ranges between 400 and 70000. Several grains
have overgrown rims that cross-cut core older zones or bright cores (Appendix C).

Thirty-three spots from 33 zircons were analyzed from sample 19GJ16-2. Seventeen
analyses were rejected for f2°°Pb >1% and/or >5% discordance. Three zircons (Zircons 19, 46,
and 56; Appendix C) were not included in age calculations. Zircon 56 was interpreted as an
antecryst or xenocryst because the grain has a bright core crosscut by a darker rim in the CL
image. Zircon 46 was interpreted as an antecryst or xenocryst, as the CL image shows the grain
has a rounded, darker core embayed within a brighter growth zoned rim (Appendix C). The
206pb/238U date result for zircon 19 (120.1+2.4 Ma) was screened out, as the analytical spot was
located on a fracture. Zircon 19 was not analyzed for trace elements, so supplementary trace
element data is unavailable to use as a check for alteration.

The thirteen remaining zircons range in apparent 2°°Pb/***U age from 122.8+2.0 to
131.5+£2.5 Ma (MSWD=5.7). This high MSWD indicates the data may not represent a single
population; however, CL and BSE images and 8'30 do not indicate multiple populations. Due to
zircon grain size limitations in this sample, Hf and trace element data were collected wherever a
LASS spot could fit on the grain. In most cases, Hf and trace element data were collected in
overlapping or separate growth zones from U-Pb analytical spots. For this reason, the Hf and
trace element data is not a high enough resolution to provide evidence of multiple U-Pb age
populations in this sample. Lacking additional discriminatory data, the remaining zircons were
treated as a single population. As such, the age presented must be viewed as an initial estimate of
the age, pending further refinement.

The higher-than-expected MSWD for the number of analyses (Spencer et al., 2016) was
attributed to overdispersion due to geological scatter (Vermeesch, 2018). Using the model-3
method of dealing with overdispersion outlined by Vermeesch (2018), an excess scatter constant
of 2.58 was calculated and added to the individual uncertainties of the remaining data to decrease
the MSWD of the weighted mean 2°°Pb/***U date. This method did not change the resulting
weighted mean 2°°Pb/?*8U age, nor increase the uncertainty of the weighted mean. Thirteen

remaining zircons have a weighted mean 2°°Pb/?*8U date of 127.1+1.6 Ma (MSWD=1.4;
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p(x»)=0.18). This weighted mean is interpreted as the best estimate for the crystallization age of
equigranular granite sample 19GJ16-2 (Figure 3.2.1.13; Table 3.2.1.1).
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Figure 3.2.1.13. A) The weighted mean of zircon 2°°Pb/?38U dates, interpreted as the crystallization age, of
Mesilinka equigranular granite sample 19GJ16-2. White bars are zircon grains interpreted as xenocrystic or
antecrystic, or potentially have Pb-loss, and were excluded from the weighted mean calculation. The black
line is the weighted mean, and the grey bar is the 26 uncertainty of the mean. B) Wetherhill concordia plot
of 2Pb/?38U and 2"Pb/?*3U ratio results for 19GJ16-2. Closed grey ellipses are zircon grains that passed
data screening, but are interpreted as antecrystic or xenocrystic, or potentially have Pb-loss. Open grey
ellipses are data points screened for >5% discordance and/or >1% f?*Pbc. Uncertainties and ages are
reported at the 95.4% confidence level (20).

3.2.1.2 Titanite U-Pb Geochronology

Titanite U-Pb LA-ICP-MS results are reported in the BCGS Geofile (in preparation) and
summarized in Table 3.2.1.2. Titanite LA-ICP-MS U-Pb results are plotted on Tera-Wasserburg
diagrams, using uncorrected 2**U/?°Pb and 2°’Pb/**Pb ratios. A regression line was fit through
the data for each sample to form an isochron. The lower intercept of the isochron with the
concordia curve yields the approximate age of the titanite population for each sample. The upper
intercept is indicative of the common Pb composition of the system. Individual data points which
did not overlap with the regression line were excluded to reduce scatter, indicated by MSWD and

p(xz) values closer to one.
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Table 3.2.1.2. Summary of LA-ICP-MS U-Pb intercept age results for unknown titanite grains.

. . U-Pb intercept No.

Sample Intrusive Suite age, Ma (2SE) analyses MSWD p(x?)
19GJ13-3 Thane Creek 197.5+3.7 9/14 2.4 0.02
19GJ13-2 Duckling Creek 177.4+7.0 7/8 1.9 0.09
19GJ13-4  Duckling Creek 174.4+2.2 7/8 1.7 0.13
19GJ12-2 Mesilinka 145.8+4.6 7/9 1.5 0.17
19GJ12-1 Mesilinka 122.0+2.8 7/12 2.8 0.02

Thane Creek suite
Quartz monzodiorite: 19GJ13-3

Titanite grains from Thane Creek quartz monzodiorite sample 19GJ13-3 have a U-Pb
intercept age of 197.5+£3.7 Ma (Figure 3.2.1.14; Table 3.2.1.2). Five titanite results were
excluded from the regression to reduce scatter, yielding an MSWD of 2.4 (n=9/14). This titanite
U-Pb intercept age overlaps with the interpreted zircon crystallization age of the same sample
(194.0£1.1 Ma; section 3.2.1.1). The titanite U-Pb intercept age is interpreted as the magmatic
crystallization age of titanite, which occurred prior to and synchronous with zircon
crystallization. Petrographic identification of zircon inclusions within titanite grains in sample

19GJ13-3 supports this interpretation (Appendix A2).
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Figure 3.2.1.14. Tera-Wasserburg plot of 2°°Pb/?38U versus 2°’Pb/?%Pb results, with discordia U-Pb age
lower intercept, for titanite grains from Thane Creek quartz monzodiorite sample 19GJ13-3. Grey ellipses
were excluded from the regression to reduce scatter. Uncertainties and ages are reported at the 95.4%
confidence level (20).

Duckling Creek suite

Syenite: 19GJ13-2

Titanite grains from Duckling Creek syenite sample 19GJ13-2 have a U-Pb intercept age
of 177.4+7.0 Ma (Figure 3.2.1.15; Table 3.2.1.2). One titanite result was excluded from the
regression to reduce scatter, yielding an MSWD of 1.9 and p(y?) of 0.09 (n=7/8). This titanite U-
Pb intercept age may be interpreted as the magmatic crystallization age of titanite, due to the
overlap with interpreted U-Pb zircon crystallization ages of two other Duckling Creek syenite
samples (179.0+1.0 Ma and 174.7+0.7 Ma; section 3.2.1.1). It is unclear if titanite grains in
sample 19GJ13-2 are magmatic as subhedral titanite grains are spatially associated with biotite
inclusions in feldspar, and form intercumulus patches with magmatic biotite, magnetite, and

secondary muscovite and epidote between K-feldspar phenocrysts (Figure 1.5.2).
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Figure 3.2.1.15. Tera-Wasserburg plot of 2*3U/2%Pb versus 2°’Pb/2%Pb results, with discordia U-Pb age
lower intercept, for titanite grains from Duckling Creek syenite sample 19GJ13-2. Grey ellipses were
excluded from the regression to reduce scatter. Uncertainties and ages are reported at the 95.4% confidence
level (20).

Syenite: 19GJ13-4

Titanite grains from Duckling Creek syenite sample 19GJ13-4 have a U-Pb intercept age
of 174.4£2.2 Ma (Figure 3.2.1.16; Table 3.2.1.2). One titanite result was excluded from the
regression to reduce scatter, yielding an MSWD of 1.7 and probability of fit of 0.13 (n=7/8). This
titanite U-Pb intercept age is interpreted as the magmatic crystallization age of titanite, due to the
overlap and close agreement with the interpreted zircon U-Pb crystallization age of Duckling
Creek syenite sample 19GJ13-5a (174.7+0.7 Ma; section 3.2.1.1). Titanite grains in sample
19GJ13-4 appear magmatic in thin section, as they form subhedral to euhedral, wedge-shaped
crystals spatially associated with amphibole, biotite, and apatite (Figure 1.5.2G-H).
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Figure 3.2.1.16. Tera-Wasserburg plot of 2°Pb/?38U versus 2°’Pb/2%Pb results, with discordia U-Pb age
lower intercept, for titanite grains from Duckling Creek syenite sample 19GJ13-4. Grey ellipses were
excluded from the regression. Uncertainties and ages are reported at the 95.4% confidence level (20).

Mesilinka suite
Tonalite: 19GJ12-2

Titanite grains from Mesilinka tonalite sample 19GJ12-2 have a U-Pb intercept age of
145.8+4.6 Ma (Figure 3.2.1.17; Table 3.2.1.2). Two titanite data points were excluded from the
regression to reduce scatter, yielding an MSWD of 1.5 and probability of fit of 0.17 (n=7/9). This
titanite U-Pb intercept age is interpreted as the magmatic crystallization age of titanite. Sample
19GJ12-2 did not yield zircon grains, so there is not a zircon U-Pb age available for comparison

and thus the titanite age is the best current estimate for the crystallisation age of this unit.
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Figure 3.2.1.17. Tera-Wasserburg plot of 2°Pb/?38U versus 2°’Pb/2%Pb results, with discordia U-Pb age
intercept, for titanite grains from Mesilinka tonalite sample 19GJ12-2. Grey ellipses were excluded from
the regression. Uncertainties and ages are reported at the 95.4% confidence level (26).

Tonalite: 19GJ12-1

Titanite grains from Mesilinka tonalite sample 19GJ12-1 have a U-Pb intercept age of
122.0+2.8 Ma (Figure 3.2.1.18; Table 3.2.1.2). Five titanite data points were excluded from the
regression to reduce scatter, yielding an MSWD of 2.8 (n=7/12), which indicates there is some
scatter in the data. Titanite grains in sample 19GJ12-1 are spatially associated with biotite,
epidote, and apatite, and weakly define a foliation. As the titanite U-Pb intercept age is younger
than the interpreted zircon crystallization age of sample 19GJ12-1 (134.1+0.5 Ma; section
3.2.1.1), this titanite U-Pb intercept age likely represents a post-deformation cooling age.
However, the scatter in the data (MSWD >2) and exclusion of multiple results makes this titanite
U-Pb intercept age difficult to confidently assess and further work would be needed to constrain

this possibility more confidently.
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Figure 3.2.1.18. Tera-Wasserburg plot of 2°°Pb/?38U versus 2*’Pb/?°°Pb results, with discordia U-Pb age
intercept, for titanite grains from Mesilinka tonalite sample 19GJ12-1. Grey ellipses were excluded from
the regression. Uncertainties and ages are reported at the 95.4% confidence level (26).
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3.2.2 Zircon SIMS Oxygen Isotope Results

A total of 488 in situ '*0/'%0 analyses were conducted on zircon grains from 13 intrusive
rock samples. These results are reported in the BCGS Geofile (in preparation). The average
zircon oxygen-isotope compositions from each sample, reported as §'30vsmow, are summarized

in Table 3.2.2.1.

Table 3.2.2.1. Summary of mean §'*Ovsmow results for unknown zircons.

Sample Intrusive Suite  6®Oysmow mean (%0) 2SE  Median No. analyses
19GJ12-4 Thane Creek +5.89 0.36 +5.59 30
18lo22-1a Thane Creek +6.02 0.04 +6.02 43
18lo022-1d Thane Creek +6.30 0.03 +6.30 49
19GJ13-3 Thane Creek +5.57 0.03 +5.58 55
18l025-2a  Duckling Creek +6.55 0.03 +6.56 45
19GJ13-5a  Duckling Creek +6.12 0.07 +6.17 39
18lo017-1 Osilinka +6.30 0.66 +6.02 23
19GJ12-3 Osilinka +5.80 0.18 +5.77 23
18l020-4 Osilinka +5.32 0.31 +5.25 17
19GJ12-1 Mesilinka +5.67 0.13 +5.58 43
18lo12-7 Mesilinka +7.18 0.13 +7.25 32
18lo11-1 Mesilinka +7.44 0.26 +7.38 47
19GJ16-2 Mesilinka +6.49 0.47 +5.88 42

Thane Creek suite

Thane Creek zircon 8'80 compositions range from +4.95 to +8.52%o, with the majority
(n=170/177) between +5.00 and +6.50%0 (Figures 3.2.2.1 and 3.2.2.2; Table 3.2.2.1).

Thane Creek intrusive suite rock samples 18l022-1a, 181022-1d, and 19GJ13-3 have
relatively similar zircon 8'30 ranges and means. Zircon from hornblendite (sample 181022-1a)
have 830 from +5.77 to +6.30%o, with a mean of +6.02%o (n=43). Quartz monzodiorite (sample
19GJ13-3) zircon have §'%0 from +5.22 to +6.05%o, with a mean of 5.57%o (n=55). Zircon §'0
results from quartz diorite (sample 181022-1d) range from +6.06 to +6.53%o, with a mean of
+6.30%o (n=49).

Zircons from quartz diorite (sample 19GJ12-4) have §'30 from +4.95 to +8.52%o, with a
mean of 5.89%o (n=30). Most zircon §'30 results are within a ~1%o, from +4.95 to +6.03%o. Four

zircon grains have elevated §'0 from +7.77 to +8.52%o.
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Figure 3.2.2.1. Frequency of zircon 8"*Ovsmow (%o) results for Thane Creek, Duckling Creek, Osilinka,
and Mesilinka suite intrusive rock samples. Bin size= 0.2. M.A.D.= mean absolute deviation.
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Hogem batholith intrusive rock samples. Zircon data was screened to exclude U-Pb results with >10%
discordance. The grey bar represents the §'%0 range of the mantle (5.3£0.6 %o; Valley et al., 1998). 2 S.E.=
average 20 standard error of all data points.

("*0/'"®OsampLE)

30OvsMow= s~ 5~ -1 | x1000 , Where 180/1%0ysmow = 0.0020052 (Baertschi, 1976).
(**O/™Ovsmow)
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Duckling Creek suite

Duckling Creek zircon §'*0 compositions range from +5.48 to +6.72%o with the majority
(n=77/84) between +6.00 and +6.72%o (Figure 3.2.2.1; Table 3.2.2.1).

Zircon from syenite (sample 181025-2a) have §'30 ranging from +6.20 to +6.72%o, with a
mean of +6.55%o (n=45).

Zircon §'80 results from syenite (sample 19GJ13-5a) range from +5.48 to +6.50%o, with
a mean of +6.12%o (n=39). Seven zircon grains have §'%0 from +5.48 to +6.00%o, while the
remaining 32 zircons have 8'30 greater than +6.00%o (Figure 3.2.2.2).

Osilinka suite

Osilinka zircon §'30 compositions range from +4.11 to +13.45%o, but predominantly
(n=41/63) from +5.00 to +6.00%o (Figures 3.2.2.1 and 3.2.2.2; Table 3.2.2.1). As most Osilinka
suite zircons are interpreted as inherited (section 3.2.1.1.), these 830 values represent the
oxygen-isotope composition(s) of the primary magma source(s).

Zircon grains from granite (sample 18lo17-1) have §'30 from +5.62 to +13.45%o, with a
mean of +6.30%o (n=23). Eleven zircon grains have §'0 less than +6.00%o, and eleven zircon
grains have §'%0 from +6.00%o to +6.93%o. One zircon has an anomalously high §'*0
composition (+13.45%o). This grain shows no zonation in the CL image (zircon 17; Appendix C.
Zircon SEM images and analytical spots) and has internal textures unlike any of the other zircons
in the sample. Due to the otherwise relatively homogenous zircon §'®0 results in this sample,
zircon 17 was interpreted as a contaminant grain included during crushing or mineral separation.
No other discriminatory data (U-Pb, Lu-Hf, trace elements) were collected on this grain for
further characterization.

Zircon grains from granite (sample 19GJ12-3) have §!30 from +5.15 to +7.27%o, with a
mean of +5.80%o (n=23). Most zircon §'30 results are less than +6.00%o (n=19/23). Four zircons
have slightly elevated §'30 (+6.02 to +7.27%o).

Zircon grains from porphyry sheet (sample 181020-4) have §'*0 from +4.11 to +6.50%o,
with a mean of +5.32%o (n=17). Most zircons have §'30 between +5.00 and +6.00%o (n=11/17).
Three zircons have slightly higher §'%0 (+6.21 to +6.50%o), and three zircons have slightly lower
5180 (+4.11 to +4.99%o).
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Mesilinka suite

Mesilinka zircon §'*0 compositions range from +4.68 to +12.22%o (Figure 3.2.2.1; Table
3.2.2.1). There are two main distributions of zircon §'30, with values from +5.00 to 6.00%o
(n=69/164) and from +7.00 to 8.00%o (n=72/164).

Zircons from tonalite (sample 19GJ12-1) have §'%0 from +5.10 to +7.58%o, with a mean
of 5.67%o (n=43). Most zircons have §'%0 less than +6.00%o (n=40/43). Three zircons have §'%0
greater than +6.00%o (+6.27 to +7.58%o).

Zircon grains from granite (sample 18lo12-7) have §'0 from +5.92 to +7.70%o, with a
mean of 7.18%o (n=32). Most zircons have §'%0 greater than +7.00%o0 (n=29/34). Three zircons
have §'80 from +6.32 to +6.93%o, while only one zircon has §'30 less than +6.00%o.

Zircons from granite (sample 18lo11-1) have §'*0 from +4.68 to +12.22%o, with a mean
of 7.44%o (n=47). Most zircons have §'*0 from +7.00 to +8.00%o (n=40/47). Four zircons have
5180 from +6.00 to +7.00%o. One zircon has an anomalously low §'20 of +4.68%o (zircon 22-1),
and another grain has an anomalously high §'%0 of +12.22%o (zircon 35-1). Both anomalous
zircons were interpreted as antecrysts in section 3.2.1.1.

Zircons from granite (sample 19GJ16-2) have §'%0 from +5.43 to +11.47%o, with a mean
of 6.49%o (n=42). Most zircons have §'%0 between +5.00 and +6.00%o (n=28/42). Six zircon
grains have slightly elevated §'30 (+6.02 to +6.53%o), and eight zircons have high §'*0 (+7.93
to +11.47%o).

3.2.3 Zircon Lu-Hf Results

Zircon LA-ICP-MS Lu-Hf results are reported in the BCGS Geofile (in preparation).
These results are summarized in Table 3.2.3.1, and reported as eHf(t), as described in section
3.2.4. Zircon Lu-Hf results were screened by removing eHf(t) data with fully propagated 2c
uncertainties greater than 2¢ units.
Thane Creek suite

Zircon from Thane Creek have eHf(t) from +8.2+1.6 to +12.1+1.5 (Figure 3.2.3.1). This
is a relatively restricted range and is the most juvenile (mantle-like) zircon Hf range in the

Hogem batholith (Figures 3.2.3.2 and 3.2.3.3).
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Sixteen spots from 14 zircon grains from quartz diorite (sample 19GJ12-4) were analyzed
for Lu-Hf isotopes (Figure 3.2.3.4A). After uncertainty screening, 11 spots from nine zircons
remained. The remaining eHf(t) range from +9.8+1.5 to +12.1+1.5 (mean=+10.4; Table 3.2.3.1).

Forty-seven spots from 39 zircon grains from quartz diorite (sample 181022-1d) were
analyzed for Lu-Hf isotopes (Figure 3.2.3.4B). Zircon ¢Hf(t) range from +9.2+1.0 to +11.2+0.9
(mean=+10.0).

Forty-two Hf spots from 32 zircon grains from hornblendite (sample 18l022-1a) were
analyzed (Figure 3.2.3.4C). Zircon ¢Hf{(t) range from +8.24+1.6 to +11.1£1.5 (mean=+9.9).

Forty Hf spots from 31 zircon grains from quartz monzodiorite (sample 19GJ13-3) were
analyzed (Figure 3.2.3.4D). The highest eHf{(t) result was removed from the weighted mean, as
the zircon grain was interpreted as antecrystic or xenocrystic using U-Pb data (section 3.2.1.1).

The remaining zircon eHf(t) range from +9.1£1.4 to +11.2£1.2 (mean=+10.1).

Table 3.2.3.1. Summary of mean eHf(t) results and statistics for unknown zircon grains.

Sample Intrusive Suite Interpreted eHf(t) weighted No. MSWD p(x?)
age (Ma) mean (+2SE) analyses

19GJ12-4 Thane Creek 206.810.9 +10.410.4 10/16 0.77 0.64
18l022-1a Thane Creek 191.4+0.7 +9.910.2 42/42 0.99 0.48
18l022-1d Thane Creek 199.6+0.7 +10.0£0.1 47/47 0.97 0.52
19GJ13-3 Thane Creek 194.0+1.1 +10.1+0.2 39/40 0.71 0.91
18l025-2a  Duckling Creek  179.8+1.2 +9.11£0.1 44/45 1.1 0.38
19GJ13-5a  Duckling Creek 174.7+0.7 +9.310.3 25/29 0.92 0.57
18l017-1 Osilinka 159.2+4.0 +9.310.2 23/24 1.3 0.19
19GJ12-3 Osilinka 159.2+4.0 +8.210.3 6/14 2.3 0.04
18l020-4 Osilinka 162.2+2.6 +0.5+0.3 13/17 106 0.00
19GJ12-1 Mesilinka 134.1+0.5 +8.9+0.5 10/26 1.1 0.38
18lo012-7 Mesilinka 134.9+1.3 +5.7+0.2 24/33 0.90 0.60
18lo11-1 Mesilinka 127.7+0.7 +7.410.2 43/48 1.4 0.05
19GJ16-2 Mesilinka 127.1+1.6 +8.810.4 15/43 1.6 0.07
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Figure 3.2.3.1. Frequency of zircon eHf{(t) results for Thane Creek, Duckling Creek, Osilinka, and

Mesilinka intrusive suite samples. Zircon data was screened to exclude eHf{(t) results with propagated
errors >2¢ units. Bin size=1.0. M.A.D.= mean absolute deviation.
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Figure 3.2.3.2. Single zircon 2Pb/**3U dates versus corresponding eHf{(t) values for zircons from Hogem
batholith intrusive rock samples. Zircon data was screened to exclude eHf(t) results with propagated errors
>2¢ units and U-Pb results with >10% discordance. Uncertainties are at the 95.4% confidence level (20).
CHUR= Chondritic uniform reservoir, after Bouvier et al. (2008). N-MORB= Normal mid ocean ridge
basalt, after Chauvel and Blichert-Toft (2001). The upper depleted mantle limit is after Griffin et al. (2002)
and lower depleted mantle limit is after Naeraa et al. (2012).

192



20 T T T T T
Global N-MORB

eHf(t)

CHUR T

-5 ! | | ! !
100 120 140 160 180 200 220

Interpreted age (Ma)

Thane Creek suite Osilinka suite

I Quartz diorite (19GJ12-4) X Granite (18l017-1)

A Quartz diorite (181022-1d) ¥ Granite (19GJ12-3)

@ Hornblendite (18l022-1a)  + Porphyry sheet (18l020-4)

. Quartz monzodiorite Mesilinka suite
(19GJ13-3) /A K-feldspar porphyritic granite
Duckling Creek suite (18l012-7)
@ Syenite (18lo25-2a) O Tonalite (19GJ12-1)
[ Syenite (19GJ13-5a) <> Equigranular granite (19GJ16-2)

{) Equigranular granite (18l011-1)

Depleted mantle (Griffin et al., 2002; Naeraa et al., 2012)
MORB (Chauvel and Blichert-Toft, 2001)
CHUR (Bouvier et al., 2008)

Figure 3.2.3.3. Interpreted crystallization age versus single zircon eHf{(t) values of Hogem batholith
intrusive rock samples. Zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units
and U-Pb results with >10% discordance. Uncertainties are at the 95.4% confidence level (26). CHUR=
Chondritic uniform reservoir, after Bouvier et al. (2008). N-MORB= Normal mid ocean ridge basalt, after
Chauvel and Blichert-Toft (2001). The upper depleted mantle limit is after Griffin et al. (2002) and lower
depleted mantle limit is after Naeraa et al. (2012).
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Figure 3.2.3.4. Weighted means of zircon eHf(t) results from Thane Creek intrusive suite A) Quartz diorite
sample 19GJ12-4, B) Quartz diorite sample 181022-1d, C) Hornblendite sample 18l022-1a, and D) Quartz
monzodiorite sample 19GJ13-3. The white bar represents an antecrystic zircon and was not included in the
weighted mean. Zircon data was screened to exclude eHf{(t) results with propagated errors >2¢ units.
Uncertainties are displayed at the 95.4% confidence level (26). The black line is the weighted mean, and
the grey bar is the 26 uncertainty of the mean.
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Duckling Creek suite

Zircon grains from Duckling Creek have eHf(0) compositions ranging from +3.9+1.9 to
+6.7+1.4, corresponding to eHf(t) values of +7.8+1.9 to +10.6+1.4 (Figures 3.2.3.1-3.2.3.3).

Forty-six spots from 45 zircon grains from syenite (sample 181025-2a) were analyzed for
Lu-Hf isotopes (Figure 3.2.3.5A). One zircon result (B-17) was removed from the weighted
mean, as it had the lowest eHf{(t) value and the greatest uncertainty. Additionally, the same
analytical spot yielded a low 2°°Pb/?*8U date. The remaining 44 zircon results range in eHf(t)
from +7.8+1.6 to +10.2+1.2 (mean=+9.1; Table 3.2.3.1).

Twenty-nine Hf spots from 28 zircon grains from syenite (sample 19GJ13-5a) were
analyzed (Figure 3.2.3.5B). Four results were screened for yielding eHf(t) uncertainties greater

than 2¢ units. The remaining 25 results have eHf(t) from +7.8+£1.9 to +10.6+1.4 (mean=+9.3).
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Figure 3.2.3.5. Weighted means of zircon eHf(t) results from Duckling Creek intrusive suite A) Syenite sample
18l025-2a, and B) Syenite sample 19GJ13-5a. The white bar was not used in the weighted mean calculation, as this
zircon had a lower eHf{(t) and a greater uncertainty than other zircons in sample 18l025-2a. Zircon data was screened
to exclude eHf{(t) results with propagated errors >2¢ units. Uncertainties are displayed at the 95.4% confidence level
(20). The black line is the weighted mean, and the grey bar is the 2 uncertainty of the mean.
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Osilinka Suite

Zircon grains from Osilinka suite have eHf(0) compositions ranging from -14.2+1.0 to
+6.7+1.5, corresponding to eHf(t) values from -10.2+1.0 to +10.2£1.5 (Figures 3.2.3.1-3.2.3.3).
Osilinka suite eHf{(t) zircons have a ~10¢ range, however the less radiogenic eHf{(t) values
(<+5.0¢) are strictly from the porphyry sheet sample 181020-4.

Twenty-four spots from 21 zircon grains from granite sample 18lo17-1 were analyzed for
Lu-Hf isotopes (Figure 3.2.3.6A). One result was screened out from the weighted mean for
eHf(t) uncertainty >2¢. The remaining 23 spots from 20 grains have eHf(t) from +7.5£1.5 to
+10.2£1.5 (mean=+9.3; Table 3.2.3.1). Although the results cover a narrow spread (<3¢), the
zircons were interpreted as inherited in this sample (section 3.2.1.1). The youngest zircon
(159.2+4 Ma) has the second highest eHf(t) value (+10.2+1.5).

Fourteen spots from 14 zircon grains from granite sample 19GJ12-3 were analyzed for
Lu-Hf isotopes (Figure 3.2.3.5B). Eight results were screened out for eHf{(t) uncertainties >2e.
The remaining six results range in eHf{(t) from +7.6+1.9 to +9.9£1.5 (mean=+8.2). Despite the
narrow spread in the eHf(t) results, all the zircon grains in this sample were interpreted as
inherited (section 3.2.1).

Seventeen spots from 13 zircon grains from porphyry sheet sample 181020-4 were
analyzed for Lu-Hf isotopes (Figure 3.2.3.5C). The data range in eHf{(t) from -10.2+1.0 to
+9.440.9 and has a high degree of scatter (MSWD >100). The youngest interpreted zircon grain
(162.2+2.6 Ma) has eHf{(t) of -3.0+1.0.
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Figure 3.2.3.6. Weighted means of zircon eHf(t) results from Osilinka intrusive suite A) Granite sample
18lo17-1, B) Granite sample 19GJ12-3, and C) Porphyry sheet sample 181020-4. The blue bars represent
zircons interpreted as inherited but were included in weighted mean calculations. The green bars represent
the youngest zircon grains, which were used to determine the maximum crystallization ages of the rock
samples. Zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units. Uncertainties
are displayed at the 95.4% confidence level (20). The black line is the weighted mean, and the grey bar is
the 26 uncertainty of the mean.
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Mesilinka suite

Zircon grains from Mesilinka suite have eHf(0) ranging from +1.8+1.0 to +9.7£1.8,
corresponding to eHf(t) from +4.8+1.0 to +12.5+1.8 (Figure 3.2.3.1). Mesilinka suite has the
least radiogenic eHf(t) values on average, but overall has relatively juvenile compositions (¢Hf(t)
>+4; Figure 3.2.3.2 and 3.2.3.3).

Twenty-six spots from 26 zircon grains from tonalite (sample 19GJ12-1) were analyzed
for Lu-Hf isotopes (Figure 3.2.3.6A). Fifteen results were screened for eHf(t) uncertainties >2e.
The lowest eHf(t) result (+7.6+1.1) was also screened, as this zircon was interpreted to be
antecrystic or xenocrystic (zircon 51-1; section 3.2.1.1). The remaining ten zircons have eHf{(t)
from +7.84+1.4 to +9.8+1.5 (mean=+8.9).

Thirty-three spots from 22 zircon grains from K-feldspar porphyritic (sample 181012-7)
were analyzed for Lu-Hf isotopes (Figure 3.2.3.6B). Two results were screened for eHf(t)
uncertainties >2¢. Additionally, seven eHf(t) results from interpreted antecrystic or xenocrystic
zircons (section 3.2.1.1) were screened out. The remaining 24 zircons have eHf(t) from +4.8+1.0
to +6.8+1.1 (mean=+5.7).

Forty-eight spots from 40 zircon grains from equigranular granite (sample 18lo11-1)
were analyzed for Lu-Hf isotopes (Figure 3.2.3.6C). Four eHf{t) results from interpreted
antecrystic or xenocrystic zircons, or zircons with suspect Pb-loss (section 3.2.1.1) were screened
out. The highest eHf{(t) result was treated as an outlier and excluded from the weighted mean.
The remaining 43 results range in eHf(t) from +6.1£1.3 to +8.5£1.0 (mean=+7.4).

Forty-three spots from 43 zircon grains from equigranular granite sample (19GJ16-2)
were analyzed for Lu-Hf isotopes (Figure 3.2.3.6D). Twenty-seven results were screened for
eHf{(t) uncertainties >2¢. The highest eHf(t) result (+12.541.8) was treated as an outlier and
excluded from the weighted mean. The remaining 15 zircons have eHf(t) from +7.4+1.9 to

+10.6+1.8 (mean=+8.8).
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Figure 3.2.3.7. Weighted means of zircon eHf(t) results from Mesilinka intrusive suite A) Tonalite sample
19GJ12-1, B) K-feldspar phenocrystic granite sample 18lo12-7, C) Equigranular granite sample 18lo11-1,
and D) Equigranular granite sample 19GJ16-2. The white bars are interpreted as inherited zircons, or
zircons with potential Pb-loss issues, and were not included in the weighted means. The light blue bars
represent outlier data and were not included in the weighted means. Zircon data was screened to exclude
eHf(t) results with propagated errors >2¢ units. Uncertainties are displayed at the 95.4% confidence level
(20). The black line is the weighted mean, and the grey bar is the 26 uncertainty of the mean.
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3.24

Zircon Trace Element Results

Zircons from Hogem batholith intrusive rock samples have typical chondrite-normalized

rare earth element trends with enriched HREEs relative to LREES, positive Ce-anomalies, and

negative Eu-anomalies (Figures 3.2.4.1-3.2.4.4). Duckling Creek syenite sample 18l025-2a is an

exception to these trends, as zircons from this sample have positive Ce-anomalies but lack Eu-

anomalies (Figure 3.2.4.2).
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Figure 3.2.4.1. Chondrite-normalized rare earth element (REE) results of zircons from Thane Creek
intrusive suite samples. Purple lines are individual zircon results. Black lines with symbols represent the
averages of individual zircon results for each sample. Black lines without symbols represent zircon trace
element results screened for Ca and/or Fe >300 ppm, Ti>20 ppm, and/or La >1 ppm. Normalizing values
are from Sun and McDonough (1989).
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Figure 3.2.4.2. Chondrite-normalized rare earth element (REE) results of zircons from Duckling Creek
intrusive suite samples. Orange lines are individual zircon results. Black lines with symbols represent the
averages of individual zircon results for each sample. Black lines without symbols represent zircon trace
element results screened for Ca and/or Fe >300 ppm, Ti >20 ppm, and/or La >1 ppm. Normalizing values
are from Sun and McDonough (1989).
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Figure 3.2.4.3. Chondrite-normalized rare earth element (REE) results of zircons from Osilinka intrusive
suite samples. Red lines are individual zircon results. Black lines with symbols represent the averages of
individual zircon results for each sample. Black lines without symbols represent zircon trace element
results screened for Ca and/or Fe >300 ppm, Ti >20 ppm, and/or La >1 ppm. Normalizing values are from
Sun and McDonough (1989).
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Figure 3.2.4.4. Chondrite-normalized rare rarth element (REE) results of zircons from Mesilinka intrusive
suite samples. Pink lines are individual zircon results. Black lines with symbols represent the averages of
individual zircon results for each sample. Black lines without symbols represent zircon trace element
results screened for Ca and/or Fe >300 ppm, Ti >20 ppm, and/or La >1 ppm. Normalizing values are from
Sun and McDonough (1989).
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Hogem zircon Hf concentrations range from 6000 to 20000 ppm and broadly positively
correlate with U, Yb, and ) REE concentrations (Figure 3.2.4.5). Thane Creek suite zircons have
the lowest Hf concentrations, followed by Duckling Creek, Mesilinka, and Osilinka suites.
Uranium concentrations in zircon vary greatly between intrusive suites, from 20 to 4000 ppm
(Figure 3.2.4.6).

Zircons from Thane Creek, Duckling Creek, Osilinka suite sample 19GJ12-3, and
Mesilinka suite have U concentrations that positively correlate with Yb, Nb, and Y REE
concentrations. Osilinka suite zircons from sample 18lo17-1 have the lowest U concentrations
and form a separate positive trendline with Yb, Nb, and )} REE.

Zircon Yb and Nb concentrations variably positively correlate within the four intrusive
suites (Figure 3.2.4.7). Ytterbium concentrations vary widely in Thane Creek (88 to 521 ppm)
and Duckling Creek (54 to 1438 ppm) suite zircons, whereas Nb concentrations have a narrow
range (0.02 to 2.42 ppm in Thane Creek suite; 0.04 to 3.68 ppm in Duckling Creek suite).
Osilinka suite zircons have moderate Nb concentrations (0.2 to 15.6 ppm), while Mesilinka suite
zircons have the highest Nb concentrations (1.0 to 28.6 ppm).

Titanium concentrations in zircon have relatively constrained ranges in individual
samples from Thane Creek and Duckling Creek suite (<5 ppm range; Figure 3.2.4.8). In contrast,
in Osilinka and Mesilinka suite, zircon Ti concentrations vary significantly within individual

samples (8 to 15 ppm range).
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Figure 3.2.4.5. Zircon Hf concentration (ppm) versus A) U concentration (ppm), B) Yb concentration
(ppm), C) Sum of rare earth element (REE) concentrations (ppm) for Thane Creek, Duckling Creek,
Osilinka, and Mesilinka intrusive suite samples. Trace element data were screened for Ca and Fe >300
ppm, Ti >20ppm, and La >1 ppm. Uncertainties for U, Yb, and > REE are smaller than symbol widths. 2
S.E. = average 20 uncertainty for all results.
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Figure 3.2.4.6. Zircon U concentration (ppm) versus A) Yb concentration (ppm), B) Nb concentration
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3.2.5 Apatite and Titanite Sm-Nd Results

Apatite and titanite LA-ICP-MS Sm-Nd results are reported in the BCGS Geofile (in
preparation). These results are summarized in Table 3.2.5.1 and 3.2.5.2, and reported as eNd(t),
as well as converted eHf{(t), using the calculation of Vervoort et al. (2011), as described in
section 3.1.6. The eNd(t) results were filtered by removing data with propagated 2c uncertainties
greater than 2¢ units.

Thane Creek suite

Apatite and titanite grains from Thane Creek intrusive suite samples have eNd(0) ranging
from -3.4£1.8 to +1.0£1.7, corresponding to eNd(t) from +1.5+1.8 to +5.9+1.7 (Figure 3.2.5.1;
Tables 3.2.5.1-3.2.5.2). These eNd(t) values convert to an eHf{(t) range from +5.5 to +10.3.

Three apatite grains from quartz diorite (sample 19GJ12-4) range in eNd(t) from
+3.34+1.2 to +4.4+0.9, with a weighted mean of +3.9+0.6 (Figure 3.2.5.2A). Converted eHf{t)
range from +6.3 to +8.1.

Six apatite grains from quartz diorite (sample 18l022-1d) range in eNd(t) from +4.0 +1.0
to +5.7 1.1, with a weighted mean of +4.9+0.5 (Figure 3.2.5.2B). Converted ¢Hf{(t) range from
+7.3 to +10.1.

Ten apatite grains from quartz monzodiorite (sample 19GJ13-3) range in eNd(t) from
+3.34+1.3 to +5.9+1.7, with a weighted mean of +4.5+0.4 (Figure 3.2.5.2C). Three apatite eNd(t)
results were screened for >2¢ uncertainties. Converted eHf{(t) range from +6.4 to +10.3.

Twelve titanite grains from quartz monzodiorite (sample 19GJ13-3) range in eNd(t) from
+1.5£1.8 to +5.5+1.4, with a weighted mean of +4.3+0.4 (Figure 3.2.5.2D). Two titanite eNd(t)
results were screened for >2¢ uncertainty. Another titanite grain was screened due to a lower

eNd(t) result than the remaining data. Converted eHf{(t) range from +3.5 to +9.8.
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Table 3.2.5.1. Summary of mean eNd(t) results and statistics for unknown titanite grains. Converted eHf(t) values were calculated from Sm-Nd results using the
method of Vervoort et al. (2011).

. . eNd(t) weighted No. Average converted
Sample Intrusive suite | Assumed age (Ma) mean (+2SE) analyses MSWD | p(x?) eHf(t)
19GJ13-3 Thane Creek 197.5 +4.320.4 11/14 1.6 0.11 +7.7
19GJ13-2 | Duckling Creek 177.4 +4.0+0.5 6/8 2.4 0.03 +7.4
19GJ13-4 | Duckling Creek 174.4 +4.3+0.4 6/8 1.2 0.31 +8.0
19GJ12-2 Mesilinka 145.8 +3.2+0.4 8/9 2.6 0.01 +6.2
19GJ12-1 Mesilinka 122.0 +3.8+£0.5 8/12 1.6 0.14 +7.1

Table 3.2.5.2. Summary of mean eNd(t) results and statistics for unknown apatite grains. Converted eHf(t) values were calculated from Sm-Nd results using the
method of Vervoort et al. (2011).

. . eNd(t) weighted No. Average converted
Sample Intrusive suite | Assumed age (Ma) mean (+2SE) analyses MSWD | p(x?) eHf(t)
19GJ12-4 Thane Creek 206.6 +3.910.6 3/3 1.2 0.32 +7.3
18l022-1d Thane Creek 199.0 +4.910.5 6/7 1.2 0.32 +8.9
19GJ13-3 Thane Creek 194.0 +4.510.4 10/13 1.7 0.09 +8.2
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Figure 3.2.5.1. U-Pb date versus eNd(t) results for apatite and titanite grains from Thane Creek, Duckling
Creek, and Mesilinka suite intrusive rock samples. Titanite dates are U-Pb intercept ages from the same
grains (section 3.2.1.2). Apatite dates are zircon U-Pb ages from the same samples (section 3.2.1.1). Data
has been screened for eNd(t) results with uncertainties >2¢. Star symbols represent Hogem batholith
intrusive suite and Nicola Group basalt whole rock eNd(t) results, from Ootes et al. (2020a,c). Depleted
mantle after Jacobsen and Wasserburg (1980). CHUR=Chondritic uniform reservoir, after Bouvier et al.

(2008).
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Figure 3.2.5.2. Weighted means of eéNd(t) results for titanite and apatite grains from Thane Creek intrusive
suite rock samples A) 19GJ12-4, B) 181022-1d, C) 19GJ13-3, and D) 19GJ13-3. Data were screened to
exclude eNd(t) results with propagated uncertainties >2¢ units. White bars represent outlier data and were
excluded from weighted mean calculations. Uncertainties are reported at the 95.4% confidence level (20).
The black line is the weighted mean, and the grey bar is the 26 uncertainty of the mean.
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Duckling Creek suite

Titanite grains from Duckling Creek intrusive suite samples have eNd(0) ranging from -
1.8£1.2 to +1.2+1.7, corresponding to eNd(t) from +2.6+1.2 to +5.6£1.7 (Figure 3.2.5.1; Table
3.2.5.1). Converted eHf(t) range from +5.3 to +10.9.

Six titanite grains from syenite (sample 19GJ13-2) have eNd(t) from +2.6 £1.2 to +5.5
+1.7, with a weighted mean of +4.0+0.5 (Figure 3.2.5.3A). Two eNd(t) results were screened for
>2¢ uncertainty. Converted eHf(t) range from +5.3 to +9.7.

Seven titanite grains from syenite (sample 19GJ13-4) range in eNd(t) from +3.5£1.2 to
+5.6+1.7, with a weighted mean of +4.3+0.4 (Figure 3.2.5.3B). One eNd(t) result was filtered for
>2¢ uncertainty. Converted eHf(t) range from +6.6 to +9.9.

™~ 19GJ13-2 titanite 19GJ13-4 titanite
weighted mean = 4.0 £ 0.5 [11.9%] ™~ weighted mean = 4.3 £ 0.4 [10.2%]
95% conf. (error bars are 20) 95% conf. (error bars are 20)

©- MSWD = 2.4; p(x*) = 0.03 MSWD = 1.2; p(x*) = 0.31
n=6/8 n=6/8

eNd(t)

B.

Figure 3.2.5.3. Weighted means of titanite eNd(t) results from Duckling Creek syenite samples A) 19GJ13-
2 and B) 19GJ13-4. Data were screened to exclude eNd(t) results with propagated uncertainties >2¢ units.
White bars represent outlier data and were excluded from weighted mean calculations. Uncertainties are
reported at the 95.4% confidence level (20). The black line is the weighted mean, and the grey bar is the 2o
uncertainty of the mean.

Mesilinka suite

Titanite grains from Mesilinka intrusive suite samples have eéNd(0) ranging from -1.8+1.8
to +2.1£1.6, corresponding to eNd(t) from +1.9£1.8 to +5.1+1.6 (Figure 3.2.5.1; Table 3.2.5.1).
These eNd(t) compositions convert to eHf(t) ranging from +4.1 to +9.2.

Eight titanite grains from tonalite (sample 19GJ12-2) have eNd(t) from +1.9+1.3 to
+4.5+1.1, with a weighted mean of +3.2+0.4 (Figure 3.2.5.4A). One eNd(t) result was screened

for >2¢ uncertainty. Converted eHf(t) range from +4.1 to +8.1.
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Eight titanite grains from tonalite (sample 19GJ12-1) have eNd(t) from +1.8+1.7 to
+5.141.6, with a weighted mean of +3.8+0.5 (Figure 3.2.5.4B). Four eNd(t) results were

screened for >2¢ uncertainty. Converted eHf{(t) range from +5.6 to +9.2.

19GJ12-2 titanite
weighted mean = 3.2 £ 0.4 [12.5%]
95% conf. (error bars are 20)
MSWD = 2.6; p(x’) = 0.01
n=8/9

19GJ12-1 titanite

weighted mean = 3.8 £ 0.5 [13.6%]
95% conf. (error bars are 2g
MSWD = 1.6; p(x’) = 0.14
n==8M12

[(ek 0

eNd(t)

A. B.

Figure 3.2.5.4. Weighted means of titanite eNd(t) results from Mesilinka tonalite samples A) 19GJ12-1 and B)
19GJ12-2. Data were screened to exclude eNd(t) results with propagated uncertainties >2¢ units. White bars
represent outlier data and were excluded from weighted mean calculations. Uncertainties are reported at the
95.4% confidence level (26). The black line is the weighted mean, and the grey bar is the 26 uncertainty of the
mean.
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4 Zircon trace element geochemistry discussion

4.1 Zircon trace element constraints on oxidation and hydration state,

temperature, and fractionation in Hogem magmas

The use of zircon trace elements has become an important tool in estimating the

magmatic conditions (e.g., oxidation, hydration, temperature) in which zircon grains crystallized.
Estimating these conditions not only helps constrain the evolution of a magma system, but also
aids in evaluating magma fertility and potential for porphyry mineralization (e.g., Ballard et al.,
2002; Dilles et al., 2015; Shen et al., 2015; Lu et al., 2016, Loader et al., 2017; Lee et al., 2017,
2020). As the Thane Creek and Duckling Creek suites have the most potential for porphyry
mineralization in the Hogem batholith, zircon trace element results from these intrusive suites are
the focus of the following sections. The Osilinka and Mesilinka intrusive suite zircon trace

element results are combined into a single field and are used as a background reference.
4.1.1 Constraining magmatic oxidation and hydration states

Europium (Euw/Eun*) and Ce (Ce/Cec*) anomalies are suggested proxies for magma
oxygen fugacity (fO2), water content (Ballard et al., 2002; Burnham and Berry, 2012; Shen et al.,
2015; Luetal., 2016; Lee et al., 2017; Lee et al., 2020), and/or SO2 degassing during zircon
crystallization (Dilles et al., 2015). The AFMQ (fO: in log units relative to the fayalite-
magnetite-quartz redox buffer) calculation of Loucks et al. (2020) uses zircon U-Pb age and Ce,

Ti, and U concentrations to estimate the magma oxidation state during zircon crystallization.

Under normal magmatic differentiation, zircon Eu/Eun* values will decrease
progressively as plagioclase crystallizes and preferentially removes Eu from the melt (Streck and
Dilles, 1998; Chambefort et al., 2008; Dilles et al., 2015; Lee et al., 2017; Lee et al., 2020).
Elevated Eu/Eun* (>0.4) in zircon may indicate increased water or fluid content caused by SO»
degassing in the magma, which suppresses plagioclase crystallization and increases Eu
availability in the melt (Ballard et al., 2002; Burnham et al., 2015; Dilles et al., 2015; Lu et al.,
2016; Lee et al., 2017; Lee et al., 2021). Alternatively, a higher magma fO, will convert Eu**
into Eu**, which is more compatible in zircon than Eu**, and will theoretically raise zircon

Ew/Eun* (Nathwani et al., 2021).
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Hafnium concentration in zircon tracks magmatic evolution, as incompatible Hf
progressively increases in the melt during crystallization; later crystallized zircons should have
higher Hf concentrations relative to early crystallized grains from the same melt (Watson et al.,
2006; Wooden et al., 2006; Clairborne et al., 2010; Dilles et al., 2015; Lee et al., 2017). In the
Thane Creek suite, Eu/Eun*zircon results are negatively correlated with Hf concentration, whereas
the Duckling Creek suite zircons do not show any correlation between Eu/Eun* and Hf

concentration (Figure 4.1.1.1A).

The negative correlation of zircon Eu/Eun* and Hf concentration in the Thane Creek
suite may represent increased plagioclase concentration during magma differentiation. The
higher Eu/Eun*zircon and lower zircon Hf concentration in the Thane Creek hornblendites
corresponds to the presence of only minor, interstitial plagioclase in these rocks. Zircon Eu/Eun*®
decreases with increased Eu/Eun*whole-rock in more felsic Thane Creek samples (Figure 4.1.1.2),
consistent with higher plagioclase concentration. Additionally, Eu/Eun*zircon 1s relatively
invariant in the Thane Creek diorite compared to Ce/Cec* and AFMQ. Both zircon Ce/Cec* and
AFMQ increase with progressive crystallization in the Thane Creek magmas, suggesting the
oldest quartz diorite 19GJ12-4 is more reduced and the youngest quartz monzodiorite 19GJ13-3
is more oxidized (Figure 4.1.1.1B and 4.1.1.3B,C). However, AFMQ is calculated using
measured Ce concentration in zircon so a correlation between Ce/Cec* and AFMQ is to be

expected, regardless of the magma conditions.
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Figure 4.1.1.1. Zircon Europium anomaly (Eu/Eux*) versus corresponding A) Hafnium concentration
(ppm), B) Cerium anomaly (Ce/Cec*), calculated using a curve fit line function through the zircon MREE
and HREE concentrations to determine Ce* (Zhong et al., 2019; Lee et al., 2021), C) Calculated Ti-in-
zircon temperature (°C), using an activity of Si=1.0 and Ti=0.7 (Ferry and Watson, 2007). Zircon trace
element results were screened to exclude data with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 ppm.
Euw/EBun* = Eun/[(Smn*Gdn)®3], where N indicates the element concentration normalized to chondrite (Sun

Ti-in-zircon temperature (°C)

and McDonough, 1989).
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Figure 4.1.1.2. Zircon Europium anomaly (Eu/Eun*) versus corresponding whole rock Eu/Eun®. Zircon
trace element results were screened to exclude data with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 ppm.
Euw/Eun* = Eun/[(Smn*Gdn)0.5], where N indicates the element concentration in the whole-rock or zircon
normalized to chondrite (Sun and McDonough, 1989).
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Figure 4.1.1.3. Change in the calculated zircon fayalite-magnetite-quartz redox buffer (AFMQ) versus
corresponding A) Calculated Ti-in-zircon temperature (°C), using an activity of Si=1.0 and Ti=0.7 (Ferry
and Watson, 2007), B) Europium anomaly (Eu/Eun*) calculated using chondrite-normalized Eu, Sm, and
Gd values (Sun and McDonough, 1989), C) Cerium anomaly (Ce/Cec*) calculated using a curve fit line
function through the zircon MREE and HREE concentrations to determine Ce* (Zhong et al., 2019; Lee et
al., 2021). Zircon trace element results were screened to exclude data with Ca, Fe >300 ppm, Ti >20 ppm,

and La >1 ppm.

AFMQ = 2.284 +3.99 * LOG(Ce/SQRT(U(i)*T1)), where U(i) = age * (EXP(U measured * 1.55125*10%)

+0.0072 * EXP(U measured * 9.8485%10*)) (Loucks et al., 2020).

Ew/Eun* = Eun/(Smn0.5*Gdn"0.5), where N indicates the element concentration normalized to chondrite

(Sun and McDonough, 1989).
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The significant difference in Eu/Eun*.ircon between the two Duckling Creek syenite
samples (18lo25-2a and 19GJ13-5a) is likely controlled by a factor other than the relative
abundance of plagioclase, as both samples contain minor (<10%) plagioclase. Elevated
Ew/Eun*zircon values (>0.9) from the Duckling Creek syenite 18l025-2a indicate the magma may
have been highly oxidized or vapour-rich. This corresponds to higher zircon Ce/Cec* and
positive AFMQ (Figure 4.1.1.1B and 4.1.1.3B,C) values in syenite 18l025-2a, which both
suggest elevated magmatic fO> during zircon crystallization. Notably, in the Duckling Creek
syenite sample 18l025-2a, all Euw/Eun*zircon results are close to or greater than 1.0. Theoretically,
a highly oxidized, primitive melt containing only Eu** would have an Eu/Eun* of 1.0; therefore,
a factor other than fO> must account for the zircon Eu/Eun* values greater than 1.0 (Nathwani et
al., 2021). Nathwani et al. (2021) suggests that melt fO> only has a minor control on
Ew/Eun*zircon, and that Ew/Eun*ircon 1S more strongly influenced by Eu/Eun®mer, which is affected
by prior magmatic evolution (Trail et al., 2012; Buret et al., 2016; Loader et al., 2017; Rezeau et
al., 2019). In their study, Nathwani et al. (2021) found Eu/Eun*ircon increased in tandem with
Euw/Eun*whole-rock, Which the authors used as evidence of fractionation-dominated Euw/Eun®zircon
signatures, since an increase in melt fO, would not strongly affect the Eu concentration in the
magma. However, in the two Duckling Creek syenites, this expected positive correlation
between Eu/Eun*zircon and Eu/Eun*whole-rock is absent (Figure 4.1.1.2). The agreement between
zircon Eu/Eun®, Ce/Cec*, and AFMQ suggests a higher magma oxidation state in syenite sample
18l025-2a; however, magma fractionation likely also influenced the Eu/Eun*ircon values,

indicated by values greater than 1.0, which cannot be explained by fO- alone.
4.1.2 Relative zircon crystallization temperature estimates

Titanium concentration in zircon is used as a proxy for magma temperature during zircon
crystallization (Ferry and Watson, 2007). Their Ti-in-zircon temperature calculation requires
magmatic silica and titanium activity (quartz, aSiO»; rutile, aTiO2) to be estimated during zircon
crystallization. Since most Hogem batholith intrusive samples contain quartz, titanite, and Fe-Ti
oxides, but not rutile, aTi0>=0.7 and aSi10,=1.0 were assigned for all Ti-in-zircon temperature
calculations. For the less Si-saturated Duckling Creek syenites, these zircon temperatures may be
overestimated; lowering the aSiO2to 0.7 for these samples only decrease the temperature

estimates by ~30°C.
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The Duckling Creek syenite sample 18l025-2a and the Thane Creek hornblendite sample
18l022-1a have relatively low (<700°C) Ti-in-zircon temperatures compared to other rocks in the
two suites (Figure 4.1.2.1). The hornblendite zircon crystallization temperature estimates are
likely minimums, as the zircon Ti concentration results are almost all below the LOQ (average
LOQ=7.0 ppm). The results below LOQ were substituted with 0.5*LOQ to calculate estimated
crystallization temperatures. Using the original Ti results that were below LOQ, but above
0.5*LOQ, resulted in temperature estimates only ~30°C higher than using the substituted
0.5*LOQ values.

The relatively low temperatures of these syenite and hornblendite zircons correlate with
higher Eu/Eun*zircon, possibly indicating higher magma fO» or hydration at lower temperatures.
Alternatively, the low concentration of Ti in the hornblendite zircons may represent fractionation
of Ti into amphibole and biotite, the major modal minerals in this Thane Creek phase. Further

trace element work on amphibole and biotite is needed to address this possibility.
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Figure 4.1.2.1. Single zircon 2°Pb/>*3U age versus corresponding calculated Ti-in-zircon temperature (°C)
results for zircons from Hogem batholith intrusive rock samples. Titanium temperatures were calculated
using an activity of Si of 1.0 and activity of Ti of 0.7. Zircon trace element results were screened to exclude
data with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 ppm. Zircon U-Pb results were screened to exclude
data with discordance >10%.

Ti temperature = -4800/[log(Ti49)+log(aSi)-log(aTi)-5.711]-273 (Ferry and Watson, 2007).
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4.2 Zircon tectono-magmatic provenance using trace element geochemistry

Hafnium concentration and the U/YD ratio in zircon increase progressively during magma
differentiation. By correcting zircon U/Yb with Hf concentration, it is possible to estimate the
initial U/YD ratio of the magma source (Barth et al., 2017; Johnston and Kylander-Clark, 2021),
which is useful in comparing the relative degree of fractionation of different aged intrusive suites
(Figure 4.2.1). Higher U/Yb magmas are typical of enriched arc settings, while lower U/Yb
magmas represent mid-ocean ridge or primitive island arc settings (Grimes et al., 2015; Barth et
al., 2017; Johnston and Kylander-Clark, 2021). Zircons from the Thane Creek, Duckling Creek,
and Mesilinka intrusive suites plot in the medium- to high- Hf-corrected U/Yb fields, consistent
with arc magmatism (Figure 4.2.1). The Osilinka suite leucocratic zircons mostly plot in the low-

to sub-low U/YD fields, indicating these grains crystallized from a more depleted magma.

Previous studies have shown zircon trace element concentrations and ratios can be used
to classify zircon provenance and tectono-magmatic setting (e.g., Hoskin and Ireland, 2000;
Belousova et al., 2002; Grimes et al., 2007; Grimes et al., 2015). Using the zircon tectono-
magmatic discrimination fields of Grimes et al. (2015), plots of U/Yb versus Nb/Yb and U/Yb
versus Hf show most Hogem batholith zircons occur along the magmatic arc array (Figure
4.2.2A) and within the continental arc field (Figure 4.2.2B). Zircons from the Osilinka suite
granites overlap into the mantle zircon array and the MORB field. These discriminations are
consistent with zircon U-Pb, Lu-Hf, and oxygen isotope results, which suggest the Hogem
batholith evolved from an island arc setting with juvenile magmatism (Thane Creek, Duckling
Creek suites) into a post-accretionary setting with recycled, mixed magma sources (Osilinka,
Mesilinka suites). The apparent depleted source of the Osilinka granite zircons also agrees with

the interpreted inheritance of these zircons.
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Figure 4.2.1. Single zircon 2°°Pb/?*8U age versus corresponding Hf-corrected U/Yb ratio for zircons from
Hogem batholith intrusive samples. Zircon U/Yb ratios were corrected using zircon Hf concentrations to
account for the enrichment in U relative to Yb in the melt as zircon progressively crystallizes. U-YDb fields
are from Johnston and Kylander-Clark (2021), modified after Barth et al. (2017). Zircon trace element
results were screened to exclude data with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 ppm.

U/YDb (Hf-corrected) = [U/YDb]/[exp(Hf*0.00033)] (Johnston and Kylander-Clark, 2021).
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Figure 4.2.2. Tectono-magmatic provenance diagrams of A) Nb/Yb versus U/Yb and B) Hf concentration
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with Ca, Fe >300 ppm, Ti >20 ppm, and La >1 ppm.
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4.3 Implications for mineralization

Porphyry Cu+Au mineralization in the Hogem batholith is associated with the Thane
Creek and Duckling Creek intrusive suites, which are interpreted to have predominantly juvenile
magma sources with minor crustal influence. Magmatism of the Thane Creek suite coincides
with the major 15-million-year period of porphyry Cu+Au-Mo-Ag mineralization at the Triassic-
Jurassic boundary in the Quesnel and Stikine terranes (Logan and Mihalynuk, 2014). The earliest
phase of Thane Creek magmatism (ca. 207 Ma) specifically overlaps the most prolific
mineralization period, which deposited 90% of known porphyry mineralization in Quesnellia-
Stikinia at 20543 Ma (Logan and Mihalynuk, 2014). The Duckling Creek suite, which hosts the
Lorraine Cu-Au porphyry deposit ~10 km south of the study area, is temporally associated with
the latest stage of Quesnel-Stikine alkalic porphyry mineralization and corresponds to syn-
accretion of Quesnel terrane to the ancestral western North American margin (Logan and

Mihalynuk, 2014).

In the Thane Creek suite, whole rock Cu concentration is greatest in mafic hornblendites
and decreases with increasing SiO; (Figure 2.2.2.6), which correlates to the global trend of
decreasing Cu concentration with arc magma differentiation (Richards, 2015). Chang and
Audétat (2018) suggest that lower crustal hornblendites sequester Cu and may either decrease the
mineral potential of later-crystallized, upper crustal intrusive phases, or act as a Cu reservoir that
can be remobilized during later magmatism. Despite evidence of Cu sequestration in lower
crustal magmas, large porphyry deposits may still be generated in upper crustal arc magmas with
average Cu concentrations of only 50-100 ppm (Cline and Bodnar, 1991; Richards, 2015),
indicating factors other than Cu concentration of the magma play a greater role in porphyry

fertility (e.g., oxidation, hydration, temperature).

Porphyry Cu+Au+Mo mineralization is typically associated with oxidized and hydrous
arc magmas (Richards, 2015). Highly oxidized magmas are indicated by whole rock AFMQ
values from +1 to +2 (Richards, 2015), and by proxy elevated Eu/Eun*zircon (>0.4) and
Ce/Cec*zircon (>100; Lee et al., 2020). Nearly all the Thane Creek and Duckling Creek suite
zircon results have Eu/Eun*zircon values close to or >0.4 and Ce/Cec*ircon values >100 (Figure
4.1.1.1), indicating the magmas potentially were oxidized and hydrous and thus favourable for

porphyry mineralization. Zircon trace elements that indicate fO» conditions of AFMQ >0 suggest
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the Thane Creek hornblendite and quartz monzodiorite and the Duckling Creek syenites
crystallized from relatively more oxidized magmas and may have better porphyry mineralization
potential than relatively reduced (AFMQ <0) Thane Creek quartz diorites (Figure 4.1.1.3).
Although the Ti-in-zircon temperatures presented here are estimates due to the uncertainties in
aSi02 and aTiO2, most zircon results indicate temperatures close to the near-solidus temperature
range (750 to 650°C), which is consistent with temperature estimates in previous studies of
zircons associated with mineralized porphyries (Figures 4.1.1.1, 4.1.1.3, 4.1.2.1; Lee et al.,
2017). Based on these criteria, zircon trace element results suggest the Thane Creek hornblendite
and quartz monzodiorite phases and Duckling Creek syenites have the best potential for

porphyry-favourable magma conditions in the Hogem batholith.

The younger, Cretaceous post-accretionary Mesilinka suite may be prospective for Mo
mineralization. The oldest magmatic zircon U-Pb ages (ca. 145 Ma) of the Mesilinka tonalites
and K-feldspar porphyritic granites correspond to the age of the Endako subsuite of the Francois
Lake intrusive suite (149 to 145 Ma) in the Endako batholith, which hosts the oldest major
molybdenite deposit in the Canadian Cordillera, the Endako Mo mine (Villeneuve et al., 2001).
Villeneuve at al. (2001) proposed that molybdenite in Endako may have been concentrated due
to long-lived episodic magmatism and emplaced into high level positions in the batholith, which
was preserved from erosion by local post-mineralization extensional block faulting. Similar long-
lived episodic magmatism is evident in Mesilinka suite, but further research is needed to evaluate
if the tectonic setting was preferable for producing and preserving Mo mineralization. By
analogy, if present, such a model would predict its occurrence in the youngest members of the

suite.
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5 Zircon U-Pb, Lu-Hf, and oxygen-isotope discussion

5.1 Timing and duration of Hogem batholith magmatism

New and previously published geochronological data clearly show that long-lived (80
million-year) magmatism during the Mesozoic produced the large, composite Hogem batholith in
the north-central Quesnel terrane. New zircon LA-ICP-MS U-Pb results (section 3.2.1.1) better
constrain the punctuated nature of the magmatism that constructed this batholith. Intermittent
magmatism in northern Hogem batholith was initiated at least as early as Late Triassic (ca. 207
Ma) and continued to at least mid-Early Cretaceous times (ca. 127 Ma). This time span is
separated into four main periods of activity that correspond to four mappable intrusive suites
(Figure 5.1.1). The oldest pulse, from 206.8+0.9 to 194.0+1.0 Ma, corresponds to the Thane
Creek intrusive suite. After a ~12-million-year hiatus, the next period of magmatism crystallized
the Duckling Creek intrusive suite, from 181.7+1.0 (Devine et al., 2014) to 174.7+0.7 Ma.
Another magmatic hiatus ensued until approximately 160 Ma, after which the Osilinka suite
crystallized. The upper and lower age constraints of Osilinka suite magmatism are not well
constrained due to the abundance of inherited zircons in the granite samples, but the youngest
zircon U-Pb age from an Osilinka suite granite sample indicates an interpreted maximum
crystallization age of 159.2+4.0 Ma. The final phase of magmatic activity in the Hogem batholith
formed the Mesilinka intrusive suite, from at least 135.44+0.9 to 127.1+1.6 Ma. There is evidence
that late-stage magmatism began earlier (ca. 145 Ma) in the Mesilinka suite, as several
antecrystic zircons in Mesilinka tonalite 19GJ12-1, K-feldspar phenocrystic granite 18lo12-7,
and equigranular granite 18lo11-1 have U-Pb ages from ~147 to 137 Ma. These antecrystic
zircon dates also overlap a titanite U-Pb concordia intercept age of 145.8+4.6 Ma in Mesilinka
tonalite 19GJ12-2. The three periods of magmatic quiescence apparent in the formation of the
Hogem batholith were likely due to changes in the local and regional stress regimes in the

Jurassic (Evenchick et al., 2007).
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Figure 5.1.1. Summary timeline of mineral U-Pb age results from this study, compared to major time
intervals of Canadian Cordilleran magmatism (after Woodsworth et al., 1991). Zircon ages were
determined by 2°Pb/>38U age weighted means or the youngest inherited zircon age, unless specified as CA-
TIMS in the legend. Zircon CA-TIMS ages from Ootes et al. (2020b). Titanite ages were determined by
concordia lower intercepts on Tera-Wasserburg diagrams. Uncertainties are reported at the 95.4%
confidence level (20).

Zircon LA-ICP-MS U-Pb dates from this study generally agree with previously published
ages (Mortensen et al., 1995; Devine et al., 2014; Bath et al., 2014; Ootes et al., 2020b, 2020c;
Jones et al., 2021); however, our new, expanded intrusive suite age ranges are more
representative of protracted Hogem magmatism. This is evident in the Mesilinka suite, which
prior to this study (and Ootes et al., 2020c and Jones et al., 2021), did not have any reported U-
Pb ages. Ootes et al. (2020b) reported Ar-Ar ages of ca. 109 and 112 Ma for biotite from a
Mesilinka granite and tonalite sample, which was interpreted as the age of post-deformation
cooling during uplift. A Mesilinka grandiorite sample yielded Ar-Ar ages of ca. 123 Ma for
biotite and ca. 139 Ma for hornblende, which possibly represent magmatic cooling prior to
deformation (Ootes et al., 2020b). These Ar-Ar dates correlate with previously determined
biotite and hornblende K-Ar dates from granite and granodiorite samples of the Mesilinka suite
(Irvine, 1971; Garnett, 1978). The Osilinka intrusive suite was formerly interpreted as the
youngest intrusive phase and correlative with the Cretaceous Cassiar batholith (ca. 100 Ma) to

the north (Woodsworth et al., 1991). Although the crystallization age of the Osilinka suite is not
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well constrained, the maximum zircon U-Pb crystallization age (Late Jurassic, ca. 160 Ma)

presented here is approximately 60 Ma older than previously thought.

5.2 Timing of the crystallization of the Hogem batholith relative to

Intermontane magmatism

The strikingly protracted and composite 80-million-year magmatic history of Hogem

batholith has not been recognized elsewhere in Quesnel terrane and is unique within the
Canadian Cordillera, which is one of the main outcomes of this study. Zircon U-Pb ages from the
Thane Creek (Late Triassic to Early Jurassic) and Duckling Creek (late Early Jurassic) suites
correspond to major periods of magmatism throughout the Canadian Cordillera (Figure 5.1.1;
e.g., Woodsworth et al., 1991). However, the period in which the Mesilinka intrusive suite
crystallized (135 to 127 Ma) has been linked to a major magmatic lull across western North

America (Armstrong, 1988).
5.2.1 Comparison of Hogem batholith to select similar aged intrusions in Quesnel terrane

In the south-central Quesnel terrane, three parallel belts of calc-alkaline to alkaline
intrusions have relatively narrow age ranges from Late Triassic to Early Jurassic (~229 to 193
Ma; Table 5.2.1.1; Schiarizza, 2019; Kobylinski et al., 2020). These intrusions progressively
young from west to east and are associated with different phases of porphyry-style
mineralization (Schiarizza, 2014). The older, western plutonic belt is composed of calc-alkaline
intrusions (e.g., Guichon Creek batholith; Figure 5.2.1.1) which host Cu-Mo porphyry
mineralization. The central plutonic belt comprises alkaline intrusions (e.g., Copper Mountain
batholith; Figure 5.2.1.1) and hosts Cu-Au porphyry mineralization. The eastern plutonic belt is
composed of younger (~202 to 193 Ma), Cu-Mo porphyry hosting calc-alkaline plutons (e.g.,
Pennask batholith; Figure 5.2.1.1). Similar intrusive age patterns are not recognized in northern

Quesnel terrane (Nelson et al., 2013).
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Table 5.2.1.1. Comparison of Hogem batholith to similar aged intrusions in the Quesnel (QT) and Stikine (ST)

terranes. 1: this study; 2: Schiarizza, 2019; 3: Sack et al., 2020; 4: Woodsworth et al., 1991; 5: Villeneuve et al..,
2001.

Terrane Batholith(s) Age range (Ma) Reference
north-central QT Hogem 207 to 127 1
e.g., Guichon Creek,

south-central QT Copper Mountain, Pennask 229 to 193 2
Tatchun 204 to 196

L VT 160 to 146 .

south-eastern QT ~ Kuskanax, Nelson 180 to 160 4

ST Endako 220 to 145 5
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Figure 5.2.1.1. Terrane map of the Canadian Cordillera, northern Washington state, and eastern Alaska,
modified after Colpron and Nelson (2020). Yellow diamonds indicate the locations of the Hogem batholith
and other Cordilleran batholiths mentioned in the text. Blue squares show the central (Gehrels et al., 2009;

Cecil et al., 2011) and southern (Homan, 2017; Cecil et al., 2021) areas of the Coast Mountains batholith
(CMB).
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Figure 5.2.1.2. Sample location map of northern Hogem batholith showing weighted mean zircon LA-ICP-
MS U-Pb ages (Ma), eHf(t), and SIMS 5'80 (%o) results for this study. Sample 181022-1a shows the zircon
CA-TIMS U-Pb instead of LA-ICP-MS. Bedrock geology is after Ootes et al. (2020a). Black triangles
represent geochronology and geochemistry intrusive rock samples taken for this study. Uncertainties are at
the 95.4% confidence level (20).
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In northern Quesnel terrane, Late Triassic to Jurassic plutons are represented by the
Minto (205 to 194 Ma) and McGregor (163 to 146 Ma) suites (Sack et al., 2020). In southern
Yukon, plutons of the Minto suite are interpreted to intrude across the boundaries of the Quesnel,
Stikine, and Yukon-Tanana terranes (Sack et al., 2020), which has also been observed in similar-
aged intrusions in the Cassiar Mountains of northern British Columbia (Nelson and Friedman,
2004), but has not been observed further south. The Tatchun batholith of the Minto suite intrudes
the northern Quesnel terrane (Figure 5.2.1.1; Table 5.2.1.1) and has interpreted zircon TIMS U-
Pb ages of granodiorite (196.13+0.09 Ma) and granite (203.32+0.06 Ma; Sack et al., 2020),
which overlap with zircon ages from the Thane Creek suite in the Hogem batholith. However,
inherited zircons with LA-ICP-MS U-Pb ages up to ~348 Ma are present in the Tatchun batholith
intrusive samples, which have not been observed in the Thane Creek intrusions. Two diorite
samples from the McGregor pluton intruding the northern Quesnel terrane in southern Yukon
(Figure 5.2.1.1; Table 5.2.1.1) have zircon TIMS U-Pb ages of 163.42+0.05 Ma and 161.18+0.05
Ma (Sack et al., 2020). The McGregor batholith spans a unique magmatic period in Yukon (Sack
et al., 2020), however, it is similar in age to the Osilinka suite in the Hogem batholith (ca. 160
Ma) and the Kuskanax and Nelson batholiths in southern BC (Table 5.2.1; Woodsworth et al.,
1991). The Kuskanax and Nelson batholiths cross-cut ancestral North American rocks in the
Omineca belt (Figure 5.2.1.1; Woodsworth et al., 1991; Nelson and Colpron, 2007) and have

distinct continental crust-influenced isotopic signatures (Ghosh, 1995; Nelson et al., 2013).
5.2.2 Comparison of Hogem batholith to select similar aged intrusions in Stikine terrane

Similar to the Hogem batholith, the Endako batholith in eastern Stikine terrane,
approximately 200 km south of northern Hogem batholith (Figure 5.2.1.1), has a protracted and
composite magmatic history. Three separate Mesozoic intrusive suites form the Endako batholith
and range in age from Late Triassic (ca. 220 Ma) to Early Cretaceous (ca. 145 Ma; Table 5.2.1.1;
Villeneuve et al., 2001). The Francois Lake suite (~149 to 145 Ma; Villeneuve et al., 2001) is the
youngest phase of the Endako batholith and is coincident with the oldest Mesilinka suite phases
in the Hogem batholith. These intrusive phases occur in a period otherwise marked by magmatic
quiescence across the Canadian Cordillera (Armstrong, 1988). The Hogem and Endako

batholiths also have geochemical similarities, such as wide compositional ranges (Si0>=44-80
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wt.% for Endako and Si02=33-75 wt.% for Hogem), metaluminous to slightly peraluminous and

low- to high-K granitoids, and juvenile isotopic signatures (Whalen et al., 2001; this study).

5.3 Zircon Hf-O constraints on relative juvenile and evolved components in

Hogem magmas

Combined zircon Hf-O isotope data can help evaluate the relative amounts of mantle-

derived and crustal components in the melts that crystallized a magmatic rock (e.g., Kemp et al.,
2006). Initial Hf isotope ratios (’°Hf/!""Hf initial, represented as eHf(t)) may indicate whether
the melt source was isotopically juvenile (eHf >0) or evolved (¢Hf <0). Zircon oxygen isotope
data help assess whether the magmatic source was derived from the mantle, such as that which
characterises the asthenosphere (5'*0=+5.3+0.6%o; Valley et al., 1998), whether parts of it
interacted with the low-temperature hydrosphere (i.e., recycled; §'80 >+5.3£0.6%o), or with
high-temperature hydrothermal fluids, which tend to drive oxygen isotopes to lower §'*0 values
with increasing water-rock ratios. Later-stage interaction with lower temperature hydrothermal
fluids have the potential to drive zircon §'0 values higher (Valley et al., 2005). Mantle
processes do not significantly fractionate oxygen-isotopes and the mantle §'%0 signature is stable
through time (Valley et al., 2005). Extensive fractional crystallization of a magma can enrich '*O
in the residual melt, but only by ~1%o (Matsuhisa, 1979; Muehlenbachs and Byerly, 1982; Hoefs,
2018). The combined Hf-O isotopes can resolve mixing of mantle-derived magmas with recycled
crustal components, which may occur via contamination of the magma source, or assimilation of

country rock during magma emplacement (Chapman et al., 2017).
Thane Creek intrusive suite

Zircons from the Thane Creek suite plutonic rocks have the most radiogenic eHf{t)
compositions in the Hogem batholith. These are the oldest magmatic zircons, which have initial
Hf isotopic values (eHf(t)=+8.2+1.6 to +12.1+1.5) consistent with derivation from a juvenile
source, with little crustal input. The Thane Creek zircon data overlap with eHf{(t) values for
normal mid-ocean ridge basalts (Chauvel and Blichert-Toft, 2001; Figure 5.3.1), but only the
most radiogenic Thane Creek data overlap with the estimated depleted mantle Hf range at ca.
207 to 194 Ma (eHf(t)= +11.3 to +15.8). Zircon oxygen isotope values are consistent with the
juvenile Hf isotope compositions, as most 8'30 results are within the mantle zircon range (Figure

5.3.1). However, in the oldest interpreted Thane Creek diorite (19GJ12-4; 206.84+0.9 Ma), zircon
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5180 values are up to 8.5%o. These elevated 5'®Ovircon values are thought to represent secondary

low-temperature alteration and not the §'0 of the melt, as these high §'30 zircon grains are

cracked and have altered growth zoning (Appendix C). This interaction with the hydrosphere did

not involve significant input of other elements from the crust and is perhaps expected from the

oldest end-member of a large composite batholith, which experienced the subsequent thermal

and structural disruption by later intrusive episodes. Overall, the Thane Creek suite magmas are

interpreted as predominantly depleted mantle-derived with minimal crustal influence.
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Figure 5.3.1. Single zircon €Hf(t) versus corresponding 8'80vsmow (%o) values for Hogem batholith
intrusive rock samples. Zircon data were screened to exclude eHf(t) results with propagated errors >2¢
units. Uncertainties are at the 95.4% confidence level (26). CHUR= Chondritic uniform reservoir, after
Bouvier et al. (2008). N-MORB= Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001).
The upper depleted mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is after Naeraa
et al. (2012). The mantle zircon §'30 range (5.3£0.6%o) is from Valley et al. (1998). 2 S.E.= average 26
standard error.
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Duckling Creek intrusive suite

Positive zircon initial Hf results (eHfy= +7.1£1.8 to +10.6+1.4) indicate the Duckling
Creek suite magmas had a juvenile source. The Duckling Creek zircon §'30 data (+5.48+0.19 to
+6.72+0.18%0) overlap or are slightly heavier than mantle values (Figure 5.3.1). Zircons from the
younger Duckling Creek syenite (19GJ13-5a) generally have lower, more mantle-like §'%0
values compared to older Duckling Creek syenite (18l025-2a), which suggests a minor decrease
in crustal recycling/interaction through time, if the higher values indicate derivation from a

recycled component.
Osilinka intrusive suite

Zircons from the Osilinka suite leucocratic granite (ca. 160 Ma) have juvenile Hf-O
signatures and overlap the Duckling Creek and Thane Creek suite results (Figure 5.3.1). In
contrast to the exclusively magmatic zircons of the Thane Creek and Duckling Creek suites, U-
Pb results (section 3.2.1.1) indicate that a significant proportion of the Osilinka granite zircons
are inherited, with ages as much as 70 Ma older than the proposed intrusion age. The zircon
grains inherited the relatively homogenous Hf-O signature of the melt source, which was
possibly derived from re-melting of hybridized mantle-derived rocks of the Thane Creek suite,
Duckling Creek suite, and/or Takla Group. Whole rock eNd(t) to eHf{(t) results, calculated by
exploiting the linearity of the mantle Hf-Nd isotope array, of Quesnel terrane Takla Group
basalts (calculation of Vervoort et al., 2011; data after Dostal et al., 2009) range in eHf{(160 Ma)
from +9.6+1.6 to +12.5+1.8, which overlap the most radiogenic Osilinka granite zircons (eHf{(t)=
+7.5£1.5 to +10.2+1.5).

The intrusive porphyry sheet (sample 181020-4) that cross-cuts the Osilinka intrusive
suite (Ootes et al., 2019a,b) has an unconstrained minimum crystallization age, negative eHf(t)
values, and high temperature hydrothermal (<5.3+0.6%o) 5'0 zircon values that indicate a
significantly different magma source than the Osilinka granites and the other Hogem batholith
suites. These porphyry sheets were likely partial melts from a distinct source that did not

contribute to the magma sources of the Hogem batholith intrusive suites.
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Maesilinka intrusive suite

Zircons from the Mesilinka suite have the widest range in Hf-O signatures in Hogem
batholith. The Mesilinka K-feldspar porphyritic granite (135.4+0.9 Ma) has the least radiogenic
zircon Hf compositions (eHf(t)= +4.8+1.0 to +6.8+1.1) and §'*0 values that are mostly >7%o
(Figure 5.3.1), indicating a significant recycled crustal component in the magma source. An
older crustal component in the magma source is supported by the presence of xenocrystic

zircons, with U-Pb results up to ~190 Ma.

In contrast, zircons from the Mesilinka tonalite (134.1+£0.5 Ma) have homogenous,
juvenile Hf-O values with no single zircon U-Pb ages >141 Ma. All tonalite zircon §'*0
compositions agree with the mantle range (Figure 5.3.1), except several antecrystic grains with
higher §'%0 values (+6.27+0.20 to +7.58+0.20%o), which suggest only a minor crustal influence
and indicate the melt source did not have significant interaction with the hydrosphere. The
juvenile zircon Hf-O compositions for Mesilinka tonalites were possibly derived from partial

melting of basalt or lower crustal mafic intrusive rocks.

The younger, Mesilinka equigranular granite (ca. 127 Ma) contains zircon Hf isotope
compositions ranging from less radiogenic to juvenile (eHf(t)=+6.1+1.3 to +10.6+1.8) and
mantle-like to low temperature hydrosphere-like 5'*0 compositions (+4.68+0.20 to
+12.22+0.24%o0), which reflect a heterogeneous melt source. The presence of xenocrystic zircon
ages up to ca. 235 Ma and §'®Ozircon Values commonly >7%o indicate that an older recycled
crustal component contributed to Mesilinka equigranular granite magmatism. However, more
radiogenic Hf and mantle-like §'®0 zircon results in many of the zircons suggest that a juvenile
melt source had a greater influence on the equigranular granite magmas than in the K-feldspar

porphyritic granite, but less than in the tonalite.

The variation in zircon Hf-O populations between the magmatic phases in the Mesilinka
suite likely represents a mix of juvenile and recycled crustal melt sources. As the Mesilinka
intrusive suite crystallized after amalgamation of the Intermontane terranes and accretion to the
continental margin, but synchronous with and prior to major cordilleran deformation, thrusting,
and strike-slip faulting (Evenchick et al., 2007), the basement architecture and possible melt
sources underlying the Hogem batholith at 135 to 127 Ma are cryptic.
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5.4 Possible crustal sources and Hf-O contamination modelling

The relationship of the Quesnel terrane to rocks of Ancestral North American affinity has
been a longstanding subject of debate. It is proposed that Quesnellia was built upon a portion of
rifted North American crust or overlaps Yukon-Tanana terrane pericratonic crust (Colpron et al.,
2006; Nelson et al., 2006; Colpron et al., 2007). Additionally, based on seismic-reflection
profiles, it has been suggested that the Quesnel terrane is a thin (~2.5 km) klippe that was thrust
over North American continental crust during accretion (Snyder et al., 2002; Cook et al., 2004;
Evenchick et al., 2007). Zircon Hf-O isotope geochemistry provides an opportunity to address
the extent of the North American basement beneath north-central Quesnel terrane by determining
if North American crust contributed to Hogem batholith magmatism.

5.4.1 The role of North American crust and continental margin rocks in Hogem
magmatism

The eHf(t) composition of western North American crust is modelled using detrital zircon
data from the Hottah terrane, part of the Paleoproterozoic Wopmay orogen in the northwest
Canadian Shield (Davis et al., 2015). A crustal evolution curve was calculated using the Hottah
terrane average detrital zircon '*Hf/!7"Hf ratio (0.28151 after Davis et al., 2015; Figure 5.4.1.1)
and the average '"Lu/!""Hf ratio of bulk continental crust (0.011; Vervoort and Kemp, 2016). By
200 to 125 Ma, western North American Paleoproterozoic crust had eHf values from -57 to -33,
far more evolved than the juvenile signatures in the Hogem batholith zircons (Figure 5.4.1.1).
Hence, Paleoproterozoic North American crust had no role in the evolution of the Hogem

batholith.

The Hottah terrane detrital zircon eHf{(t) values partly overlap those of detrital zircons
from Yukon-Tanana terrane (Figure 5.4.1.1; Pecha et al., 2016), consistent with the interpretation
that Yukon-Tanana terrane (YTT) sediments were, in part, sourced from the northwestern
Canadian shield (Tempelman-Kluit, 1976, 1979; Hansen, 1990; Mortensen, 1992; Dusel-Bacon
et al., 2004, 2006, 2013; Nelson et al., 2006, 2013; Piercey and Colpron, 2009; Pecha et al.,
2016). Detrital zircons from the Lay Range assemblage, the assumed north-central Quesnel
terrane basement, also have a Precambrian zircon record that suggest partial continental
derivation (Figure 5.4.1.1; Ferri, 1997; Ootes et al., unpublished data). A North American

crustal influence in the YTT is evident from isotopic excursions from juvenile to lower eHf{t)
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values of -20¢ at 400 to 350 Ma, -18 ¢ at ca. 260 Ma, and -11¢ at ca. 180 Ma (Figure 5.4.1.2;
Pecha et al., 2016). The Lay Range assemblage appears to have a predominantly juvenile source,
but a minor North American crustal influence caused isotopic excursions to evolved eHf(t)
values of -12 at ca. 425 Ma and -6 from 360 to 299 Ma. Similar isotopic excursions towards
negative eHf(t) values would be expected in magmas contaminated by evolved country rocks but
are absent in zircons from the Hogem batholith. This indicates clearly that older, evolved crustal

rocks did not significantly contribute to Hogem batholith magmas.
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Figure 5.4.1.1. Single zircon U-Pb age (Ma) versus corresponding eHf(t) from Hogem batholith igneous
zircons (this study), Lay Range detrital zircons (Ferri, 1997; Ootes et al., unpublished data), Yukon-Tanana
terrane detrital zircons (Pecha et al., 2016), and Hottah terrane detrital zircons (Davis et al., 2015). Lay
Range average crust was modelled using the average '"Hf/!7’Hf value from the range of Carboniferous-
aged (358 to 299 Ma) detrital zircon LA-ICP-MS results, (0.282936; after Ferri, 1997 and Ootes et al.,
unpublished data), and '"°Lu/'7’Hf of bulk continental crust (0.011; Vervoort and Kemp, 2016). Hottah
terrane average crust was modelled using the average !7*Hf/!”’Hf value from the range of detrital zircon
results (0.28151; after Davis et al., 2015), and '7®Lu/'7"Hf of bulk continental crust (0.011; Vervoort and
Kemp, 2016). Hogem zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units
and U-Pb results with >10% discordance. CHUR= Chondritic uniform reservoir, after Bouvier et al. (2008).
N-MORB= Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The upper depleted
mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012).
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Figure 5.4.1.2. Single zircon 2°Pb/>*8U age (Ma) versus corresponding ¢Hf(t) from Hogem batholith
igneous zircons (this study), Lay Range detrital zircons (Ferri, 1997; Ootes et al., unpublished data), and
Yukon-Tanana terrane detrital zircons (Pecha et al., 2016). Lay Range average crust was modelled using
the average !"Hf/""’Hf value from the range of Carboniferous aged (358 to 299 Ma) detrital zircon LA-
ICP-MS results (0.282936; after Ferri, 1997 and Ootes et al., unpublished data) and '"°Lu/!""Hf of bulk
continental crust (0.011; Vervoort and Kemp, 2016) and mafic crust (0.023; Vervoort and Kemp, 2016).
Hogem zircon data was screened to exclude eHf(t) results with propagated errors >2¢ units and U-Pb
results with >10% discordance. CHUR= Chondritic uniform reservoir, after Bouvier et al. (2008). N-
MORB= Normal mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The upper depleted
mantle limit is after Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012).
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5.4.2 Quesnel terrane basement contamination of Hogem magmas

The genetic relationship of Hogem batholith to the underlying Quesnel terrane basement
was modelled using detrital zircon Lu-Hf data from the Lay Range assemblage (Ferri, 1997,
Ootes et al., unpublished data). Although Precambrian-aged detrital zircons are present in the
Lay Range assemblage, juvenile Hf isotope results of Carboniferous-aged (315 to 360 Ma)
zircons are thought to be representative of the mantle source during development of the juvenile
arc basement in the Quesnel terrane. Hafnium isotopic evolution curves for the mantle source
region of the Carboniferous-aged Lay Range assemblage zircons were modelled using the
average !"°Hf/!""Hf value of the detrital zircons (0.282936) and the average '"°Lu/!"""Hf of the
bulk continental crust and (0.011) and mafic crust (0.023; Vervoort and Kemp, 2016). It is
evident that the Hf isotopic composition of the Lay Range source in the Carboniferous, projected
through time to the main Hogem intrusive phases, overlap much of zircon eHf results of Hogem
batholith (Figure 5.4.1.2). This indicates that the Hf compositions of zircon-crystallizing magmas
across the Quesnel terrane did not significantly change from development of the juvenile island
arc basement at ca. 350 Ma to post-accretion at ca. 127 Ma. There is a slight isotopic excursion
to lower eHf(t) values in the Mesilinka suite at ca. 150 to 130 Ma (Figure 5.4.1.2) and suggests a

minor influence of a less radiogenic, probably crustal component, in this phase of the batholith.
5.4.3 Modelling the extent of crustal contamination of Hogem magma sources

Though the depleted initial Hf isotope signatures of zircon from the Hogem magmas
indicate little interaction with the continental crust through much of its evolution, the subtle
isotopic differences between different phases might be due to this process. The overall
radiogenic zircon Hf isotope compositions through the Hogem batholith’s 80-million-year
magmatic history can be mostly accounted for by juvenile crustal evolution (Figure 5.4.3.1). A
regression through all the Thane Creek, Duckling Creek, and Osilinka suite zircon U-Pb age and
eHf{(t) results, but only the most radiogenic Hf results from the 135 to 127 Ma Mesilinka
intrusive suite zircons (¢Hf(t) >8), results in a slope of eHf/Ma (0.0146) that corresponds to a
176Lu/!7"Hf ratio of 0.0118 (line 1 on Figure 5.4.3.1), which is the approximate average
76Lu/!"""Hf ratio of the bulk continental crust (0.011 of Vervoort and Kemp, 2016; 0.012 of
Rudnick and Gao, 2003). However, regressing through the same Thane Creek, Duckling Creek,

and Osilinka suite zircon results, but only the least radiogenic Hf results from the Mesilinka suite
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zircons (eHf(t) <7) yields a steep eHf/Ma slope (0.05927) that corresponds to a !7Lu/!""Hf ratio
0f'-0.0560 (line 2 on Figure 5.4.3.1), which requires interaction with an isotopically evolved
reservoir (Spencer et al., 2019). The average eHf/Ma slope (0.03467) of all Hogem batholith
zircon results corresponds to a !7Lu/!""Hf ratio of -0.0019 (line 3 on Fig. Figure 5.4.3.1) and
likely reflects a mix of isotopically juvenile and evolved sources (Spencer et al., 2019). This
average slope intersects the intermediate Mesilinka suite zircon Hf results (8> eHf{(t) <7) and

suggests these Mesilinka zircons crystallized from a mix of melt sources.
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Figure 5.4.3.1. Single zircon 2°Pb/?*8U age results versus corresponding eHf{(t) values. Three different
regressions define eHf/Ma slopes and corresponding "*Lu/!7’Hf values through all the Thane Creek
(purple), Duckling Creek (orange), and Osilinka (red) data, but only the Mesilinka suite (pink) results with
specific eHf{(t) ranges. Line 1: Mesilinka suite zircon eHf(t) >8; Line 2: Mesilinka suite zircon eHf(t) <7;
Line 3: All Mesilinka suite zircon eHf{(t) results. N-MORB= Normal mid ocean ridge basalt, after Chauvel
and Blichert-Toft (2001). The upper depleted mantle limit is after Griffin et al. (2002) and lower depleted
mantle limit is after Naeraa et al. (2012).

Crustal contamination of Hogem batholith magmas were modelled using coupled zircon
eHf(t) and 8'30 systematics on the basis that both these tracers are sensitive, at different levels,
to interaction with crustal materials (Figure 5.4.3.2). The involvement of Quesnel terrane
basement in contaminating mantle-derived or juvenile magmas was estimated using average

Quesnellia Takla Group basalt as the parent melt (PM) and Lay Range assemblage as the
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contaminant (C; Table 5.4.3.1). The average Takla Group field represents the approximate
composition of the mantle source of the Thane Creek and Duckling Creek suite magmas, which
was determined using whole-rock Sm-Nd results of eight Quesnel terrane Takla Group basalt
samples (Dostal et al., 2009). The Takla Group average eHf(190 ma) (converted from eNd190 Ma)
after Vervoort et al. (2011)) is 12.3£1.6, and was coupled with an assumed mantle 530 value
(5.3+0.6%0; Valley et al., 1998). The average bulk Lay Range, <1.6 Ga Lay Range, and
Carboniferous Lay Range fields represent the calculated eHf(t) values (Table 5.4.3.1) using the
average Lu-Hf ratios of all Lay Range detrital zircons (1"Lu/'""Hf=0.00101 and

16 H/17"Hf=0.282411), <1.6 Ga old detrital zircon ("*Lu/!""Hf=0.00113 and
176Hf/'""H£=0.282648), and only Carboniferous-aged detrital zircons ('’*Lu/!""Hf=0.00119 and
76 H{/1"THf=0.282936; Ferri, 1997; Ootes et al., unpublished data). A §'*0O value of 9%o was
assumed for the Lay Range assemblage, after the approximate §'0 of the upper oceanic crust
(Valley, 2003). Binary mixing curves between the end-members were modelled assuming the Hf

concentration of the contaminant was twice that of the parent melt (Hfpm/Hfc=0.5).

Mixing of the Carboniferous and <1.6 Ga Lay Range end-members with the Hogem
mantle source constrains most Thane Creek and Duckling Creek suite zircon Hf-O results that
fall outside of the mantle range (Figure 5.4.3.2A). This model shows up to 40% contamination of
juvenile, mantle-derived magmas by juvenile Quesnel terrane basement may account for heavier
5'%0 values (>5.3£0.6%o) and less radiogenic Hf results of Thane Creek and Duckling Creek

zircons.
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Table 5.4.3.1. End-member compositions used for binary mixing lines in Figures 5.4.4 to 5.4.5.
End-member Material gHf(190 ma) eHf(130 ma) 6180 (%o)
Takla Group/Hogem mantle source Basalt (whole rock) 12.3 - 5.3
Bulk Lay Range assemblage Detrital zircon 9.1 -10.4 9
Carboniferous Lay Range assemblage Detrital zircon 8.2 7.3 9
<1.6 Ga Lay Range assemblage Detrital zircon -0.8 -2.1 9
Igneous zircon - 9.8 5.5

Juvenile Mesilinka suite
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Figure 5.4.3.2. Zircon eHf{(t) and 8'®*Ovsmow (%o) binary mixing curves, with end members: A) Hogem
batholith depleted mantle source, represented by average Quesnel terrane Takla Group basalt (eHf{190
May=+12.3, 8'80=+5.3%o) as the parent melt and average bulk, <1.6 Ga, and Carboniferous-aged Lay Range
detrital zircon (after Ferri, 1997 and Ootes et al., in publication) as the contaminants. The average Quesnel
terrane Takla Group basalt eHf(t) value was determined by calculating the average whole-rock eNd(190 ma)
of eight basalt samples (Dostal et al., 2009), and converted to average eHf(190 ma) using the calculation of
Vervoort et al. (2011). The Hogem batholith mantle source was assumed to have mantle §'80 (+5.3+0.6%o;
Valley et al., 1998). The average bulk Lay Range detrital zircon eHf(190 ma) value was calculated using
78Lu/'"7Hf=0.00101 and '"*H{/'""Hf=0.282411. The average <1.6 Ga Lay Range detrital zircon eHf{190 ma)
value was calculated using "°Lu/!77Hf=0.00113 and '7*Hf/'77Hf=0.282648. The average Carboniferous Lay
Range detrital zircon eHf{190 Ma) value was calculated using °Lu/!"’Hf=0.00119 and '7Hf/'""Hf=0.282936.
The Lay Range 8'8%0 composition is assumed to be 9%o, the approximate §'%0 value for the upper oceanic
crust (Valley, 2003). B) Juvenile Mesilinka suite zircon (¢eHf(130 Ma)=+9.8, §'80=+5.5%o0) and average
bulk Lay Range (eHf(130 may= -10.4, 3'80= +9.0%o), average <1.6 Ga Lay Range (eHf{130 may= -2.1, §'30=
+9.0%o), and average Carboniferous Lay Range (eHf{130 May=+7.3, 8'%0=19.0%o). Binary mixing model
curves after Langmuir et al. (1978), assuming Hf concentration of parent melt to contaminant ratios
(Hfpm/Hfc) of 0.5. Points along the mixing curves indicate 10% mixing increments. N-MORB= Normal
mid ocean ridge basalt, after Chauvel and Blichert-Toft (2001). The upper depleted mantle limit is after
Griffin et al. (2002) and lower depleted mantle limit is after Naeraa et al. (2012). 2 S.E.= average 2¢
standard error.

244



Using the same methods as at t=190 Ma, a binary mixing model was produced at t=130
Ma using the most juvenile Mesilinka suite zircon result (eHf{130 may=9.8, 8'¥0=5.5%0) as the
parent melt composition and the average bulk Lay Range, <1.6 Ga Lay Range, and
Carboniferous Lay Range detrital zircon values as the contaminant melt compositions (Table
5.4.3.1; Figures 5.4.3.2B and 5.4.3.3). Most Mesilinka suite zircon eHf(130 ma) results are also
constrained by the Carboniferous and <1.6 Ga Lay Range binary mixing lines and suggests up to
70% melting of predominantly juvenile Quesnel terrane basement formed the Mesilinka intrusive
suite. The Mesilinka suite zircon data do not overlap with the bulk Lay Range Hf-O mixing
curve (Figures 5.4.3.2B and 5.4.3.3).

Although binary mixing is an over-simplification of these magma systems and does not
account for heterogeneous mantle sources, multiple contaminants, variable parent melt to
contaminant Hf concentration ratios, or fractional crystallization, it is clear the Hogem batholith
was generated from predominantly juvenile melts. The average North American crust at 130 Ma,
indicated by any of the average Hottah terrane, >1.6 Ga Lay Range, or >1.6 Ga YTT detrital
zircon compositions, is highly evolved. Mixing with the ancient crust pulls the bulk Lay Range
eHf{(130 Ma) composition down ~8 epsilon units (Figure 5.4.3.3). There is a trend to lower eHf(t)
values (+4.4) in the Mesilinka suite, but this isotopic excursion is only ~5 epsilon units lower
than the most juvenile Mesilinka suite zircons. This variability could, in-part be due to mantle
source heterogeneity; however, in cases where less radiogenic zircon eHf(t) values correspond
with elevated §'%0 results, the involvement of an enriched mantle source may be excluded as this
would not account for elevated §'®0 compositions. Even if the eHf(t) variability in the Mesilinka
suite is driven by crustal assimilation, this is a more limited range that is still within the NMORB
field. Hence, the Hf isotope data indicate that the melt source of the Mesilinka intrusive suite did
not have a significant evolved North American crust component but may have experienced

minor crustal contamination from pre-existing Quesnellia.
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Figure 5.4.3.3. Zircon eHf(t), calculated at t=130 Ma versus corresponding zircon d18OVSMOW (%eo).
Binary mixing curves are modelled using the most juvenile Mesilinka suite zircon (eHf(130 Ma)=+9.8,
8180=+5.5%o) as the parent melt and average bulk, <1.6 Ga, and Carboniferous-aged Lay Range detrital
zircon (Ferri, 1997; Ootes et al., unpublished data) as the contaminant melt. The average bulk Lay Range
detrital zircon eHf{190 Ma) value was calculated using "°Lu/!7’Hf=0.00101 and '7*Hf/'7"Hf=0.282411. The
average <1.6 Ga Lay Range detrital zircon eHf{190 ma) value was calculated using '"*Lu/'""Hf=0.00113 and
TH{/17"Hf=0.282648. The average Carboniferous Lay Range detrital zircon eHf{190 ma) value was
calculated using '"°Lu/!"’Hf=0.00119 and 7*Hf/'""Hf=0.282936. The Lay Range 5'*0 composition is
assumed to be 9%o, the approximate 6'30 value for the upper oceanic crust (Valley, 2003). Binary mixing
model curves after Langmuir et al. (1978), assuming Hf concentration of parent melt to contaminant ratios
(Hfem/Hfc) of 0.5. Points along the mixing curves indicate 10% mixing increments. Average Hottah terrane
detrital zircon composition after Davis et al. (2015). Bulk, >1.6 Ga, and <1.6 Ga YTT average detrital
zircon eHf(130 ma) values after Pecha et al. (2016). N-MORB= Normal mid ocean ridge basalt, after Chauvel
and Blichert-Toft (2001). The upper depleted mantle limit is after Griffin et al. (2002) and lower depleted
mantle limit is after Naeraa et al. (2012). The mantle zircon 8§'30 range (5.3£0.6 %o) is from Valley et al.,

(1998).
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5.5 Hogem batholith magmatism in context to the Canadian Cordilleran
orogen

5.5.1 Pre- to syn-accretionary magmatism of Thane Creek and Duckling Creek intrusive
suites

Late Triassic to Early Jurassic arc magmatism in the Quesnel terrane is likely attributed
to westward subduction of oceanic crust beneath Quesnellia apparently prior to accretion of the
Intermontane terranes to the North America margin and closure of the Cache Creek back-arc
ocean (Mihalynuk et al., 1994; Nelson et al., 2013; Zagorevski, 2015; Sigloch and Mihalynuk,
2017). Relative depletion in HFSE (Nb, Ta, Zr, Ti) and enrichment in LILE (Cs, Rb, Ba, K, Sr)
on primitive mantle normalized whole-rock multi-element plots (Figure 2.2.2.4) reflect

subduction-related magmatism in the Thane Creek and Duckling Creek intrusive suites.

The metaluminous, calc-alkaline, and magnesian signatures of the Thane Creek intrusive
rocks are typical of Cordilleran arc magmas (Frost et al., 2001). The zircon U-Pb crystallization
age of the youngest phase of the Thane Creek suite (sample 19GJ13-3; 194.0+£1.0 Ma) precedes
the interpreted start of Quesnel terrane accretion. When combined with the relatively juvenile
zircon Hf-O results, these support that the Thane Creek magmas were generated in an island arc
setting. Amphibole and biotite are ubiquitous in all the Thane Creek suite phases and suggest the
magmas were hydrous, possibly due to dehydration melting caused by volatile input into the
mantle wedge from the subducting oceanic lithosphere (Gill, 1981; Tatsumi et al., 1986; Davies
and Stevenson, 1992; Gaetani and Grove, 2003; Grove et al., 2006, 2012). Amphibole
fractionation formed the Thane Creek suite hornblendite cumulates, indicated by whole-rock
MREE enrichment (Figure 2.2.2.1; Dessimoz et al., 2012) and an abundance of euhedral, coarse
amphibole and apatite grains that are surrounded by interstitial plagioclase (Vernon and Collins,
2011). Field relationships indicate that hornblendite is the oldest phase of the Thane Creek suite
(Ootes et al. 2019b); however, hornblendite cumulate zircons are interpreted as slightly younger
(sample 18l022-1a; 197.6+0.1 Ma) than spatially associated dioritic rocks (sample 181022-1d;
199.0+0.5 Ma), which is likely due to late-stage crystallization of zircon intergrown with
interstitial plagioclase in hornblendite. The early crystallized Thane Creek diorites and cumulate
hornblendites are thought to be co-magmatic due to co-mingling texture recorded in outcrop

(Figure 1.3.1.2) and similar zircon Hf-O results. Crystallization of quartz diorites to quartz
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monzodiorites continued without a significant change in trace element signatures (Figure 2.2.2.1
and 2.2.2.4) or zircon Hf-O results until magmatism ceased at approximately 194 Ma.

The Duckling Creek intrusive suite is alkaline, metaluminous, and iron-rich. Mafic
intrusions accumulated clinopyroxene rather than amphibole and are interpreted as the oldest
magmatic phase in the Duckling Creek suite (181.68+0.95 Ma biotite pyroxenite of Devine et al.,
2014). Clinopyroxene fractionation is reflected by MREE enrichment (Figure 2.2.2.1),
rhythmically layered felsic- and mafic-syenites in outcrop (Figure 1.3.1.3), and interlocked,
euhedral clinopyroxene grains which are spatially associated with apatite and magnetite in thin
section (Figure 1.5.2C-D; Vernon and Collins, 2011). The presence of clinopyroxene rather than
amphibole may indicate the Duckling Creek suite magmas were less hydrous, or more degassed,
than the Thane Creek suite magmas, possibly due to decreased volatile influx from the
subducting oceanic lithosphere or increased distance from the arc front (Grove et al., 2012).
Overall, the Duckling Creek suite zircons have juvenile Hf-O results, but less radiogenic eHf{(t)
and higher §'%0 results relative to the Thane Creek suite zircons, which may indicate increased
country rock contamination of the Duckling Creek magmas. The crystallization age of the
youngest phase of the Duckling Creek syenite (sample 19GJ13-5a; 174.7+0.7 Ma) corresponds
with the termination of Cache Creek subduction and accretion of Quesnel terrane with the
continental margin at ca. 175 to 172 Ma (Mihalynuk et al., 2004; Nelson et al., 2013). The
alkalic and shoshonitic signature of the Duckling Creek intrusive suite (Figure 2.2.1.2) may
reflect syn-accretion arc extension in north-central Quesnel terrane, as shoshonitic rocks are
associated with arc deformation during subduction termination or polarity change in unstable
island arc regions during the transition between two different subduction regimes (Morrison,

1980).

5.5.2 Post-accretionary magmatism of Osilinka and Mesilinka intrusive suites

The post-accretionary Osilinka and Mesilinka intrusive suites were crystallized after
accretion of the Intermontane terranes and are not direct products of subduction-related
magmatism. Compared to the metaluminous Thane Creek and Duckling Creek suites, Osilinka
and Mesilinka granites are silica-rich and weakly peraluminous (Figure 2.2.1.7). Peraluminous
granites are traditionally thought to be formed by melting of pelitic rocks (‘S-type’; Chappell and
White, 1974; Holtz and Johannes, 1991), or by hydrous melting of mafic source rocks (Ellis and

Thompson, 1986). Trace garnet, muscovite, and allanite are variably present in Mesilinka
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granites and represent aluminous trace mineral phases associated with S-type granites (Chappell
and White, 1974). Positive zircon eHf{(t) results of the post-accretionary Osilinka intrusive suite
suggest the magma sources were relatively juvenile and supports hydrous melting of mafic
source rocks (e.g., the Thane and Duckling Creek suites or Takla Group volcanics). However,
Mesilinka zircon §'®0 values above the mantle range (>5.3£0.6%o) and less radiogenic zircon
eHf{(t) results (~+5) suggest the magma source had mixed recycled crustal components. Both
Osilinka and Mesilinka suite rocks have high field strength element depletion (Zr, Nb, Ta, Ti)
and LILE enrichment (Ba, Pb, K) patterns that were inherited from the crust they melted from,
which suggests the crustal sources were formed in a subduction-related environment (Figure

2.2.2.4; e.g., Stern, 2002).

The Osilinka leucocratic granites have depleted, concave-up chondrite-normalized REE
patterns (Figure 2.2.2.1), possibly due to low degree partial melting of a protolith with a high
concentration of amphibole, clinopyroxene, or other MREE-rich mineral phase, which did not
involve amphibole or clinopyroxene re-melting. The Osilinka suite is interpreted to have
crystallized at approximately 160 Ma, after a ~15 Ma magmatic hiatus in the Hogem batholith.
This gap in magmatism followed the syn-accretionary Duckling Creek suite magmatism,
corresponding to the end of Quesnel arc magmatism. After 160 Ma, the Canadian Cordilleran
western margin was in a compressional state due to westward-growing North American margin
and accretion of the Insular belt (Evenchick et al., 2007; Nelson et al., 2013). Evidence of
compression includes intrusion, deformation, and metamorphism at ca. 160 to 155 Ma in the
central Coast plutonic belt (van der Heyden, 1992; Nelson et al., 2013), deformation recorded by
the earliest thrust fault gouge ages in the southern Canadian Rocky Mountains (ca. 163 to 146
Ma; Pana and van der Pluijm, 2015), and magma cessation, uplift, and deposition of
conglomerates at ca. 160 in the Talkeetna arc in southwestern Alaska (Clift et al., 2005; Nelson
et al., 2013). The maximum crystallization age of the Osilinka suite leucocratic granite (ca. 160
Ma) coincides with this period of compression, and magmatism was likely in response to crustal
thickening in north-central Quesnellia. The Osilinka suite inherited zircon ages and Hf-O
signatures overlap with those of the Thane Creek and Duckling Creek suites (Figure 5.3.1 and
5.4.1.2) and suggests the Osilinka suite was derived from a hybrid Thane Creek and Duckling

Creek suite crustal melt.
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The oldest phases of the Mesilinka intrusive suite crystallized by at least ca. 135 Ma, and
possibly as early as ca. 145 Ma. The Mesilinka tonalite generally has less fractionated chondrite-
normalized REE patterns (Figure 2.2.2.1), while K-feldspar porphyritic granite has more
fractionated REE patterns indicated by higher chondrite-normalized La/Yb ratios (Figure
2.2.2.2). The ca. 127 Ma equigranular granite has similar fractionated REE patterns to the K-
feldspar porphyrytic granites, which suggests the granites experienced a lower degree of partial
melting than the tonalites. Additionally, both Mesilinka granite phases have relatively high-K
calc-alkaline compositions, while tonalites are sodic (NaxO/K,0 >2), low- to mid-K calc-
alkaline. The tonalites may have been generated by direct partial melting of pre-existing mafic
crust within the Hogem batholith or the country rocks to the batholith, like processes that have
been suggested for generation of Archean tonalite-trondjhemite-granodiorite (TTG) suites (e.g.,
Smithies, 2000; Moyen and Stevens, 2006; Nagel et al., 2012). Such processes would have
facilitated the juvenile eHf(t) and mantle-like 6'*0 zircon values in the Mesilinka suite tonalites.
It has been suggested high-K calc-alkaline granites may be generated through crustal recycling
(Roberts and Clemens, 1993), which supports the peraluminous compositions of most Mesilinka
suite granites. Roberts and Clemens (1993) modelled high-K granites as derived from partial
melts of hydrous, mafic to intermediate, transitional to high-K calc-alkaline igneous crustal
protoliths. Zircon Hf-O modelling indicate Hogem batholith melts contaminated by various
amounts of juvenile Lay Range assemblage may have been a possible source for Mesilinka suite
magmas (Figure 5.4.3.3). Partial melting resulted in variable REE fractionation and U and Th
concentrations in the different magmatic phases of the Mesilinka suite (Figures 2.2.2.1, 2.2.2.2,
2.2.2.5), which may have been triggered by compression resulting from continued build up of the
Canadian Cordillera, indicated by the development of the Skeena Fold Belt in the Intermontane
terranes from 145 to 135 Ma (Evenchick et al., 2007). Although magmatism was relatively
absent across the rest of the Cordillera from 140 to 120 Ma, compression is also recorded in
eastern Cordilleran terranes in southeastern BC and central Yukon during this time frame
(Monger and Gibson, 2019). Compressional structures are recorded in metamorphic rocks in
central Yukon (Staples et al., 2014, 2016), in the Selkirk allochthon and Cariboo Mountains
(Currie, 1988; Crowley et al., 2000; Reid, 2002; Gibson et al., 2005, 2008), and the Kootenay arc
(Webster et al., 2017; Webster and Pattison, 2018).
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5.6 Preservation of long-lived juvenile magmatism in the Hogem batholith
and its implication on Cordilleran accretionary models

5.6.1 A model for generation and emplacement of juvenile magmas of the Hogem

batholith

Pulsed, juvenile magmatism occurred in the Hogem batholith for >30 million years
during the crystallization of the Thane Creek and Duckling Creek suites (ca. 207 to 174 Ma)
without a significant change in the zircon Hf-O isotope compositions of the magmas, despite
whole rock compositional differences. Likely, these zircon isotope compositions were controlled
by melting, assimilation, storage, and homogenization (MASH; Hildreth and Moorbath, 1988)
processes in the deep crustal hot zone (Figure 5.6.1.1; Annen et al., 2006). During subduction,
melting in the mantle wedge occurs due to a mix of decompression and dehydration melting via
influx of volatiles from the downgoing slab, producing basaltic magmas (Annen et al., 2006).
These basaltic magmas are incrementally emplaced into the lower arc crust or at the lower
crust/mantle interface and accumulate in a volatile-rich deep crustal hot zone (Hildreth and
Moorbath, 1988; Annen et al., 2006). Annen et al. (2006) suggest much of the geochemical
variation in arc magmas develops in the hot zone due to varying levels of temperature, pressure,
H>O, and melt fraction, in tandem with minor assimilation of older country rock, which may

impact the isotopic signature of the magmas (Hildreth and Moorbath, 1988).
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Figure 5.6.1.1. Generalized schematic diagram of MASH zone processes (Hildreth and Moorbath, 1988)
and the deep crustal hot zone (Annen et al., 2006) that affected magmas of the Thane Creek intrusive suite
from 207 to 194 Ma in the Hogem batholith. Similar processes are proposed for the Duckling Creek
intrusive suite from 182 to 174 Ma. Figure is modified after Annen et al. (20006).
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A deep crustal hot zone model is consistent with geochemistry, geochronology, and field
observations in the Thane Creek and Duckling Creek intrusive suites of Hogem batholith.
Incremental hydrous basaltic intrusions in the lower crust may have produced residual H,O-rich
intermediate melts of the Thane Creek suite. These melts segregated and crystallized over
millions of years, time spans plausible in H>O-rich, viscous melts (Annen et al., 2006), to
produce amphibole-rich cumulates and dioritic residual melts (Figure 5.6.1.1). Multiple
generations of basaltic magma input over the ~13-million-year span of the Thane Creek suite
likely caused entrainment of older magmas and cumulates in younger magma phases, evidenced
by magma mixing observed in outcrop (Figures 1.3.1.2 and 5.6.1.1) and the wide range in zircon
U-Pb ages within the Thane Creek intrusive suite and single Thane Creek plutonic samples (e.g.,
sample 19GJ13-3; section 3.2.1.1). As the deep crustal hot zone evolved, along with
compressional thickening due to build up of the Cordilleran orogen, a thickened arc crust would
have caused a greater range in emplacement depths of the basalt intrusions and a wider range of
melt compositions (Annen et al., 2006), such as the melts that crystallized the alkaline Duckling
Creek intrusive suite from ca. 182 to 174 Ma. The Duckling Creek intrusive suite was likely
generated under similar magma conditions to those of the Thane Creek suite, indicated by similar
trace element concentrations (Figures 2.2.2.1-2.2.2.11) and zircon Hf-O results of the two suites
(Figure 5.4.1.1); however, magma conditions may have been less hydrous in the Duckling Creek
suite, which resulted in the formation of clinopyroxene cumulates rather than hornblendites.
Drier, less viscous magmas could have segregated faster than the comparatively wet Thane
Creek magmas and formed the rhythmic magmatic layering observed in the Duckling Creek suite
(Figure 1.3.1.3). Minor thermal and mass transfer through mixing with melts of juvenile
basement rocks of the Quesnel terrane (Lay Range assemblage) at lower crustal levels and
assimilation at higher crustal levels may have imparted the heavier 3'30 signatures, but the
overall juvenile eHf values, observed in both the Thane Creek suite and Duckling Creek suite
zircons (Figure 5.6.1.1). Similar long-lived, pulsed juvenile magmatism is also observed in the
Coast Mountains Batholith, which has little evidence of melt contribution by Precambrian crust,
but may have been contaminated by minor Phanerozoic crust (Gehrels et al., 2009; Homan,

2017; Cecil et al., 2011, 2021).
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5.6.2 Establishing the zircon Hf-O record of northern Cordilleran batholiths

At present, the zircon Hf-O record for Canadian Cordilleran batholiths is relatively
limited. In the Intermontane terranes, igneous zircon U-Pb/Hf isotope studies have only been
carried out on Triassic to Jurassic plutons in southern Yukon (Sack et al., 2020) and the Hogem
batholith in north-central BC (Figure 5.6.2.1). Late Triassic to Jurassic-aged plutons in the
northern Intermontane terranes in southern Yukon have more variability in zircon eHf(t) and
overall, more evolved compositions than the juvenile zircon eHf{(t) results of the Hogem

batholith (Table 5.6.2.1; Figure 5.6.2.1).
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Figure 5.6.2.1. eHf(t) ranges of Mesozoic-aged Intermontane terrane plutons versus latitude. Northern and
central Intermontane terrane Hf{(t) data are from igneous zircons (this study; Sack et al., 2020). Southern
Quesnel terrane Hf(t) values were converted from whole rock Sm-Nd data (Ghosh, 1995).

254



Table 5.6.2.1. Age, eHf(t), and 3'Oircon ranges from Mesozoic batholiths in northern Cordilleran batholiths. QT: Quesnel terrane; ST: Stikine terrane; YTT:
Yukon-Tanana terrane; CC: Cache Creek terrane; CMB: Coast Mountains batholith; WT: Wrangellia terrane; AT: Alexander terrane. 1: this study; 2: Sack et al.

(2020); 3: Ghosh (1995); 4: Cecil et al. (2011); 5: Homan (2017); 6: Cecil et al. (2021).

Batholith/Area

Terrane(s) Age range (Ma) | Range of eHf{(t) 6180 (%o) Reference
Hogem batholith north-central QT 207 - 127 +4.4t0 +12.5 +4.7 to +12.2 1
203 - 196, -9.5 to +9.5,
northern QT 160 — 146 +0.9to +11.1
southern Yukon northern ST 215-172 -12.7 to +10.1 - 2
northern YTT 198 — 183 -27.3to+12.1
northern CC 173 -168 +0.8to +7.0
south-western QT 210-99 +6.0 to +14.7
southern BC south-central QT 185 - 97 -18.2 to +13.6 - 3
south-eastern QT 195-79 -18.9to +11.0
central CMB WT, ST, YTT, AT 153-53 +1.5t0 +12.3 - 4
southern CMB 167 — 52 +6.1 to +16.2 +4.2 to +8.3 5,6
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Ghosh (1995) published whole-rock Sm-Nd geochemistry of plutonic rocks across the
southern Quesnel terrane. Utilizing the linearity of the Hf-Nd array (Vervoort et al., 2011), these
eNd(t) results were converted to eHf(t) (Table 5.6.2.1; Figure 5.6.2.1). The eHf{(t) values trend
from juvenile compositions in the western plutons to evolved compositions in the east. Ghosh
(1995) interpreted this trend, along with younger intrusive ages to the east, as recording the
progression from an offshore arc in the Late Triassic and Early Jurassic to obduction of the
eastern Quesnel terrane onto the North American continent in the Middle Jurassic to Cretaceous.
In the Hogem batholith, the eHf(t) record is closely coincident with the isotopic compositions of
the south-western Quesnel terrane plutons (Table 5.6.2.1), but there is no observed shift to
evolved eHf(t) compositions to the east like in the south-central and south-eastern Quesnel

terrane intrusions.

A zircon U-Pb/H{f/O record has been established in the Coast Mountains batholith (CMB;
Gehrels et al., 2009; Homan, 2017; Cecil et al., 2011, 2021), the Jurassic to Eocene plutonic
complex along the west coast of British Columbia, southeast Alaska, and southwest Yukon
(Table 5.6.2.1; Figure 5.2.1.1). In the central CMB, Cecil et al. (2011) determined a range of
zircon eHf(t) values across the width of batholith, with the most radiogenic zircon eHf{(t) values
interpreted as crystallizing from the juvenile Alexander (eHf(t)=+5.4 to +8.1) and Stikine
(eHf(t)=19.2 to +12.3) terrane lower crusts and/or direct melting of the mantle. The authors
interpreted the trend to less radiogenic eHf(t) zircon values (eHf(t)=+1.5 to +11.6) in the eastern
CMB as the involvement of evolved Yukon Tanana terrane continental margin rocks in juvenile
CMB magmatism. Homan (2017) and Cecil et al. (2021) found similar juvenile zircon Hf values,
coupled with predominantly mantle-like zircon §'30 results, in the southern CMB (Table
5.6.2.1), but did not find evidence of significant incorporation of evolved crust in the southern
CMB magmas. Cecil et al. (2021) proposed that voluminous, episodic Cordilleran batholiths can
be generated without significant crustal recycling if the mantle has variable hydration and melt
fertility. The southern CMB zircon Hf-O results overlap with the Thane Creek and Duckling
Creek suite zircon results (Figure 5.6.2.2), which supports the interpretation that Late Triassic to
Early Jurassic (207 to 174 Ma) Hogem plutonic rocks were predominantly mantle-sourced, with

little significant input from evolved basement.
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Figure 5.6.2.2. Zircon eHf{(t) versus 8'*Oysmow results from the Hogem batholith in north-central Quesnel
terrane, north-central BC and southern Coast Mountains batholith in southwestern BC. Southern Coast
Mountains batholith data after Homan (2017) and Cecil et al. (2021). N-MORB= Normal mid ocean ridge
basalt, after Chauvel and Blichert-Toft (2001). The upper depleted mantle limit is after Griffin et al. (2002)
and lower depleted mantle limit is after Naeraa et al. (2012). Mantle zircon 3180 range (5.320.6%o) is from
Valley et al., (1998). 2 S.E.= average 20 standard error.

5.6.3 Variable basement compositions and crust contributions to Quesnel terrane
magmatism

There is a disparity in the relative involvement of old crust in plutonic rocks of the

Quesnel terrane, which suggests there are compositional differences in the Quesnellia basement.

The similarity of the zircon eHf{(t) range of the Hogem batholith to the eHf(t) ranges in the CMB

and south-western Quesnel terrane, but their distinctiveness from similar aged-plutons in the

northern and south-central to south-eastern Quesnel terrane, implies that contributions from

ancient basement and the relative crustal contribution to magmatism significantly differed in

time and space across northern, north-central, and southern Quesnel terrane. These discrepancies

may also be due to diachronous accretion or different accretionary styles within the Intermontane

terranes.
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The lack of evolved zircon Hf results (eHf(t) <0) in the latest Triassic to early Cretaceous
(207 to 127 Ma) intrusions of the Hogem batholith indicates the north-central Quesnel terrane
was not developed on a substrate of rifted North American basement or thrust entirely onto the
western margin of North America during Jurassic accretion, as suggested by some previous
authors (e.g., Monger et al., 1982; Colpron et al., 2006, 2007; Nelson et al., 2006; Evenchick et
al., 2007). However, it is plausible that compression resulted in minor imbrication of more
evolved crustal material beneath north-central Quesnel terrane by ca. 135 Ma, and interaction of
juvenile magma with this material resulted in excursions to less radiogenic zircon Hf results in

the Hogem batholith at that time (Figure 5.6.3.1).

In contrast to the juvenile Hogem batholith zircon Hf results in north-central Quesnellia,
evolved zircon Hf isotope results from Mesozoic Intermontane plutons in the northern Cordillera
suggest significant involvement of older crust during magma genesis (Table 5.6.2.1; Sack et al.,
2020). The basement to the Yukon-Tanana terrane is the pre-Late Devonian Snowcap
assemblage, which comprises metasedimentary rocks that were sourced predominantly from
northwestern Laurentia (Piercey and Colpron, 2009) and were likely involved in the production
of the evolved plutonic rocks. Whether the northern Quesnel and Stikine terranes overly the
same basement is uncertain, however, the presence of evolved zircon Hf isotope compositions
(eHf ~ -10) in the otherwise juvenile (¢Hf >0) northern Quesnel and Stikine plutons (Figure
5.6.2.1; Table 5.6.2.1; Sack et al., 2020) suggest the presence of underlying Snowcap
assemblage, or a similar continental-derived basement (Figure 5.6.3.2A). Alternatively, the
presence of evolved zircon eHf signatures from the northern Intermontane plutons could indicate
North American crystalline basement did underly these accreted terranes at the time of
magmatism, as Ghosh (1995) interpreted for the evolved isotope signatures of plutonic rocks in

south-eastern Quesnel terrane (Figure 5.6.3.2C).
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Figure 5.6.3.1. Schematic diagram for juvenile magmatism of the Hogem batholith and accretion of the
north-central Quesnel terrane to the continental margin during the Mesozoic. Subduction geometry after
Sigloch and Mihalynuk (2017). NA: North American crust. Figure is not to scale.
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5.6.4 Models of production and preservation of juvenile crust in accreted terranes

Accretionary orogens play an important role in the production and preservation of
juvenile continental crust of oceanic and continental arcs (Cawood et al., 2009; Collins et al.,
2011). The relative importance of oceanic arcs in the production of juvenile crust is debated,
because although it appears that accretion of oceanic arcs has contributed to the growth of
Phanerozoic continental crust (Sengor et al, 1995; Kusky and Polat, 1999; Lee et al., 2007;
Kemp et al., 2009), it is unclear how oceanic arcs are preserved from subduction beneath
overriding buoyant continental crust (Hawkesworth et al., 2009; Condie and Kroéner, 2013). The
Canadian Cordillera a type example of accretionary orogenesis (Cawood et al., 2009) and
provides an opportunity to study the relative roles of the contribution from juvenile material
versus reworked crust in the continental crust. It also provides a window into how juvenile crust
is produced and preserved in accretionary orogenic belts. However, uncertainties regarding the
relationships of the accreted terranes to the North American continental margin have significant

impact on the extent and mechanism of juvenile crust production.

It has been speculated that allocthonous or pericratonic Cordilleran terranes were thrust
over the ancient North American continental margin or were built upon rifted fragments of
ancient North American continental lithosphere (e.g., Monger et al., 1982; Colpron et al., 2006,
2007; Nelson et al., 2006; Evenchick et al., 2007). The presence of North American basement
beneath the accreted terranes as far west as the Coast Belt has been supported by interpretations
of Lithoprobe seismic reflection data in the northern and southern Canadian Cordillera (Cook et
al., 1992, 2004; Clowes et al., 1995, 2005; Cook and Erdmer, 2005). These interpretations would
suggest that Precambrian North American crust underlies the Paleozoic to Mesozoic basement of
the Quesnel terrane. In contrast, the juvenile zircon Hf isotope signatures of the Hogem batholith
presented in this study do not support the presence of underlying evolved North American
continental crust, suggesting that north-central Quesnel terrane preserves oceanic arc-generated

juvenile crust.

The speculation that ancient North American crust underlies the accreted Cordilleran
terranes also contrasts with models of juvenile crustal growth in accretionary orogens (Collins et
al., 2011). In their model, progressive removal of older crust and sub-continental lithospheric

mantle (SCLM) during subduction in Phanerozoic accretionary, or ‘external’, systems are
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responsible for the generation of new juvenile crust and increasingly radiogenic eHf values after
550 Ma in Gondwana, eastern Australia, New Zealand, South America, and Japan (Collins et al.,
2011). The juvenile Hogem batholith zircon Hf-O results of this study indicate that accretion
occurred in the north-central Quesnel terrane without any significant influence of evolved
continental material and agrees with general eHf trends from circum-Pacific orogens (e.g.,
Collins et al., 2011), but the interpreted westward subduction of oceanic crust beneath the
Intermontane terranes (Sigloch and Mihalynuk, 2017) does not require, nor provide a mechanism
for, the removal and recycling of evolved continental crust into the mantle (Figure 5.6.3.1).
Additionally, the Phanerozoic circum-Pacific accretionary orogen model does not appear to be
supported in the northern and southern-eastern Quesnel terrane, where intrusions record
interaction with continental crust (Figure 5.6.3.2). Evolved isotopic signatures in the northern
and south-eastern Quesnel terrane plutons indicate magmas were generated by crustal re-working

and are more coincident with observations and models in collisional orogenic systems (Collins et

al., 2011).

The production of juvenile oceanic arc crust, in part, depends on the arc basement
composition, as observed in the juvenile Hogem batholith in north-central Quesnel terrane
compared to evolved plutonic rocks in the northern and south-eastern Quesnel terranes.
Preservation of juvenile oceanic arc crust from being subducted during arc-continent collision
remains enigmatic, since theoretically oceanic arcs and crust should be less buoyant and be
overridden by continental crust (Condie and Kréner, 2013). Oceanic arc crust is thought to
escape subduction through a combination of density, arc crust thickness, and subduction angle
and direction (Hawkesworth et al, 2009; Brown and Ryan, 2011; Condie and Kroner, 2013). In
the case of Quesnel terrane oceanic arc crust, the main factor in controlling preservation was
likely the westward subduction of oceanic crust attached to the continental margin beneath the
Intermontane terranes (Figure 5.6.3.2; Sigloch and Mihalynuk, 2017). Buoyant oceanic arc crust
formed in favourable conditions (e.g., less dense and/or thicker arc crust) may have led to the
apparent obduction of southern Quesnel terrane onto the North American margin (Figure
5.6.3.2A; Ghosh, 1995). In contrast, the north-central Quesnel terrane does not appear to have
obducted onto the North American margin but was also preserved from subduction (Figure

5.6.3.2B). This lack of obduction may have resulted from relatively denser and/or thinner
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oceanic arc crust that created a near equal buoyancy of the north-central Quesnel terrane relative

to the North American margin.

Although the contribution of new juvenile continental crust by oceanic arcs is thought to
be minor relative to continental arcs (Condie and Kroner, 2013), the preservation of juvenile
oceanic arc crust at accretionary margins plays an important role in acting as a nucleus for more
voluminous continental arc magmatism (e.g., Lee et al., 2007). This is observed in the large
volumes of new juvenile continental crust in the central and southern CMB that intruded the
juvenile Alexander and Stikine terranes (Cecil et al., 2011, 2021; Homan, 2017). These accreted
terranes that serve as the juvenile basement to the CMB may have been preserved from
subduction and interaction with evolved continental crust due to similar factors as interpreted in

the north-central Quesnel terrane.

Accretionary orogenic systems are complex and cannot be fully explained by simple
tectonic models, as suggested by the interpreted tectonic variation along strike of the Quesnel
terrane in the Canadian Cordillera. The zircon Hf-O interpretations of the north-central Quesnel
terrane imply a basement architecture that contrasts with geophysical models of the underlying
North American basement in the Cordillera. These interpretations identify the need for similar
zircon Hf-O studies in batholiths across the Canadian Cordillera to better understand the
latitudinal and longitudinal changes in isotope signatures, the amount of juvenile crust generation
versus re-working of old crust, and the possible implications of these on the Cordilleran tectonic
history. Additionally, further studies in the Cordillera may constrain the controlling factors on
accreted oceanic arc buoyancy, including arc crust thickness and density. This may help gain a
better understanding of the generation and preservation of juvenile continental crust in these
accreted Cordilleran terranes and have implications on the models of modern continental crust

growth.
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6 Conclusions

6.1 Key findings

New zircon U-Pb geochronology, paired with zircon Hf-O isotopes and trace element
geochemistry, better constrain the ages and petrogenesis of protracted, episodic magmatism that

formed the Hogem batholith. Key findings of this study include:

e Zircon trace element geochemistry (Eu/Eun* >0.4, Ce/Cec* >100, AFMQ >0) results
suggest Thane Creek hornblendite and quartz monzodiorite and Duckling Creek syenites
have oxidized and hydrous magma conditions that are more favourable for porphyry
mineralization relative to other phases in these suites.

e The Thane Creek and Duckling Creek intrusive suites overlap significant periods of
Cu+Au porphyry mineralization in the Late Triassic to Early Jurassic in the Quesnel and
Stikine terranes. Similarities between the Mesilinka suite and the Endako Mo deposit
hosting-rocks of the Endako batholith in Stikine terrane suggest that the Mesilinka suite
may be prospective for Mo mineralization.

e The intrusive suites have distinct whole-rock geochemistry signatures that suggest
petrogenetic differences, such as the calc-alkaline and magnesian Thane Creek suite
versus alkaline and ferroan Duckling Creek suite, and the metaluminous Thane Creek and
Duckling Creek suites versus the weakly peraluminous Osilinka and Mesilinka suites.

e New zircon U-Pb geochronology constrains the crystallization ages of:

1) Thane Creek suite from 207 to 194 Ma.

2) Duckling Creek suite from 182 to 175 Ma.
3) Osilinka suite at ca. 160 Ma.

4) Mesilinka suite from 135 to 127 Ma.

e (Combined zircon Hf-O isotopes indicate the Thane Creek, Duckling Creek, and Osilinka
suite magmas had juvenile and depleted mantle-like sources, while the Mesilinka suite
magmas had mixed isotope composition sources indicating a larger contribution from
recycled evolved crust.

e Zircon Hf-O modelling shows North American crust likely had little influence on Hogem

batholith magmatism. Mixing models show up to 40% mixing of juvenile Quesnel terrane
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basement with primary mantle-derived magmas may account for less radiogenic eHfzircon
and 8'80zircon > 5.3£0.6%o results in the Thane Creek and Duckling Creek suite intrusive
rocks. Up to 70% contribution of juvenile Quesnel terrane basement to the Mesilinka
suite melts can account for eHfircon <~5.0 and 8'0ircon >7.0%o results in Mesilinka
intrusive rocks.

e [tis clearly possible to generate large batholiths in accretionary orogens with minimal
input from evolved ancient basement.

e Juvenile zircon Hf results from the Hogem batholith do not support the proposed
presence of a rifted continental crust arc basement or western tapering ancient North
American crust beneath the accreted north-central Quesnel terrane at the time of

magmatism.
6.2 Future work

The LA-ICP-MS zircon U-Pb crystallization dates presented in this study achieved the
aim to better constrain the ages of protracted, episodic magmatism in the Hogem batholith.
Further studies may use higher resolution techniques (e.g., CA-TIMS) to determine specific
zircon growth zone ages in intrusive samples with highly scattered individual zircon U-Pb ages.
This may better resolve the timing of individual magma pulses and have implications for magma

residence times.

To better constrain the evolution of Hogem batholith source rocks and contamination
models using zircon Hf-O isotopes, further research will benefit from collecting zircon Hf-O data
from country and host rocks (Lay Range assemblage, Takla Group) surrounding the Hogem

batholith.

Using longer background times on future LA-ICP-MS trace element analyses to lower the
LOD of elements such as La, Pr, Sm, and Ti will benefit zircon trace element interpretations by

better constraining Eu- and Ce-anomalies and Ti-in-zircon temperatures.

This study has identified a need to develop a zircon Hf-O record for plutons across the
Cordillera to better understand the relative contribution of juvenile and evolved crustal sources in
magmas that intruded accreted terranes. This will help constrain the basement assemblages

underlying these intrusions and has implications for the tectonic history of the Cordillera.
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Additionally, better understanding of the density and thickness of the accreted terrane crusts and
subduction geometry with the continental margin may have an impact on models of production

and preservation of modern juvenile continental crust.
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Appendix A. Hogem batholith intrusive samples

Appendix Al. Sample Locations

Table A1. Locations and lithologies of plutonic rock samples collected for this study.

Sample Latitude Longitude Intrusive suite Lithology
19GJ12-4 56.211666 -125.646053  Thane Creek Quartz diorite
18l022-1a 56.024407 -125.598711 Thane Creek Hornblendite
18l022-1d 56.024407 -125.598711  Thane Creek Quartz diorite
19GJ13-3 56.013314 -125.820707  Thane Creek Quartz monzodiorite

19GJ13-1 56.102513 -125.659887  Duckling Creek Biotite clinopyroxenite
18lo25-2a 56.007961 -125.701574  Duckling Creek Syenite
19GJ13-5a  55.999451 -125.526168  Duckling Creek Syenite
19GJ13-2 56.101539 -125.659247  Duckling Creek Syenite
19GJ13-4 56.003737 -125.570508  Duckling Creek Syenite

18lo17-1 56.110442 -125.764089  Osilinka Granite

181020-4 56.100984 -125.732593  Osilinka Dyke

19GJ12-3 56.169348 -125.826751  Osilinka Granite

19GJ12-1 56.223775 -125.974787  Mesilinka Tonalite

19GJ12-2 56.214498 -125.905444  Mesilinka Tonalite

18lo11-1 56.221037 -125.932380  Mesilinka Equigranular granite
K-feldspar porphyritic

18lo12-7 56223797 -125.923148 Mesilinka granite PR

19GJ16-2 56.072374 -125.859092  Mesilinka Equigranular granite
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Appendix A2. Sample Descriptions and Petrography

Sample: 18l022-1a
Intrusive suite: Thane Creek
Rock Name: Plagioclase-bearing hornblendite

Hand sample description: Black with white patches, coarse-grained to pegmatitic plagioclase-
bearing hornblendite.

Outcrop description: ~100 m wide well exposed hornblendite body within diorite with areas of
copper sulphide mineralization and weathering. Crosscut by subparallel Osilinka granite sheets
~200 m away.

Textures: Medium-coarse grained, cumulate
Alteration: Biotite, chlorite
Mineralization: Minor Cu-sulphide

Normalized to QAP: N/A

Mineral Name | Abundance Description
Subhedral, ragged grain boundaries, ~2-8mm, average ~5mm, mostly
Hornblende 72% equigranular, dirty looking from biotite and chlorite alteration, especially along
cleavage
Biotite 9% Subhedral, generally ~1mm, concentrated along amphibole grain boundaries,
? light green to brown pleochroism, chlorite alteration
. Anhedral, intercumulus texture interstitial to amphibole, ~2-3mm grain size,
Plagioclase 7% L . . . -
twinning visible where relatively fresh, some grains sericitized
. Anhedral, ~0.6-2mm,, interstitial to amphibole, concentrated with titanite,
Magnetite 6% .
apatite
Epidote 2% Subhedral, associated with plagioclase and magnetite, ~1-2mm grain size
Chalcopyrite 1% Anhedral, fine-grained, disseminated
Titanite 1% Anhedral to subhedral, ~0.5-1.7mm, associated with magnetite. Anhedral
? grains have abundant opaque inclusions, titanite rims on magnetite
. Anhedral to subhedral, <0.1-0.4mm, concentrated with magnetite, contained
Apatite Trace . . L . .
as inclusions within apatite, amphibole
Zircon Trace ~100-200 pum long inclusions in feldspar intercumulate patches
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Sample: 18l022-1d

Intrusive suite: Thane Creek

Rock Name: Medium-grained quartz diorite

Hand sample description: Black and white, medium-grained equigranular diorite with
moderate foliation.

Outcrop description: Exposed diorite outcrop surrounding hornblendite body.

Textures: Medium grained, equigranular

Alteration: Sericite/clay

Mineralization: Chalcopyrite

Normalized to QAP:

Quartz: 6

Alkali feldspar: 9

Plagioclase: 85

Mineral Name | Abundance Description
Plagioclase 65% Anhedral, generally ~1-3mm, very clay altered and dirty looking
Biotite 12% Anhedr:'jl, g.eneraylly 0.2-0.6mm, associated with amphibole and chlorite, some
magnetite inclusions
Alkali feldspar 7% Relict grain, 0.7-1.7mm, extensively clay altered
Hornblende 6% Subhe(?lral, ragged grain boundaries, ~0.75-3.5mm, chlorite and biotite
alteration
Chlorite 59% Anhe(?lral, ger]erally "0.1.-0.4mm, alteration product of amphibole and biotite,
associated with magnetite
Anhedral, 0.4-1.5mm, strained, undulose extinction, interstitial to altered
Quartz 5% .
plagioclase
. Anhedral to subhedral, <0.1-0.5mm, disseminated, concentrated with mafic
Magnetite 1%
phases
Apatite Trace Subhedral, 0.3-0.5mm, associated with biotite, magnetite, epidote
. Anhedral, ~0.2-0.4mm, associated with biotite, chlorite, and magnetite
Epidote Trace )
concentrated around mafic phases
Chalcopyrite Trace Anhedral, Disseminated, ~0.1-0.25 mm
Zircon Trace 0.005 mm inclusions in biotite; euhedral
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Sample: 19GJ12-4

Intrusive suite: Thane Creek

Rock Name: Quartz diorite

Hand sample description: Grey-weathering, grey coarse-grained, equigranular relatively fresh
diorite to monzodiorite.

Outcrop description: Well exposed, fresh diorite outcrop. Raining and thunder at sample
location, so brief description and collection.

Textures: fine-grained, equigranular

Alteration: Clay alteration of plagioclase

Mineralization: minor chalcopyrite

Normalized to QAP:

Quartz: 8

Alkali feldspar: 9

Plagioclase: 83

Mineral Name | Abundance Description
. ~0.2-0.5 mm; semi euhedral; Cores are clay altered; some grains within K-
Plagioclase 62% . . . .
feldspar patches with microcline twinning
0.1-0.6mm, green yellow pleochroic, occurs in patches with biotite, contains
Amphibole 8% inclusions of magnetite and magnetite along fractures and cleavage,
occasionally Rims on clinopyroxene
Biotite 8% ~0.025-0.2 mm wide; Brown, some green, associated with altered amphibole;
? intergrown in patches with amphibole
Alkali feldspar 7% 0.2-0.4mmC interstitial to plagigclase'.,most' E)ftremely clay altered; some less
altered grains are zoned and microcline twinning
Clinopyroxene 7% ~0.1-0.3 mm wide cores in amphibole; altered and dirty looking, anhedral
Quartz 6% ~0.1-0.2 mm, interstitial to plagioclase grains; strained undulatory extinction
Magnetite 1% V?ry fin'e grained (<O'.01m'm) to ~(').05 m”m wide; Anhetlzllral to euhedral;
Disseminated; Inclusions in amphibole, “leopard spots
Muscovite Trace ~0.01 mm shreddy grain within feldspar (sericite)
. ~0.02-0.05 wide patches that occur with altered feldspar and within fractures in
Epidote Trace .
magnetite
Chalcopyrite Trace Very fine inclusion in magnetite
Apatite Trace ~0.02-0.04 wide, euhedral; Inclusions in feldspar and magnetite with epidote
Titanite Trace ~0.2-0.5 mm; euhedral grains Occurs with amphibole; fine rims on magnetite
Zircon Trace ~50-100 um, rare euhedral inclusions in amphibole, cpx
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Sample: 19GJ13-3

Intrusive suite: Thane Creek

Rock Name: Quartz monzodiorite

Hand sample description: Grey weathering, black and white, medium- to coarse-grained,
equigranular diorite with abundant titanite.

Outcrop description: ~20 m wide exposure of relatively fresh Thane Creek diorite.

Textures: Fine to medium grained equigranular

Alteration: Chlorite
Mineralization: N/A
Normalized to QAP:
Quartz: 17
Alkali feldspar: 38

Plagioclase: 45

Mineral Name | Abundance Description
Plagioclase 39% Euhedral, 0.25-4mm, generally ~1mm, some myrmekitic grains
K-feldspar 33% Micr'ocline twinne.d, medium gre'lined, 1.3- 2.2mm wide, Poikilitic, inclusions of
plagioclase, amphibole, magnetite, quartz
Quartz 15% Anhedral, 0.25-1mm subgrains, strained, undulose extinction
. Anhedral to subhedral, Generally ~1mm, up to 3mm, occasionally twinned,
Amphibole 8% . . ) Y . P Y
grain boundaries slightly altered to chlorite
Biotite 29% Anhedral, generally 0.5mm, up to 2mm, inclusions of magnetite, poikilitic,
? growing around k-feldspar, and interstitially, slightly altered to chlorite
~1 — - " - '
Titanite 2% Subhe.dra'l, 5'mm, Subpo'lklhtlc, growmg around K-feldspar and plagioclase
Contains inclusions of apatite and zircon.
Magnetite 1% Ar'mhedr'al, d.isse.minated, interstitial grains up to 0.9mm, generally ~0.1mm,
minor titanite rims
Apatite Trace Euhedral, ~0.12 mm, inclusions in magnetite and titanite
£ - - = - - - —
Zircon Trace tiltj::ictj;al, fine grained (~80 um long), inclusions in quartz, feldspar, biotite,
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Sample: 18l025-2a

Intrusive suite: Duckling Creek

Rock Name: Syenite

Hand sample description: Pink-white, medium-grained, equigranular syenite

Outcrop description: Medium-coarse grained syenite-monzonite with pink/white weathering,
with two feldspars and hornblende or pyroxene. Malachite staining in wall.

Textures: Medium-grained, equigranular
Alteration: Clay, chlorite
Mineralization: N/A
Normalized to QAP:

Quartz: 0

Alkali feldspar: 97

Plagioclase: 3

Mineral Name | Abundance Description
Alkali feldspar 88% Subhe(.iral, ~1-4mm grain size, microcline twinning and perthitic, clay
alteration
Clinopyroxene 5% Subhedral, 0.4-1.2mm, fractured, associated with magnetite, chlorite alteration
Plagioclase 3% Subheadral, twinned, intergrown with K-feldspar
. Subhedral, <0.1mm-0.5mm, associated with clinopyroxene, titanite,
Magnetite 2% . . . . . .
diseminated in feldspar, ilmenite exsolution
Titanite 1% Euhedral, wedge shaped, ~0.7-1.6mm, intergrown with clinopyroxene
Fine-grained, alteration product of clinopyroxene and fine grained inclusions in
Chlorite 1% & ! P Py &
feldspar
Zircon Trace 0.006 to 0.022 mm; subhedral to euhedral grains in feldspar, cpx
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Sample: 19GJ13-1

Intrusive suite: Duckling Creek

Rock Name: Biotite clinopyroxenite

Hand sample description: Black-weathering, black with white coarse-grained, equigranular
biotite pyroxenite.

Outcrop description: ~20 m wide exposure, cut by quartz veins up to 3 cm wide. Azurite is
present in secondary veins. Highly magnetic. ~500 m from syenite contact.

Textures: Medium-grained, equigranular, cumulate texture

Alteration: none

Mineralization: N/A

Normalized to QAP: N/A

Mineral Name | Abundance Description
. Subhedral, ~1-3mm, cumulate texture, contains inclusions of magnetite,
Clinopyroxene 82% . - .
occasional biotite and apatite
Biotite 10% Anhedral, ~0.25-0.5mm, subpoikilitic surrounding clinopyroxene and magnetite
? grains, sagenitic (acicular inclusions, possibly of Ti-phase)
. Anhedral to subhedral, 0.3-0.6mm, disseminated or intercumulus, contains
Magnetite 5% . . o o
inclusions of apatite, rims of titanite
Subhedral to anhedral, bimodal, range in grain size from 0.1-2mm, larger grains
Apatite 3% visible in hand sample, occurs mostly interstitially to clinopyroxene or inclusions
in magnetite
Amphibole Trace Anhedral, ¥2mm, contains apatite inclusions
Epidote Trace Within cross cutting veinlet (~0.2mm wide) with minor calcite
Titanite Trace Fine rims on magnetite
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Sample: 19GJ13-2
Intrusive suite: Duckling Creek
Rock Name: K-feldspar phenocrystic syenite

Hand sample description: Light pink-weathering, pink fresh K-feldspar phenocrystic, coarse-
grained syenite.

Outcrop description: ~50 m wide exposure of syenite on steep slope, ~500 m from biotite
clinopyroxenite. Malachite/azurite staining present in outcrop.

Textures: Phenocrystic alkali feldspar with interstitial patches of alteration minerals
Alteration: Clay/sericite, epidote and biotite
Mineralization: Minor chalcopyrite
Normalized to QAP:
Quartz: 0
Alkali feldspar: 100

Plagioclase: 0

Mineral Name | Abundance Description
Alkali feldspar 85% Phenocrystic, euhedra.ll, 3-6mm~wide, .>20mm Ion.g, micrt.)cline.tartfan twir.ming,
moderate clay alteration affecting grain boundaries and in grain mid sections
Muscovite 10% An.hedral t.o s.ubhedral, fine-grained (<0.1mm-0.2mm), intergrown with quartz,
epidote, biotite
Epidote 29 Anhedral, Generally ~0.25-0.5mm wide, occurs interstital to k-feldspar
phenocrysts, intergrown with biotite, muscovite, magnetite, titanite
Subhedral to euhedral, Up to 2mm wide, mainly <0.1mm, occurs interstitial to
Magnetite 1% k-feldspar, concentrated zones could indicate a relict grain boundary (cannot
identify mineral). Occasional titanite rims.
Biotite 1% Anhedral, fine grained, green in PPL, reddish-brown alteration along cleavage
Anhedral, fine-grained (~0.05mm) strained grains occurring intergrown
Quartz Trace together (~0.2mm) within interstitial intergrowths of muscovite, biotite, and
epidote
Apatite Trace .Subhe<.:lr.al, fine grained (0.06-0.12mm Iong),_ high relief grains occurring in
interstitial zones with concentrated magnetite
Rare, disseminated, subhedral, fine grained (~60 um), spatially associated with
Titanite Trace biotite inclusions in feldspar. Also within interstitial zones between alkali
feldspar grains, with epidote, muscovite, and magnetite.
Chalcopyrite Trace

292



Sample: 19GJ13-4

Intrusive suite: Duckling Creek

Rock Name: Clinopyroxene bearing syenite

Hand sample description: Pink-weathering, pink and black medium-grained K-feldspar
phenocrystic syenite.

Outcrop description: ~50 m wide well exposed, weathered syenite on steep slope. Weathering
crust ~1 cm wide was chipped off to expose fresh surface.

Textures: Foliated, medium-grained

Alteration: Clay/sericite, biotite, chlorite

Mineralization: N/A

Normalized to QAP:

Quartz:0

Alkali feldspar: 100

Plagioclase: 0

Mineral Name | Abundance Description
. Mainly anhedral, diffuse grain boundaries, ~1-3mm wide, extensive cla
Alkali feldspar 80% y. e & y
alteration, “dirty” apperance
. Anhedral, Emerald green, highly fractured, 0.5-1mm, diffused grain boundaries
Clinopyroxene 8% . .
with surrounding altered k-feldspar
. Anhedral, fractured, fine to medium grained ~0.4-1 mm, associated with
Amphibole 5% . . . - . .
clinopyroxene, magnetite, and apatite, and biotite and chlorite alteration
. Anhedral, associated with areas of concentrated mafic minerals, alteration of
Chlorite 2% - .
biotite and clinopyroxene
Biotite 2% Anhedral, ~0.25-0.45mm, appears to be altering clinopyroxene, which also has
? chlorite alteration, magnetite inclusions along cleavage
Apatite 1% Euhedral, fine grained (~0.1-0.2 mm), associated with areas of concentrated
P ? mafics (clinopyroxene, amphibole, magnetite)
Magnetite 1% Sybhed.ral, some larger grains round.ed, gen.erally \{ery fine grained and
disseminated, up to 0.25 mm, associated with mafic minerals
. Anhedral, very fine grained, concentrated intergrowths, occasionally associated
Muscovite 1% . . Y - gral . . & y
with epidote, biotite, and chlorite alteration
. Anhedral, ~0.3-0.5mm, intergrown with biotite, chlorite, titanite, apatite, and
Epidote Trace .
magnetite
. Subhedral to euhedral, ~0.1-0.15mm, intergrown with biotite, amphibole, and
Titanite Trace N -
apatite, interstitial to K-feldspar
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Sample: 19GJ13-5a
Intrusive suite: Duckling Creek
Rock Name: medium grained syenite

Hand sample description: Grey-weathering, white and greenish-black slightly foliated,
equigranular syenite.

Outcrop description: ~100 m wide well exposed syenite. ~2 m wide zone of brown weathering,
carbonate altered and copper sulphide mineralization approximately 20 m from sample location.

Textures: Fine to medium grained, equigranular
Alteration: Clay/sericite, biotite, chlorite
Mineralization: minor chalcopyrite
Normalized to QAP:

Quartz: 0

Alkali feldspar: 90

Plagioclase: 10

Mineral Name | Abundance Description
Alkali feldspar 72% Suphedral, ~1-4mm, sorTle 9f centers of grains extensively sericitic altered, some
grains have Carlsbad twinning
Amphibole 9% An.hedral, ~O.9-1.?mm, some grains have Carlsbad twinning, associated with
epidote and chlorite
Plagioclase 8% Subhedral, generally ~0.9-1mm, twinned plagioclase overgrown by untwinned
zones (k-spar?)
Clinopyroxene 59 Suphedral, 0.1-1mm, generally ~0.5mm, associated with amphibole, biotite,
epidote
Magnetite 2% Anhedral, generally vgry f!ne gralngd disseminated grains, up to 0.4mm, some
grains overgrown by titanite (ilmenite?)
Titanite Trace Subhedral, ~0.2mm, high relief some grains have wedge shape
Biotite 2% Subhedral, ~0.25-0.4mm, associated with amphibole, titanite, magnetite, apatite
. Anhedral, ~0.2-0.3mm, associated with epidote, magnetite, alteration of biotite,
Chlorite 1% . .
clinopyroxene, amphibole
. Sub to euhedral, ~0.1mm-0.2mm, inclusions in amphibole, biotite, associated
Apatite Trace . . .
with magnetite, titanite
Epidote Trace Anhedral, ~0.1mm, high relief, associated with chlorite
Chalcopyrite Trace Rare, fine grained (~20 um), disseminated, rimmed by titanite(?)
Zircon Trace Euhedral, rare, fine grained (~100 um long), inclusion in feldspar, biotite
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Sample: 18lo17-1

Intrusive suite: Osilinka

Rock Name: Granite

Hand sample description: White, medium-grained, equigranular granite with very low mafic

content.

Outcrop description: Medium-grained equigranular granite with no foliation and little mafic
minerals. Outcrop has abundant decimetre-scale joints in rock.

Textures: Medium-grained, equigranular

Alteration: Clay/sericite, chlorite

Mineralization: N/A

Normalized to QAP:

Quartz: 39

Alkali feldspar: 34

Plagioclase: 27

Mineral Name Abundance Description
Quartz 37% Anhedral, ~1-4mm, strained, undulose extinction
Alkali feldspar 329% Subhe(.iral, ”1.2-2mm, sgme grains have microcline tartan twinning, clay
alteration present in grain cores
Plagioclase 26% Subhedral, ~0.8-3mm, some grains zoned
Biotite/chlorite 2% Anhedral, ~0.2-0.9mm, associated with magnetite, interstitial to feldspar
. .. Anhedral, fine grained, present in feldspar cores and along grain
Muscovite/sericite 2% . & P P 8
boundaries
. Subhedral, <0.1mm-0.4mm, disseminated, concentrated with chlorite,
Magnetite 1% .
exsolution of ?
Epidote Trace Subhedral, ~0.25-0.5mm, associated with biotite/chlorite
Zircon Trace ~20-40 um wide; euhedral; inclusions in quartz, K-feldspar
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Sample: 181020-4

Intrusive suite: Osilinka

Rock Name: Feldspar porphyry

Hand sample description: White, feldspar porphyry from flat-lying dyke (sheet) with
plagioclase phenocrysts up to 0.5 cm.

Outcrop description: Feldspar porphyry dyke with fine-grained groundmass and plagioclase
phenocrysts up to 0.5 cm. Sheared and undulating contact with granite, low in mafic mineral
except pyrite. Sill-like that is at least 4m thick, but top not observed.

Textures: Feldspar porphyrytic

Alteration: Chlorite, sericite

Mineralization: Chalcopyrite

Normalized to QAP:

Quartz: 56

Alkali feldspar: 0

Plagioclase: 44

Mineral Name | Abundance Description
Quartz 50% Very fine grained matrix
Euh I hyritic, 2- letel iciti
Plagioclase 40% u edra , porp yritic, . 3mrr.1,‘c.omp etely sericitized
Very fine grained matrix, sericitized
Calcite 3% Vein (0.6 mm wide), strained, and in matrix
Chlorite 2% Anhedral, ~0.2-1mm wide, associated with calcite
Epidote 2% Subhedral, fine grained, ~0.2-0.4mm, associated with calcite
Magnetite 1% Disseminated, very fine grained, up to 1.8mm, exsolution of ?
. Muscovite grains anhedral ~0.2-0.3mm. Sericite <0.25mm associated with altered
Muscovite 1%
feldspars
Chalcopyrite Trace Rare, euhedral, ~2.5mm wide
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Sample: 19GJ12-3
Intrusive suite: Osilinka
Rock Name: Equigranular, fine to medium grained granite

Hand sample description: White-weathering, white fine-grained equigranular granite with very
low mafic content and rare ~1 mm pyrite grains.

Outcrop description: Well exposed granite, ~200 m away from contact with Thane Creek
diorite. Rain and thunder were approaching helicopter, therefore brief description and collection.

Textures: Fine to medium grained, equigranular
Alteration: Sericite, chlorite
Mineralization: N/A
Normalized to QAP:
Quartz: 32
Alkali feldspar: 31

Plagioclase: 37

Mineral Name Abundance Description
. Subhedral, ~1Imm average, polysynthetic twinning, extensive clay/sericite
Plagioclase 35% . g€, POlysy & v/
alteration
Quartz 30% Anhedral, undulose extinction, strained, finer grained domains
. Subhedral, ~1mm average, zonation, minor clay alteration, variable tartan
Alkali feldspar 29% cainning & y

Muscovite grains anhedral ~0.2-0.3mm

M . - o
uscovite/sericite >% Sericite <0.25mm associated with altered feldspars
Biotite 1% Anhedral, very fine grained ~0.1-0.2mm, chloritized
Epidote Trace Anhedral, fine grained, 0.5-1mm, fractured
. Subhedral, very fine grained, ~0.05-0.2mm, disseminated, concentrated with
Magnetite Trace L
biotite
Pyrite Trace Rare, anhedral, ~0.5-1mm, disseminated, rimmed by hematite
Zircon Trace Rare, euhedral, ~100 um long, inclusions in feldspar and quartz
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Sample: 18lo11-1

Intrusive suite: Mesilinka

Rock Name: Fine to medium grained granite

Hand sample description: White and black, fine to medium-grained equigranular granite with
foliation defined by biotite.

Outcrop description: Homogenous yellow weathering and pinkish fresh coloured equigranular
granite, with large (~2mx5m) grey xenoliths with white feldspar grains. Folitation defined by
biotite, sparse magnetite crystals.

Textures: Fine-medium grained, equigranular

Alteration: sericite/muscovite, chlorite

Mineralization:

Normalized to QAP:

Quartz: 42

Alkali feldspar: 32

Plagioclase: 26

Mineral Name | Abundance Description
Anhedral, ~1mm domains comprised of fine sub grains, strained, undulose
Quartz 40% - P &
extinction
. Anhedral, 0.2-2mm, average ~1.6mm, minor clay alteration, some grains have
Alkali feldspar 30% . . - 8 y g
microcline twinning
. Anhedral-subhedral, ~0.4-1.6mm, average ~1.2mm, variable sericite
Plagioclase 25% . .
(muscovite) alteration
Muscovite 2% Anhedral, fine grained, occurs within feldspar cores and along grain boundaries
Biotite 1% Anhedral, fine-grained, occurs interstitial to feldspars
Chlorite 1% A'nh'edral, fine-grained, occurs interstitial to feldspars, with muscovite and
biotite
Magnetite 1% Anhedral, ~0.25-0.8mm, disseminated, rimmed by titanite?
Zircon Trace Euhedral, ~50 um long, inclusions in feldspar
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Sample: 18lo12-7

Intrusive suite: Mesilinka

Rock Name: K-feldspar porphyritic granite

Hand sample description: Pinkish-black, medium-grained K-feldspar porphyritic granite with a

foliation defined by biotite.

Outcrop description: Predominantly K-feldspar phenocrystic granite with minor equigranular

granite.

Textures: Medium grained, equigranular, myrmekitic

Alteration: Clay
Mineralization: N/A
Normalized to QAP:
Quartz: 32
Alkali feldspar: 43

Plagioclase: 25

Mineral Name | Abundance Description
Alkali feldspar 38% Sybhedral, up tg 16mrn, average ~3mm, “dirty” appearance, quartz and
biotite/chlorite inclusions
Quartz 28% Anhedral, fine sub-grains making up domains ~3-6mm, undulose extinction
Plagioclase 22% ﬁn.hetiral-subhedral, O.4-2.3mm, average ~1.5mm, some grains myrmekitic,
dirty” appearance but relatively unaltered
Biotite 10% Subhfedral, gengrally ~0.75-2mm, occurs interstitial to quartz and feldspar, slight
chlorite alteration
Chlorite 1% Anhedral, fine grained, occurs as inclusions in k-feldspar and as biotite alteration
Magnetite 1% Subhedral, <0.1-0.6mm, disseminated, concentrated with biotite, exsolution of ?
Epidote 1% Subhedral, ~0.25mm, associated with biotite
Apatite Trace Anhedral, ~0.1mm, inclusions in feldspar
Allanite Trace Euhedral, ~0.25mm, rimmed by epidote, zoned, orangey-brown
Zircon Trace 0.02 mm long; inclusion in quartz, K-feldspar
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Sample: 19GJ12-1
Intrusive suite: Mesilinka
Rock Name: Biotite tonalite

Hand sample description: White weathering, grey fresh, medium-grained, equigranular biotite-
rich tonalite, with foliation defined by biotite.

Outcrop description: 5 m wide outcrop, with equigranular granite outcrop in proximity (~30-50
m), associated with pegmatitic dykes cutting tonalite.

Textures: Fine- to medium-grained, equigranular, with interstitial mafic minerals to plagioclase
and quartz.

Alteration: Sericitic alteration of feldspar, associated with biotite and epidote.
Mineralization: N/A
Normalized to QAP:

Quartz: 40

Alkali feldspar: 0

Plagioclase: 60

Mineral Name | Abundance Description
Subhedral, 0.75-2mm, average 1 mm grains.
Plagioclase 48% Twinned, generally weak sericite alteration (~5%), more strongly altered near

zones of epidote and biotite. Some grains have zonation.

Anhedral to subhedral, “shreddy” 0.25-2mm, average 1 mm. Green to yellow
Biotite 13% pleochroism, preferentially aligned to foliation, minor alteration to chlorite on
rims.

Anhedral, 0.25-2mm, average 0.5 mm.

uartz 32% . . . . . N
Q ? Fine grained domains with strained edges, undulose extinction.

Amphibole 2% Subhedral, 0.5-1mm, spatially associated with biotite (alteration?).

Anhedral, ~0.5mm wide. Spatially associated with biotite along feldspar grain

Epidot 59
pidote % boundaries (alteration?).

Subhedral to anhedral, 0.2-0.4mm wide. Interstitial to feldspar and quartz.
Titanite 1% Spatially associated with biotite, epidote, and apatite, defining foliation.
Inclusions of apatite and possibly zircon.

Euhedral, ~0.05 mm wide.
Apatite Trace Spatially associated with zones of biotite and epidote, more altered and
foliared areas. Occurs as inclusions in biotite.

Euhedral, ~100 um long and ~20 um wide.

Zircon Trace . . o N
Occurs as inclusions in biotite, quartz, and titanite.
Chlorite Trace Minor, fine-grained, some freestanding, some as alteration of biotite.
Magnetite Trace Minor, subhedral, fine-grained inclusions in plagioclase.
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Sample: 19GJ12-2
Intrusive suite: Mesilinka
Rock Name: Biotite tonalite

Hand sample description: White weathering, grey fresh, fine-grained equigranular biotite-rich
tonalite.

Outcrop description: Large exposure of tonalite (~50 m), in contact with equigranular granite
and cut by pegmatite dykes. Xenoliths of extremely foliated diorite are present within the
tonalite, but the tonalite is not foliated.

Textures: Fine-grained, equigranular, myrmekitic
Alteration: Chlorite, sericitization
Mineralization: N/A
Normalized to QAP:

Quartz: 40

Alkali feldspar: 0

Plagioclase: 60

Mineral Name | Abundance Description
. Subhedral, <3 mm, average ~0.5mm wide. Polysynthetic twinning, zonation,
Plagioclase 48% . o & L . Yoy . 8
minor clay alteration in grain mid sections and along boundaries.
Anhedral, 0.1-0.2mm. Occasionally forms myrmekitic intergrowths with
Quartz 33% . . . . . . L
plagioclase. Fine-grained domains with strained edges, undulose extinction.
- Euhedral, fine-grained, up to 0.5mm, average ~0.15mm.
Biotite 16% . . .g . P L & . .
Bimodal in grain size. Coarser grain size has chlorite alteration.
. Subhedral, ~0.25mm wide. Twinned grains. Associated with biotite and
Amphibole 2% . 8
epidote.
Apatite Trace Euhedral, ~0.04 mm wide, inclusions in feldspar, quartz, and biotite.
Epidote 1% Anhedral, Associated with biotite. May have rare allanite cores
Magnetite trace Minor, fine-grained, subhedral, inclusions in plagioclase and biotite
Anhedral, average ~0.25mm, accessory trace mineral.
Titanite Trace Spatially associated with biotite, amphibole and apatite, interstitial to
plagioclase and quartz.
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Sample: 19GJ16-2

Intrusive suite: Mesilinka

Rock Name: Granite

Hand sample description: Brown-weathering, whitish-pink and black, foliated, biotite-bearing
equigranular granite.

Outcrop description: Very well-exposed (>500 m wide area), relatively fresh exposure of

granite.

Textures: myrmekitic

Alteration: Minor chlorite, epidote

Mineralization: Very minor bornite, chalcopyrite

Normalized to QAP:

Quartz: 23

Alkali feldspar: 42

Plagioclase: 34

Mineral Name | Abundance Description
Alkali feldspar 40% Anhedral,. 0.25-0.6mm, clay altered, “dirty” grain interiors, some microcline
tartan twinned grains
Plagioclase 32% Subhedral, 0.6-1mm, occasional myrmekitic texture, some grains have zoning
Quartz 22% Anhedral, 0.8-2mm, Strained, undulose extinction
Biotite 3% Anhedral, 0.2-0.5mm, Brown, inclusions of magnetite
Magnetite 1% Suphedral, vgry fine grained, up to 0.5mm, mostly associated with biotite, Fe-Ti
oxide exsolution
Apatite 1% Euhedral, <0.05mm, inclusions in biotite
Chlorite 1% 0.4-0.6mm, alteration of biotite, associated with magnetite and epidote
Epidote Trace Anhedral, 0.2mm, associated with biotite
Allanite Trace Euhedral to su.bhedral., ”0.§mm long, orangey-brown grains, zoned, rimmed by
epidote, associated with biotite
Titanite Trace Anhedral, ~0.5 mm, associated with biotite, magnetite
Muscovite Trace Fine grained, rare, associated with biotite
Zircon Trace Euhedral, very fine grained (~50-60 um long), inclusion in biotite, quartz,
feldspar
Chalcopyrite Trace Rare, very fine grained inclusion in magnetite, with bornite
Bornite Trace Rare, very fine grained inclusion in magnetite, with chalcopyrite
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Appendix B1. 2018 whole rock geochemistry analysis reference material results

Table B1.1. Major oxide accuracy results of bulk rock reference materials analyzed in 2018.

Analyte SiO2 Al20s  Fe203(T) MnO MgO Cao Naz20 K20 TiO2 P20s
% % % % % % % % % %
Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01
Year Measurement

2018 NIST 694 Meas 11.34 1.87 0.76 0.017 0.34 42.75 0.85 0.52 0.120 30.20
NIST 694 Cert 11.20 1.80 0.79 0.012 0.33 43.60 0.86 0.51 0.110 30.20

Percent Error 1.25 3.89 3.80 46.552 3.03 1.95 1.16 1.96 9.091 0.00

2018 DNC-1 Meas 47.36 18.12 9.76 0.147 10.11 11.53 1.83 0.21 0.487 0.07
DNC-1 Cert 47.15 18.34 9.97 0.150 10.13 11.49 1.89 0.23 0.480 0.07

Percent Error 0.45 1.20 2.11 2.000 0.20 0.35 3.17 10.26 1.458 0.00

2018 W-2a Meas 52.12 14.88 10.53 0.161 6.27 10.95 2.10 0.59 1.064 0.11
W-2a Cert 52.40 15.40 10.70 0.163 6.37 10.90 2.14 0.63 1.060 0.14

Percent Error 0.53 3.38 1.59 1.227 1.57 0.46 1.87 5.75 0.377 21.43

2018 SY-4 Meas 50.85 21.46 6.36 0.109 0.50 8.07 7.29 1.77 0.303 0.14
SY-4 Cert 49.90 20.69 6.21 0.108 0.54 8.05 7.10 1.66 0.287 0.13

Percent Error 1.90 3.72 2.42 0.926 7.41 0.25 2.68 6.63 5.575 6.87

2018 BIR-1a Meas 48.89 15.59 11.16 0.174 9.61 13.62 1.79 0.02 0.988 0.03
BIR-1a Cert 47.96 15.50 11.30 0.175 9.70 13.30 1.82 0.03 0.960 0.02

Percent Error 1.94 0.58 1.24 0.571 0.93 2.41 1.65 33.33 2.917 42.86
2018 Method Blank <0.01 <o0.01 <0.01 0.001 <0.01 <001 <0.01 <001 <0.001 <0.01
2018 Method Blank <0.01 <o0.01 <0.01 0.001 <0.01 <001 <0.01 <001 <0.001 <0.01
2018 Method Blank <0.01 <0.01 <0.01 0.001 <0.01 <0.01 <0.01 <0.01 0.001 <0.01
2018 Method Blank <0.01 <0.01 <0.01 0.001 <0.01 0.01 <0.01 <0.01 <0.001 <0.01
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Table B1.2. Major oxide precision results of bulk rock reference materials analyzed in 2018.

Analyte SiO2 AlO3 Fe:03(T) MnO MgO CaO Na:0 K0 TiO2 P20s
% % % % % % % % % %
Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01
Year Measurement
2018 18ab50 Orig 53.08 15.05 12.40 0.219 598 142 243 122 1839 0.35
18ab50 Dup 53.40 15.03 1193 0.216 596 140 243 121 1824 0.33
RSD 0.43 0.09 2.73 0975 024 100 0.00 0.58 0.579 4.16
2018 18bg20-3-2 Orig 50.31 19.00 9.22 0.181 3.84 942 395 131 0.838 0.49
18bg20-3-2 Dup 49.92 19.20 9.28 0.182 3.87 9.48 3.92 132 0.834 048
RSD 0.55 0.74 0.46 0390 055 045 054 054 0338 1.46
2018 18l012-1 Orig 68.11 15.93 3.41 0.087 086 2.61 436 294 0.401 0.22
18l012-1 Dup 69.53 15.67 3.34 0.084 0.85 2.64 442 272 0.387 0.22
RSD 146 1.16 1.47 2481 083 081 0.97 550 2513 0.00
2018 18l022-5 Orig 44.47 10.53 14.00 0.193 12.10 11.28 1.38 1.73 1.800 0.81
18l022-5 Dup 45.04 10.24 1390 0.190 11.98 1141 139 1.73 1.764 0.78
RSD 0.90 1.97 0.51 1.108 0.70 0.81 0.51 0.00 1.428 2.67
2018 18ab7-3a? Orig 66.94 18.79 3.17 0.143 036 135 064 5.84 0.114 0.02
18ab7-3a? Dup 66.72 19.72 3.26 0.146 036 135 063 578 0.116 0.01
RSD 0.23 3.42 1.98 1468 0.00 0.00 1.11 0.73 1.230 47.14
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Table B1.3. Trace element accuracy results of bulk rock reference materials analyzed in 2018.

Analyte Sc Be Vv Cr Co Ni Cu Zn Ga Ge As Rb Sr
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 1 1 5 20 1 20 10 30 1 0.5 5 1 2
Year Measurement
2018 NIST 694 Meas 1588
NIST 694 Cert 1740
Percent Error - - 8.74 - - - - - - -
2018 DNC-1 Meas 31 146 300 55 250 100 70 14 - 4 134
DNC-1 Cert 31 148 270 57 247 100 70 15 5 144
Percent Error 0.0 1.4 11.1 3.5 1.2 0.0 0.0 6.7 20.0 6.9
2018 LKSD-3 Meas 80 29 50 30 160 30 75
LKSD-3 Cert 87 30 47 35 152 27 78
Percent Error 8.0 3.3 6.4 14.3 5.3 11.1 3.8
2018 TDB-1 Meas 250 90 320 150
TDB-1 Cert 251 92 323 155
Percent Error 0.4 2.2 0.9 3.2
2018 W-2a Meas 35 <1 257 90 43 70 110 80 18 1.5 19 184
W-2a Cert 36 1.3 262 92 43 70 110 80 17 1.0 21 190
Percent Error 2.8 N/A 1.9 2.2 0.0 0.0 0.0 0.0 5.9 50.0 9.5 3.2
2018 SY-4 Meas <1 3 3 1254
SY-4 Cert 1.1 2.6 8 1191
Percent Error N/A 154 N/A 5.3
2018 CTA-AC-1 Meas 50 40
CTA-AC-1 Cert 54 38
Percent Error 7.4 5.3
2018 BIR-1a Meas 44 <1 321 380 170 120 70 15 2.5 105
BIR-1a Cert 44 0.58 310 370 170 125 70 16 0.44 110
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2018

2018

2018

2018

2018

2018

2018
2018
2018
2018

Percent Error 0.0 N/A 35 2.7

NCS DC86312 Meas
NCS DC86312 Cert
Percent Error

NCS DC70009 (GBW07241) Meas
NCS DC70009 (GBWO07241) Cert
Percent Error

OREAS 100a (Fusion) Meas
OREAS 100a (Fusion) Cert
Percent Error

OREAS 101a (Fusion) Meas
OREAS 101a (Fusion) Cert
Percent Error

OREAS 101b (Fusion) Meas
OREAS 101b (Fusion) Cert
Percent Error

JR-1 Meas
JR-1 Cert
Percent Error

Method Blank <1 <1 <5 <20
Method Blank <1 <1 <5
Method Blank <1 <1 <5
Method Blank <1 <1 <5

3.7
18.9

17
18.1
6.1

47
49
3.7

45

47
4.3

0.83
20.5

<1

0.0

10
2.8
N/A

10
N/A
10
1.67
N/A

<20

4.0

1050
960
9.4

160
169
53

430
430
0.0

410

420
2.4

<10

0.0

90
100
10.0

<30

6.3

16
16.5
3.0

15
16.1
6.8

<1

10.3
11.2
8.0

2.1
1.88
11.7

<0.5

N/A

67
69.9
4.1

15
16.3
8.0

<5

507
500
1.4

260
257
1.2

<1

4.5

<2
<2
<2
<2
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Table B1.3. continued.

Analyte Y Zr Nb Mo Ag In Sn Sb Cs Ba La Ce Pr
ppm  ppm ppm ppm ppm ppm ppm ppm ppm  ppm ppm ppm ppm
Detection Limit 0.5 1 0.2 2 0.5 0.1 1 0.2 0.1 2 0.05 0.05 0.01
Year Measurement
2018 NIST 694 Meas 1588
NIST 694 Cert 1740
Percent Error - - 8.74
2018 DNC-1 Meas 18.8 32 1 106 3.9
DNC-1 Cert 18 38 0.96 118 3.6
Percent Error 4.4 15.8 4.2 10.2 8.3
2018 LKSD-3 Meas 28.9 <2 2.8 2.3 47.3 89.7
LKSD-3 Cert 30 2 2.7 2.3 52 90
Percent Error 3.7 N/A 3.7 0.0 9.0 0.3
2018 TDB-1 Meas 32.6 16.1 37.8
TDB-1 Cert 36 17 41
Percent Error 9.4 5.3 7.8
2018 W-2a Meas 25 78 7.5 1 0.9 170 10.7 22.9
W-2a Cert 24 94 7.9 0.6 0.79 182 10 23
Percent Error 4.2 17.0 5.1 N/A 13.9 6.6 7.0 0.4
2018 SY-4 Meas 535 368 1 3 3
SY-4 Cert 517 340 1.1 2.6 8
Percent Error 3.5 8.2 N/A 15.4 N/A
2018 CTA-AC-1 Meas 268 >2000 >3000
CTA-AC-1 Cert 272 2176 3326
Percent Error 1.5 N/A N/A
2018 BIR-1a Meas 15.8 13 12 1.8
BIR-1a Cert 16 18 6 1.9

308



2018

2018

2018

2018

2018

2018

2018
2018
2018
2018

Percent Error

NCS DC86312 Meas
NCS DC86312 Cert
Percent Error

NCS DC70009 (GBW07241) Meas
NCS DC70009 (GBWO07241) Cert

Percent Error

OREAS 100a (Fusion) Meas
OREAS 100a (Fusion) Cert
Percent Error

OREAS 101a (Fusion) Meas
OREAS 101a (Fusion) Cert
Percent Error

OREAS 101b (Fusion) Meas
OREAS 101b (Fusion) Cert
Percent Error

JR-1 Meas
JR-1 Cert
Percent Error

Method Blank
Method Blank
Method Blank
Method Blank

13

955
976
2.2

129
128
0.8

131
142
7.7

175
183
4.4

171
178
3.9

42.4
45.1
6.0

27.8

25
24.1
3.7

23
21.9
5.0

20
21
4.8

16.2
15.2
6.6

1 <0.2 <2

1.4
1.8
22.2

<0.5

1
1.3
23.1

0.05
0.028
N/A

<0.1

>1000
1700
N/A

3
2.86
4.9

<1

3.1
3.2

1.2
1.19
0.8

<0.2

41
41
0.0

20.3
20.8
2.4

<0.1

100.0

<2
<2
<2
<2

>2000
2360
N/A

24
23.7
13

270
260
3.8

828
816
1.5

801
789
15

19.9
19.7
1.0

<0.05

5.3

172
190
9.5

61
60.3
1.2

493
463
6.5

1400
1396
0.3

1410
1331
5.9

48.2
47.2
2.1

<0.05

8.1
7.9
2.5

47.8
47.1
15

132
134
15

123
127
3.1

5.4
5.58
3.2

<0.01
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Table B1.3. continued.

Analyte Nd Sm Eu Gd Tb Dy Ho Er Tm Yb
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.05 0.01 0.005 0.01 0.01 0.01 0.01 0.01 0.005 0.01
Year Measurement
2018 NIST 694 Meas
NIST 694 Cert
Percent Error - - - - - - -
2018 DNC-1 Meas 5.6 0.62 - 2.1
DNC-1 Cert 5.2 0.59 2
Percent Error 7.7 5.1 5.0
2018 LKSD-3 Meas 45.9 8.7 1.5 5.2 3
LKSD-3 Cert 44 8 1.5 4.9 2.7
Percent Error 4.3 8.7 0.0 6.1 11.1
2018 TDB-1 Meas 24.3 2.1 3.3
TDB-1 Cert 23 2.1 3.4
Percent Error 5.7 0.0 2.9
2018 W-2a Meas 13.3 3.4 1.1 0.6 3.8 0.78 2.1
W-2a Cert 13 3.3 1 0.63 3.6 0.76 2.1
Percent Error 2.3 3.0 10.0 4.8 5.6 2.6 0.0
2018 SY-4 Meas 1254
SY-4 Cert 1191
Percent Error 53
2018 CTA-AC-1 Meas 1130 161 43.1 116 10.6
CTA-AC-1 Cert 1087 162 46.7 124 11.4
Percent Error 4.0 0.6 7.7 6.5 7.0
2018 BIR-1a Meas 2.3 2 1.8
BIR-1a Cert 2.5 2 1.7
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2018

2018

2018

2018

2018

2018

2018
2018
2018
2018

Percent Error

NCS DC86312 Meas
NCS DC86312 Cert
Percent Error

NCS DC70009 (GBWO07241) Meas
NCS DC70009 (GBWO07241) Cert
Percent Error

OREAS 100a (Fusion) Meas
OREAS 100a (Fusion) Cert
Percent Error

OREAS 101a (Fusion) Meas
OREAS 101a (Fusion) Cert
Percent Error

OREAS 101b (Fusion) Meas
OREAS 101b (Fusion) Cert
Percent Error

JR-1 Meas
JR-1 Cert
Percent Error

Method Blank
Method Blank
Method Blank
Method Blank

8.0

1580
1600
13

34
32.9
3.3

165
152
8.6

404
403
0.2

387
378
2.4

25
23.3
7.3

<0.05

13
12.5
4.0

25.9
23.6
9.7

49.9
48.8
23

50
48
4.2

6.59
6.03
9.3

<0.01

3.73
3.71
0.5

8.22
8.06
2.0

8
8
4.0

0.31
0.3
3.3

< 0.005

0.0

234
225
4.0

16
14.8
8.1

22.7
23.6
3.8

40.3

43.4
7.1

<0.01

3.6

9.1

3.64
3.8
4.2

5
5
7.3

0.92
1.01
8.9

<0.01

189
183
33

22
20.7
6.3

25.4
23.2
9.5

33.9
33.3
1.8

31
32
2.5

5.66
5.69
0.5

<0.01

35.8
36
0.6

4.5
111

4.75
4.81
1.2

6.85
6.46
6.0

6.3
6.3
0.3

<0.01

101
96.2
5.0

14
13.4
4.5

14.9
14.9
0.0

20.6
19.5
5.6

19.2
18.7
2.7

3.79
3.61
5.0

<0.01

13.9
15.1
7.9

2.2
9.1

2.29
2.31
0.9

3
2.9
3.4

2.79
2.66
4.9

0.68
0.67
15

< 0.005

5.9

89.7
87.79
2.2

15.2
14.9
2.0

18
17.5
2.9

18.4
17.6
4.5

4.78
4.55
5.1

<0.01
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Table B1.3. continued.

Analyte Lu Hf Ta w Tl Pb Bi Th U
ppm ppm ppm ppm ppm ppm  ppm ppm ppm
Detection Limit 0.002 0.1 0.01 0.5 0.05 5 0.1 0.05 0.01
Year Measurement
2018 NIST 694 Meas
NIST 694 Cert
Percent Error
2018 DNC-1 Meas 6
DNC-1 Cert 6.3
Percent Error 4.8
2018 LKSD-3 Meas 4.5 0.8 11 4.5
LKSD-3 Cert 4.8 0.7 11.4 4.6
Percent Error 6.3 14.3 3.5
2018 TDB-1 Meas 2.6
TDB-1 Cert 2.7
Percent Error 3.7
2018 W-2a Meas 0.32 0.47 <0.5 0.06 10 <0.1 0.52
W-2a Cert 0.33 0.5 0.3 0.2 9.3 0.03 0.53
Percent Error 3.0 6.0 N/A 70.0 7.5 N/A
2018 SY-4 Meas
SY-4 Cert
Percent Error
2018 CTA-AC-1 Meas 1.06 1.2 2.41 21.3 4.1
CTA-AC-1 Cert 1.08 1.13 2.65 21.8 4.4
Percent Error 1.9 6.2 9.1 2.3
2018 BIR-1a Meas 0.5 <5
BIR-1a Cert 0.6 3
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2018

2018

2018

2018

2018

2018

2018
2018
2018
2018

Percent Error

NCS DC86312 Meas
NCS DC86312 Cert
Percent Error

NCS DC70009 (GBW07241) Meas
NCS DC70009 (GBWO07241) Cert
Percent Error

OREAS 100a (Fusion) Meas
OREAS 100a (Fusion) Cert
Percent Error

OREAS 101a (Fusion) Meas
OREAS 101a (Fusion) Cert
Percent Error

OREAS 101b (Fusion) Meas
OREAS 101b (Fusion) Cert
Percent Error

JR-1 Meas
JR-1 Cert
Percent Error

Method Blank
Method Blank
Method Blank
Method Blank

12.5
11.96
4.5

2.4
16.7

2.33
2.26
3.1

2.64
2.66
0.8

2.67

2.58
3.5

<0.002

16.7

4.4
4.51
2.4

<0.1

2410

2200

9.5

1.96 1.9
1.86 1.59
5.4 19.5

<0.01 <05

N/A

1.93
1.8
7.2

19 0.6

19.3 0.56

1.6 7.1

<0.05 <5 <0.1

24.9
23.6
5.5

48.4
51.6
6.2

35.9
36.6
1.9

35.8
37.1
3.5

28.1
26.7
5.2

<0.05

131
135

445
422
5.5

415
396
4.8

9.1
8.88
2.5

<0.01
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Table B1.4. Trace element precision results of whole rock reference materials analyzed in 2018.

Analyte Sc Be Y Cr Co Ni Cu Zn Ga Ge As Rb Sr Y Zr
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 1 1 5 20 1 20 10 30 1 0.5 5 1 2 0.5 1
Year Measurement
2018 18ab50 Orig 33 1 209 400 55 250 170 390 18 1.2 68 38 105 269 118
18ab50 Dup 32 1 208 400 55 260 180 380 19 15 71 38 106 28.3 112
RSD 2.18 0.00 0.34 0.00 0.00 2.77 4.04 184 382 1571 3.05 0.00 0.67 3.59 3.69
2018 18bg20-3-2 Orig 19 1 235 <20 20 <20 60 90 24 13 <5 24 1302 19.7 32
18bg20-3-2 Dup 19 1 235 <20 20 <20 60 90 23 0.9 <5 24 1328 19.7 35
RSD 0.00 0.00 0.00 0.00 0.00 0.00 3.01 25.71 0.00 140 0.00 6.33
2018 18lo12-1 Orig 4 2 38 <20 3 <20 <10 60 20 1.1 <5 82 936 18.1 169
18l012-1 Dup 4 2 37 <20 3 30 <10 60 19 1.3 <5 79 877 17.2 163
RSD 0.00 0.00 1.89 0.00 0.00 3.63 11.79 264 460 3.61 2.56
2018 18l022-5 Orig 60 <1 490 340 56 110 <10 130 18 1.9 <5 38 273 23.7 49
18l022-5 Dup 59 <1 495 340 56 110 <10 130 18 1.9 <5 39 264 238 49
RSD 1.19 #DIV/O! 0.72 0.00 0.00 0.00 0.00 0.00 0.00 1.84 237 0.30 0.00
2018 18ab7-3a? Orig 1 2 14 <20 1 <20 <10 40 25 1.6 <5 193 148 1.5 63
18ab7-3a? Dup 1 3 14 <20 1 <20 <10 40 25 1.9 <5 197 151 1.6 61
RSD 0.00 28.28 0.00 0.00 0.00 0.00 12.12 145 142 456 2.28
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Table B1.4. continued.

Analyte Nb Mo Ag In Sn Sb Cs Ba La Ce Pr Nd Sm Eu Gd
ppm  ppm ppm  ppm ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.2 2 0.5 0.1 1 0.2 0.1 2 0.05 0.05 0.01 0.05 0.01 0.005 0.01
Year Measurement
2018 18ab50 Orig 20.9 <2 1.6 0.1 1 14.1 1.7 974 26.5 514 636 263 599 178 5.76
18ab50 Dup 20.3 <2 1.9 0.1 2 144 1.7 972 26.5 50.8 6.38 263 6.09 189 5.68
RSD 2.06 12.12 0.00 47.14 149 0.00 0.15 0.00 0.83 0.22 000 117 424 0.99
2018 18bg20-3-2 Orig 3.6 <2 <05 0.1 1 0.2 3.8 1106 15.7 33 431 18 4.4 141 4.05
18bg20-3-2 Dup 3.4 <2 <05 <01 1 0.2 3.7 1111 159 33.7 434 194 469 131 4.22
RSD 4.04 0.00 000 189 032 090 148 049 529 451 520 291
2018 18lo12-1 Orig 34.8 <2 0.7 <0.1 1 <0.2 3.2 2749 104 159 17.2 555 7.85 191 5.15
18l012-1 Dup 34.8 <2 0.8 <0.1 1 <0.2 3.1 2549 104 158 17 535 7.42 1.87 5
RSD 0.00 9.43 0.00 224 534 000 045 083 259 398 150 2.09
2018 18l022-5 Orig 3.9 <2 <05 0.1 1 0.3 173 452 128 343 515 261 6.78 182 6.83
18l022-5 Dup 4 <2 <05 0.1 1 0.3 17.1 451 131 34 519 257 6.74 1.9 6.84
RSD 1.79 0.00 0.00 000 082 0.16 164 062 055 1.09 042 3.04 O0.10
2018 18ab7-3a? Orig 0.6 2 <0.5 0.2 <1 <0.2 22 2822 19 3.13 0.33 1.1 0.22 0.059 0.17
18ab7-3a? Dup 0.8 2 <0.5 0.2 <1 <0.2 23 2801 212 3.43 0.38 1.27 0.24 0.058 0.17
RSD 20.20 0.00 0.00 3.14 053 7.74 647 996 10.14 6.15 121 0.00
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Table B1.4. continued.

Analyte Th Dy Ho Er Tm Yb Lu Hf Ta w Tl Pb Bi Th U
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm  ppm ppm ppm
Detection Limit 001 0.01 0.01 0.01 0.005 0.01 0.002 0.1 0.01 0.5 0.05 5 0.1 0.05 0.01

Year Measurement

2018 18ab50 Orig 0.87 5.02 094 263 0.362 218 0.333 2.7 1.38 1.8 0.18 226 0.2 563 1.29
18ab50 Dup 0.92 5.28 1 2.74 0376 233 0.347 2.7 1.58 2.1 0.25 231 0.3 5,59 1.31
RSD 395 357 437 290 268 470 291 0.00 9.56 10.88 23.02 155 28.28 0.50 1.09
2018 18bg20-3-2 Orig 061 364 074 2.03 0.287 196 0.299 1.1 0.15 <0.5 <0.05 6 <01 036 0.17
18bg20-3-2 Dup 0.61 354 071 206 0.299 2.05 0.329 1.2 0.18 <0.5 <0.05 6 0.3 0.34 0.17
RSD 0.00 197 293 1.04 290 317 6.76 6.15 12.86 0.00 4.04 0.00
2018 18lo12-1 Orig 0.67 3.44 062 1.88 0.257 1.71 0.281 3.9 1.94 <0.5 0.39 15 0.1 21.2 331
18l012-1 Dup 066 34 067 172 0.268 1.74 0.247 3.7 1.94 <0.5 0.37 15 <0.1 21 3.23
RSD 1.06 083 548 6.29 29 123 09.11 3.72 0.00 3.72 0.00 0.67 1.73
2018 18l022-5 Orig 085 5.02 097 254 0332 198 0.29 1.9 0.33 <0.5 <0.05 <5 0.4 1.07 0.49
18l022-5 Dup 095 5.06 092 253 0.343 205 0319 19 0.37 <0.5 <0.05 <5 0.3 1.08 0.49
RSD 786 056 374 028 230 246 529 0.00 8.08 20.20 0.66 0.00
2018 18ab7-3a? Orig 0.03 0.18 0.05 0.18 0.029 0.25 0.043 2.2 0.11 8 0.37 <5 0.8 0.25 0.19
18ab7-3a? Dup 0.03 0.18 0.05 0.18 0.029 0.23 0.039 2 0.08 8.5 0.45 <5 1 0.24 0.2
RSD 0.00 0.00 000 0.00 0.00 589 690 6.73 2233 4.29 13.80 15.71 2.89 3.63
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Figure B1.1. Measured major oxide results versus accepted values for reference material NIST694.
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Figure B1.2. Measured major oxide results versus accepted values for reference material DNC-1.
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Figure B1.3. Measured major oxide results versus accepted values for reference material W-2a.
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Figure B1.4. Measured major oxide results versus accepted values for reference material SY-4.
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2018 - BIR-1a
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Figure B1.5. Measured major oxide results versus accepted values for reference material BIR-1a.
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Figure B1.6. Measured trace element concentration results versus accepted values for reference material
NIST694.
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Figure B1.7. Measured trace element concentration results versus accepted values for reference material
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Figure B1.8. Measured trace element concentration results versus accepted values for reference material

LKSD-3.
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Figure B1.9. Measured trace element concentration results versus accepted values for reference material
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Figure B1.10. Measured trace element concentration results versus accepted values for reference material
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2018 SY-4
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Figure B1.11. Measured trace element concentration results versus accepted values for reference material
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Figure B1.12. Measured trace element concentration results versus accepted values for reference material
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Figure B1.13. Measured trace element concentration results versus accepted values for reference material
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Figure B1.14. Measured trace element concentration results versus accepted values for reference material
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Figure B1.15. Measured trace element concentration results versus accepted values for reference material
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Figure B1.16. Measured trace element concentration results versus accepted values for reference material
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Figure B1.17. Measured trace element concentration results versus accepted values for reference material
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Figure B1.18. Measured trace element concentration results versus accepted values for reference material
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Appendix B2. 2019 whole rock geochemistry analysis reference material results

Table B2.1. Major oxide accuracy results of bulk rock reference materials analyzed in 2019.

Analyte SiO2 Al203 Fe203(T) MnO MgO Cao0 Na20 K20 TiO2 P20s
% % % % % % % % % %

Detection Limit 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01

Year Measurement
2019 NIST 694 Meas 11.30 1.91 0.74 0.010 0.32 43.16 0.89 0.55 0.120 30.21
NIST 694 Cert 11.20 1.80 0.79 0.012 0.33 43.60 0.86 0.51 0.110 30.20
Percent Error 0.89 6.11 6.33 13.793 3.03 1.01 3.49 7.84 9.091 0.03
2019 DNC-1 Meas 46.64 18.25 10.00 0.150 10.03 11.45 1.85 0.22 0.490 0.07
DNC-1 Cert 47.15 18.34 9.97 0.150 10.13 11.49 1.89 0.23 0.480 0.07
Percent Error 1.08 0.49 0.30 0.000 0.99 0.35 2.12 5.98 2.083 0.00

GSP-2 (AAA) - USGS
2019 Standard 65.64 14.68 4.89 0.043 0.90 2.04 2.84 5.47 0.654 0.28
GSP-2 Cert. 66.60 14.90 4.90 0.041 0.96 2.10 2.78 5.38 0.660 0.29
Percent Error 1.44 1.48 0.20 4.878 6.25 2.86 2.16 1.67 0.909 3.45
2019 TDB-1 Meas

TDB-1 (BBB) - Canmet STD 50.87 13.39 14.44 0.191 5.66 9.75 2.27 0.89 2.324 0.22
TDB-1 Cert 50.20 13.60 14.40 0.200 5.9 9.60 2.20 0.89 2.300 0.23
Percent Error 1.33 1.54 0.28 4.500 4.07 1.56 3.18 0.00 1.043 4.35
2019 W-2a Meas 52.38 15.32 10.81 0.160 6.26 10.91 2.23 0.64 1.070 0.13
W-2a Cert 52.40 15.40 10.70 0.163 6.37 10.90 2.14 0.63 1.060 0.14
Percent Error 0.04 0.52 1.03 1.840 1.73 0.09 4.21 2.24 0.943 7.14
2019 SY-4 Meas 50.26 20.53 6.09 0.110 0.5 7.97 7.00 1.70 0.290 0.12
SY-4 (CCC) - Canmet STD 50.05 20.64 6.20 0.107 0.5 8.10 7.15 1.64 0.295 0.13
SY-4 Cert 49.90 20.69 6.21 0.108 0.54 8.05 7.10 1.66 0.287 0.13
Percent Error 0.72 0.77 1.93 1.852 7.41 0.99 1.41 2.41 1.045 8.40
2019 BIR-1a Meas 47.54 15.68 11.51 0.170 9.57 13.49 1.78 0.02 0.980 0.02
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BIR-1a Cert 47.96 15.50 11.30 0.175 9.7 13.30 1.82 0.03 0.960 0.02

Percent Error 0.88 1.16 1.86 2.857 1.34 143 2.20 33.33 2.083 4.76
2019 Method Blank <0.01 <0.01 <0.01 0.004 <0.01 <001 <0.01 <0.01 <0.001 <0.01
2019 Method Blank <0.01 <0.01 <0.01 0.004 <0.01 <001 <0.01 <0.01 <0.001 0.01

Table B2.2. Major oxide precision results of bulk rock reference materials analyzed in 2019.

Analyte SiO2 ALOs Fe:03(T) MnO MgO CaO Na20 KO TiO2 P20s
% % % % % % % % % %
Detection Limit 0.01  0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01

Year Measurement
2019 TDB-1 Meas

TDB-1 (BBB) - Canmet STD 50.87 13.39 14.44 0.191 566 9.75 2.27 0.89 2324 0.22
RSD N/A N/A N/A N/A N/A N/A N/A  N/A N/A N/A
2019 SY-4 Meas 50.26 20.53 6.09 0.110 0.50 7.97 7.00 1.70 0.290 0.12
SY-4 (CCC) - Canmet STD 50.05 20.64 6.20 0.107 0.50 8.10 7.15 1.64 0.295 0.13
RSD 0.30 0.38 1.27 1.955 0.00 1.14 1.50 254 1.209 5.66
2019 19GJ9-6 Orig 48.03 12.27 13.26 0.200 8.73 1150 2.25 0.08 1.163 0.27
19GJ9-6 Dup 48.23 12.39 12.98 0.201 8.81 11.52 233 0.08 1.161 0.26
RSD 0.29 0.69 1.51 0.353 0.65 0.12 247 0.00 0.122 2.67
2019 19GJ15-10 Orig 60.31 18.78 5.01 0.126 140 7.82 3.88 0.75 0.404 0.08
19GJ15-10 Dup 60.69 19.02 5.12 0.127 142 7.84 390 0.75 0.408 0.09
RSD 0.44 0.90 1.54 0.559 1.00 0.18 036 0.00 0.697 8.32
2019 04PSC-329 Orig 62.39 16.15 4,55 0.101 155 443 457 359 0.370 0.21
04PSC-329 Dup 63.30 16.49 4.63 0.103 155 449 451 350 0.374 0.22
RSD 1.02 1.47 1.23 1.386 0 0.95 093 1.80 0.760 3.29
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Table B2.3. Trace element accuracy results of bulk rock reference materials analyzed in 2019.

Analyte Sc Be Vv Cr Co Ni Cu Zn Ga Ge As Rb Sr
ppm ppm ppm ppm ppm  ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 1 1 5 20 1 20 10 30 1 0.5 5 1 2
Year Measurement
2019 NIST 694 Meas 1656
NIST 694 Cert 1740
Percent Error 4.8
2019 DNC-1 Meas 31 158 143
DNC-1 Cert 31 148 144
Percent Error 0.0 6.8 0.7
2019 GSP-2 (AAA) - USGS Standard 6 2 55 20 7 30 40 120 24 1.6 2.5 244 238
GSP-2 Cert. 6.3 1.5 52 20 7.3 17 43 120 22 4.4 1.1 245 240
Percent Error 4.8 333 5.8 0.0 4.1 76.5 7.0 0.0 9.1 63.6 N/A 0.4 0.8
2019 TDB-1 Meas 250 100 330 150 22
TDB-1 (BBB) - Canmet STD 37 2 485 250 42 100 300 160 22 1.8 <5 20 221
TDB-1 Cert 36 1.5 471 251 47 92 323 155 21 1.0 2.5 23 230
Percent Error 28 333 3.0 0.4 10.6 8.7 7.1 3.2 4.8 80.0 N/A 13.0 3.9
2019 W-2a Meas 35 1 279 100 43 80 110 80 17 1.5 <5 19 194
W-2a Cert 36 13 262 92 43 70 110 80 17 1.0 1.2 21 190
Percent Error 28 231 6.5 8.7 0.0 14.3 0.0 0.0 0.0 50.0 N/A 9.5 2.1
2019 DTS-2b Meas >10000 123 3760
DTS-2b Cert 15500 120 3780
Percent Error N/A 2.5 0.5
2019 SY-4 Meas 1 3 <5 2 100 34 52 1204
SY-4 (CCC) - Canmet STD 1 3 3 <20 2 <20 <10 100 36 13 <5 52 1209
SY-4 Cert 1.1 2.6 8 2.8 93 35 55 1191
Percent Error 9.1 15.4 N/A 28.6 7.5 2.9 5.5 1.1
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2019

2019

2019

2019

2019

2019

2019

2019
2019

BIR-1a Meas
BIR-1a Cert
Percent Error

ZW-C Meas
ZW-C Cert
Percent Error

OREAS 101b (Fusion) Meas
OREAS 101b (Fusion) Cert
Percent Error

NCS DC86318 Meas
NCS DC86318 Cert
Percent Error

SARM 3 Meas
SARM 3 Cert
Percent Error

USZ 42-2006 Meas
USZ 42-2006 Cert
Percent Error

REE-1 Meas
REE-1 Cert
Percent Error

Method Blank
Method Blank

44 1 339
44 058 310
00 N/A 94

60
56
7.1

290
277
4.7

<1 <1 <5 <20
<1 <1 <5

44
47
6.4
<20
13.18
N/A
1 30
1.58 24.7
36.7 215
<1 <20

420
420
0.0

80
79.7
0.4

<10

1010
1050
3.8

470
469
0.2

<30

109

110
0.9
93 >1000
99 8500
6.1 N/A
378
369.42
2.3
118
124
4.8

<1 <0.5 <5 <1 <2
<2
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Table B2.3. continued.

Analyte Y Zr Nb Mo Ag In Sn Sb Cs Ba La Ce
ppm ppm  ppm  ppm ppm pPpm ppm ppm ppm  ppm  ppm ppm
Detection Limit 0.5 1 0.2 2 0.5 0.1 1 0.2 0.1 2 0.05 0.05
Year Measurement
2019 NIST 694 Meas

NIST 694 Cert
Percent Error

2019 DNC-1 Meas 32 107
DNC-1 Cert 38 118
Percent Error 15.8 9.3
2019 GSP-2 (AAA) - USGS Standard 27.1 534 24.7 2 2 0.05 7 0.5 1.2 1364 194 452
GSP-2 Cert. 28 550 27 2.1 0.05 8.32 0.43 1.2 1340 180 410
Percent Error 3.2 2.9 8.5 4.8 N/A 15.9 16.3 0.0 1.8 7.8 10.2
2019 TDB-1 Meas 33.6 16.1 37.1
TDB-1 (BBB) - Canmet STD 349 153 12.4 <2 0.6 0.1 2 0.8 0.5 240 16.9 39.6
TDB-1 Cert 36 156 11 1.6 0.5 0.2 2 1 241 17 41
Percent Error 3.1 1.9 12.7 N/A 20.0 50.0 0.0 20.0 0.4 0.6 3.4
2019 W-2a Meas 20.7 80 <2 0.8 179 10.4 22.2
W-2a Cert 24 94 0.6 0.79 182 10 23
Percent Error 13.8 14.9 N/A 1.3 1.6 4.0 3.5
2019 DTS-2b Meas
DTS-2b Cert

Percent Error

2019 SY-4 Meas 118 533 13.2 1.5 355 58.5 121
SY-4 (CCC) - Canmet STD 120 534 14.4 1 1.7 <0.1 8 0.2 1.5 343 59.8 123

SY-4 Cert 119 517 13 1.5 340 58 122

Percent Error 0.8 3.1 1.5 0.0 4.4 0.9 0.8
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2019 BIR-1a Meas 14 13
BIR-1a Cert 18 6
Percent Error 22.2 116.7
2019 ZW-C Meas 202 >1000 4.4 265 28.9 97.2
ZW-C Cert 198 1300 4.2 260 30 97
Percent Error 2.0 N/A 4.8 1.9 3.7 0.2
2019 OREAS 101b (Fusion) Meas 172 19 771 1430
OREAS 101b (Fusion) Cert 178 21 789 1331
Percent Error 3.4 9.5 2.3 7.4
2019 NCS DC86318 Meas >10000 11.5 >2000 400
NCS DC86318 Cert 17008 10.28 1960 430
Percent Error N/A 11.9 N/A 7.0
2019 SARM 3 Meas 976
SARM 3 Cert 978
Percent Error 0.2
2019 USZ 42-2006 Meas 170 34 36 >2000 >3000
USZ 42-2006 Cert 167 31 34.4 21100 27600
Percent Error 1.8 9.7 47 N/A N/A
2019 REE-1 Meas 1.1 1640 3000
REE-1 Cert 1.07 1661 3960
Percent Error 2.8 1.3 24.2
2019 Method Blank <0.5 2 <0.2 <2 <0.5 <0.1 <1 <0.2 <0.1 <2 <0.05 <0.05
2019 Method Blank 2 <2
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Table B2.3. continued.

Analyte Pr Nd Sm Eu Gd Tb Dy Ho Er Tm
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.01 0.05 0.01 0.005 0.01 0.01 0.01 0.01 0.01 0.005
Year Measurement
2019 NIST 694 Meas
NIST 694 Cert
Percent Error
2019 DNC-1 Meas
DNC-1 Cert
Percent Error
2019 GSP-2 (AAA) - USGS Standard 56.7 207 26.6 2.37 12 1.34 5.84 0.9 2.63 0.291
GSP-2 Cert. 51 200 27 2.3 12 1.54 6.1 1 2.2 0.29
Percent Error 11.2 3.5 1.5 3.0 33 13.0 4.3 10.0 20 0.3
2019 TDB-1 Meas 235 2
TDB-1 (BBB) - Canmet STD 5.38 24.7 6.37 2.1 6.76 1.18 6.95 131 3.59 0.502
TDB-1 Cert 6 23 6 2.1 7 1.2 8 13 4 0.6
Percent Error 10.3 7.4 6.2 2.4 3.4 1.7 13.1 0.8 10 16.3
2019 W-2a Meas 12.8 3.2 1.1 0.63 3.8 0.76
W-2a Cert 13 33 1 0.63 3.6 0.76
Percent Error 1.5 3.0 10.0 0.0 5.6 0.0
2019 DTS-2b Meas
DTS-2b Cert
Percent Error
2019 SY-4 Meas 15 58.6 13.2 2.03 14.9 2.86 19.3 4.49 14.6 2.31
SY-4 (CCC) - Canmet STD 14.7 57.1 12.7 1.98 14 2.87 19.6 4.42 14.4 2.28
SY-4 Cert 15 57 12.7 2 14 2.6 18.2 4.3 14.2 2.3
Percent Error 0.0 2.8 3.9 1.5 6.4 10.0 6.0 4.4 2.8 04
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2019

2019

2019

2019

2019

2019

2019

2019
2019

BIR-1a Meas
BIR-1a Cert
Percent Error

ZW-C Meas
ZW-C Cert
Percent Error

OREAS 101b (Fusion) Meas
OREAS 101b (Fusion) Cert
Percent Error

NCS DC86318 Meas
NCS DC86318 Cert
Percent Error

SARM 3 Meas
SARM 3 Cert
Percent Error

USZ 42-2006 Meas
USZ 42-2006 Cert
Percent Error

REE-1 Meas
REE-1 Cert
Percent Error

Method Blank
Method Blank

9.4
9.5
11

124
127
2.4

773
740
4.5

>1000
2300
N/A

<0.01

25.0
25.0
0.0

378
378
0.0

>2000
3430
N/A

>2000
6500
N/A

1450
1456
0.4

<0.05

6.7
6.6
1.5

48
48
0.0

>1000
1720
N/A

513
539
4.8

<0.01

4.7
4.7
0.0
8
7.8
2.8
19 >1000
18.91 2095
0.5 N/A
89
87.22
2.0
24.2 439
23.5 433.0
3.0 14
<0.005 <0.01

5.41
5.37
0.7

506

470
7.7

<0.01

314
32.1
2.2

>1000
3220
N/A

854
847
0.8

<0.01

6.28
6.34
0.9

583
560
4.1

206
208
1.0

<0.01

18.9
18.7
11

>1000
1750
N/A

691
701
14

<0.01

2.71
2.66
1.9

262

270
3.0

< 0.005
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Table B2.3. continued.

Analyte Yb Lu Hf Ta w Tl Pb Bi Th U
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.01 0.002 0.1 0.01 0.5 0.05 5 0.1 0.05 0.01
Year Measurement
2019 NIST 694 Meas
NIST 694 Cert
Percent Error
2019 DNC-1 Meas
DNC-1 Cert
Percent Error
2019 GSP-2 (AAA) - USGS Standard 1.59 0.239 15.7 0.86 0.7 1.18 35 0.05 108 2.68
GSP-2 Cert. 1.6 0.23 14 1.01 0.39 1.1 42 0.028 105 2.4
Percent Error 0.6 3.9 12.1 14.9 79.5 7.3 16.7 N/A 2.9 11.7
2019 TDB-1 Meas 3.2 2.6
TDB-1 (BBB) - Canmet STD 3.29 0.51 4.7 0.82 <0.5 0.24 17 <0.1 2.74 0.92
TDB-1 Cert 3.4 0.52 5 0.8 0.6 <0.02 17 0.8 2.7 1
Percent Error 3.2 1.9 6.0 2.5 N/A N/A 0.0 N/A 1.5 8.0
2019 W-2a Meas 2.1 0.3 2.5 0.47 0.08 9 <0.1 2.3 0.51
W-2a Cert 2.1 0.33 2.6 0.5 0.2 9.3 0.03 2.4 0.53
Percent Error 0.0 9.1 3.8 6.0 60.0 3.2 N/A 4.2 3.8
2019 DTS-2b Meas
DTS-2b Cert
Percent Error
2019 SY-4 Meas 15.5 2.26 9.8 0.85 11
SY-4 (CCC) - Canmet STD 15.6 2.26 11.6 0.78 0.5 0.3 11 <0.1 1.09 0.82
SY-4 Cert 14.8 2.1 10.6 0.9 10
Percent Error 4.7 7.6 7.5 5.6 10.0
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2019

2019

2019

2019

2019

2019

2019

2019
2019

BIR-1a Meas
BIR-1a Cert
Percent Error

ZW-C Meas
ZW-C Cert
Percent Error

OREAS 101b (Fusion) Meas
OREAS 101b (Fusion) Cert

Percent Error

NCS DC86318 Meas
NCS DC86318 Cert
Percent Error

SARM 3 Meas
SARM 3 Cert
Percent Error

USZ 42-2006 Meas
USZ 42-2006 Cert
Percent Error

REE-1 Meas
REE-1 Cert
Percent Error

Method Blank
Method Blank

17.8
17.6
11

>1000
1840
N/A

16.9
17.85
5.3

<0.01

2.65
2.58
2.7

253

260
2.7

<0.002

502
479
4.8

<0.05

87.8
82
7.1

<0.01

332 34.1
320 34
3.8 0.3

1530
1600
4.4

<05 <0.05 <5

<0.1

34.1
37.1
8.1

66.8
67
0.3

1090
946
15.2

<0.05

18.9
20
5.5

395

396
0.3

<0.01
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Table B2.4. Trace element precision results of bulk rock reference materials analyzed in 2019.

Analyte Sc Be \' Cr Co Ni Cu Zn Ga Ge As Rb Sr Y Zr
ppm  ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 1 1 5 20 1 20 10 30 1 0.5 5 1 2 0.5 1
Year Measurement
2019 TDB-1 Meas 250 100 330 150 22 33.6
TDB-1 (BBB) - Canmet
STD 37 2 485 250 42 100 300 160 22 1.8 <5 20 221 349 153
RSD 0.00 0.00 6.73 7.07 2.72 0.77
2019 SY-4 Meas 1 3 <5 2 100 34 52 1204 118 533
SY-4 (CCC) - Canmet STD 1 3 <5 <20 2 <20 <10 100 36 1.3 <5 52 1209 120 534
RSD 0.00 0.00 0.00 0.00 4.04 0.00 0.29 1.19 0.13
2019 19GJ9-6 Orig 37 1 328 370 52 90 170 100 15 2.1 <5 1 373 20.1 60
19GJ9-6 Dup 37 1 330 360 52 90 170 110 16 1.9 <5 1 378 20.1 61
RSD 000 0.00 043 194 0.00 000 0.00 6.73 4.56 7.07 0.00 094 0.00 1.17
2019 19GJ15-10 Orig 12 <1 112 <20 5 <20 20 60 16 13 <5 14 235 127 39
19GJ15-10 Dup 12 <1 114 <20 5 <20 20 60 16 1.4 <5 15 234  13.2 39
RSD 0.00 1.25 0.00 0.00 0.00 0.00 5.24 488 030 2.73 0.00
2019 04PSC-329 Orig 7 2 94 <20 8 <20 <10 30 16 1.4 <5 88 992 12 92
04PSC-329 Dup 7 2 93 <20 8 <20 <10 30 17 1.3 <5 88 980 12.1 93
RSD 0.00 0.00 0.76 0.00 0.00 4.29 5.24 0.00 0.86 0.59 0.76
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Table B2.4. continued.

Analyte Nb Mo Ag In Sn Sb Cs Ba La Ce Pr Nd Sm Eu Gd
ppm  ppm  ppm ppm  ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
Detection Limit 0.2 2 0.5 0.1 1 0.2 0.1 2 0.05 0.05 0.01 0.05 0.01 0.005 0.01
Year Measurement
2019 TDB-1 Meas 16.1 37.1 23.5 2
TDB-1 (BBB) - Canmet
STD 124 <2 0.6 0.1 2 0.8 0.5 240 169 39.6 538 247 6.37 205 6.76
RSD 0.96 1.45 1.47 1.76
2019 SY-4 Meas 13.2 1.5 355 585 121 15 586 13.2 2.03 149
SY-4 (CCC) - CanmetSTD 144 <2 1.7 <0.1 8 0.2 1.5 343 59.8 123 147 57.1 127 1.98 14
RSD 6.15 0.00 243 155 1.16 143 183 273 176 4.40
2019 19GJ9-6 Orig 1.9 <2 <0.5 0.1 1 0.6 0.1 85 7.86 17.7 2.68 13.1 3.6 1.13 4.2
19GJ9-6 Dup 1.9 <2 <0.5 0.1 1 0.6 0.1 86 7.73 17.7 258 13.2 3,51 1.23 4.07
RSD 0.00 0.00 000 000 000 0.83 118 0.00 269 054 179 599 222
2019 19GJ15-10 Orig 0.7 <2 <05 <01 <1 0.4 1.2 416 2.65 6.43 098 529 154 0499 1.94
19GJ15-10 Dup 0.8 <2 <05 <01 <1 0.3 1.2 418 256 6.42 1.01 5.17 144 0485 2.04
RSD 9.43 20.20 0.00 0.34 244 0411 213 1.62 475 2.01 3.55
2019 04PSC-329 Orig 8.3 <2 <05 <01 1 <0.2 06 1100 16 289 32 123 239 0.692 2.28
04PSC-329 Dup 8.7 <2 <05 <01 1 <0.2 06 108 158 285 3.22 122 243 0.723 2.2
RSD 3.33 0.00 000 091 08 099 044 058 117 3.10 253
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Table B2.4. continued.

Analyte Th Dy Ho Er Tm Yb Lu Hf Ta w Tl Pb Bi Th V)
ppm  ppm ppm ppm ppm ppm ppm ppm ppm  ppm ppm ppm  ppm  ppm ppm
Detection Limit 0.01 0.01 0.01 0.01 0.005 0.01 0.002 0.1 0.01 0.5 0.05 5 0.1 0.05 0.01
Year Measurement
2019 TDB-1 Meas 3.2 2.6
TDB-1 (BBB) - Canmet
STD 1.18 695 131 359 0.502 329 0.51 4.7 082 <05 0.24 17 <01 274 0.92
RSD 0.41 9.08
2019 SY-4 Meas 286 193 449 146 231 155 226 9.8 0.85 11
SY-4 (CCC) - CanmetSTD 2.87 19.6 4.42 144 228 156 2.26 116 0.78 <0.5 0.3 11 <0.1 1.09 0.82
RSD 0.25 1.09 1.11 098 092 045 0.00 11.90 6.07 0.00
2019 19GJ9-6 Orig 0.67 3.89 0.72 215 0.318 1.95 0.291 1.7 0.15 <05 <0.05 <5 <0.1 091 0.59
19GJ9-6 Dup 064 385 0.76 216 0303 19 0.295 1.6 0.14 <05 <0.05 <5 <0.1 092 0.61
RSD 324 073 382 033 342 184 097 429 438 0.77 2.36
2019 19GJ15-10 Orig 034 212 047 145 0.22 1.6 0.257 1.2 0.05 <05 0.12 <5 <01 0.39 0.36
19GJ15-10 Dup 036 224 044 144 0.222 1.5 0.237 1.3 0.07 0.5 0.11 <5 <0.1 0.4 0.36
RSD 404 389 466 049 064 456 573 566 2357 6.15 1.79 0.00
2019 04PSC-329 Orig 036 2.02 0.39 1.18 0.173 123 0.186 24 0.58 <0.5 0.28 6 <01 446 2.01
04PSC-329 Dup 036 196 042 121 0.179 135 0.211 26 0.59 <05 0.25 6 <01 463 213
RSD 0.00 2.13 524 178 241 6.58 891 5.66 1.21 8.00 0.00
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Figure B2.1. Measured major oxide results versus accepted values for reference material NIST-694.
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Figure B2.2. Measured major oxide results versus accepted values for reference material DNC-1.
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Figure B2.3. Measured major oxide results versus accepted values for reference material GSP-2.
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Figure B2.4. Measured major oxide results versus accepted values for reference material TDB-1.
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Figure B2.5. Measured major oxide results versus accepted values for reference material W-2a.
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Figure B2.6. Measured major oxide results versus accepted values for reference material SY-4.
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Figure B2.7. Measured major oxide results versus accepted values for reference material BIR-1a.
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Figure B2.8. Measured trace element concentration results versus accepted values for reference material
NIST694.
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Figure B2.9. Measured trace element concentration results versus accepted values for reference material
DNC-I.
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Figure B2.10. Measured trace element concentration results versus accepted values for reference material
GSP-2.
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Figure B2.11. Measured trace element concentration results versus accepted values for reference material
TDB-1.
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Figure B2.12. Measured trace element concentration results versus accepted values for reference material
W-2a.
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Figure B2.13. Measured trace element concentration results versus accepted values for reference material
DTS-2b.
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Figure B2.14. Measured trace element concentration results versus accepted values for reference material
SY-4.
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Figure B2.15. Measured trace element concentration results versus accepted values for reference material
BIR-1a.
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Figure B2.16. Measured trace element concentration results versus accepted values for reference material
ZW-C.

347



1000

100

Measured (ppm)
=
(=)

01
0.1

®Co + Cu Y
Mo ®Th oUuU
®Lla ®Ce W Pr
® Nd B Sm Eu
Th Dy Ho
AEr ETm @Yb
®Lu
1

2019 - OREAS 101b

10 100
Accepted (ppm)

1000

Figure B2.17. Measured trace element concentration results versus accepted values for reference material

OREAS 101b.
1000
eRb oY ecs eTh
ez eCe EMPr @Nd

100

Measured (ppm)
=
(=]

0.1
0.

HS5m ®Eu Gd Th
Dy Ho AEr ETm

oYh @Lu

1 1

2019 - NCS DC86318

10 100
Accepted (ppm)

Figure B2.18. Measured trace element concentration results versus accepted values for reference material
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Figure B2.19. Measured trace element concentration results versus accepted values for reference material
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Figure B2.20. Measured trace element concentration results versus accepted values for reference material
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Figure B2.21. Measured trace element concentration results versus accepted values for reference material
REE-1
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Appendix B3. Whole rock geochemistry of Hogem batholith intrusive rock samples

Table B3.1. Whole rock major oxide (wt.%) results of Hogem batholith plutonic rock samples.

Major oxides (wt.%)

Sample Intrusive suite Lithology SiO: Al20s  Fe203(T) MnO MgO CaO Na:0 K20 TiO2 P20s LOI Total
18l022-1a  Thane Creek hornblendite 4099 13.04 1761 0215 1027 1023 146 187 1790 023 1.6 98.97
181022-1d  Thane Creek quartz diorite 5419 18.14 853 0161 346 759 375 17 0717 037 151 100.1
19GJ12-4  Thane Creek quartz diorite 5346 1775 898 0154 391 823 408 179 0760 041 081 1003
19GJ13-3  Thane Creek quartz monzodiorite  57.54 17.95 618  0.127 2.16 602 423 31 0512 028 029 9837
18l025-2a  Duckling Creek  syenite 637 1867 212 0053 032 193 64 552 0263 005 043 99.45
19GJ13-1  Duckling Creek  pyroxenite 3565 836 2277 0300 9.19 19.16 056 1.14 1981 1.3 023 1006
19GJ13-2  Duckling Creek  syenite 6043 205 141 0039 009 071 408 1041 0123 002 0.7 9852
19GJ13-4  Duckling Creek Sstsirtshenocrys“c 5238 17.67  7.64 0193 257 6.63 403 58 0676 043 179 99.85
19GJ13-5a  Duckling Creek  syenite 5646 18.56 564 0096 1.92 478 555 390 0527 024 0.63 983

18l017-1  Osilinka granite 7544 142 098 0039 009 122 456 3.11 0068 003 083 100.6
19GJ12-3  Osilinka granite 7311 1493 116 0033 0.15 154 523 295 0085 003 082 100

18l011-1  Mesilinka equigranular granite 7572 1406 096  0.032 013 139 472 331 0074 003 034 1008
181012-7  Mesilinka ::::irt;mrphy”t'c 68.52 1555 323 0096 0.86 2.78 448 292 0400 021 042 99.45
19GJ12-1  Mesilinka tonalite 6808 1672  3.06 0058 137 493 413 120 0362 009 057 100.6
19GJ12-2  Mesilinka tonalite 67.17 1585  3.65 007 172 421 452 188 0464 036 053 100.4
19GJ16-2 Mesilinka equigranular granite 7191 14,55 2.27 0.051 0.55 2.15 4,51 297 0.273 0.09 0.39 99.71
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Table B3.2. Trace element results of Hogem batholith plutonic rock samples.

Trace elements (ppm)

Sample Intrusive suite Lithology Sc Be Y Cr Co Ni Cu Zn Ga Ge As Rb Sr Y Zr
18l022-1a Thane Creek hornblendite 63 <1 68 <20 58 20 540 110 19 19 <5 29 338 229 69
18l022-1d Thane Creek quartz diorite 17 1 215 <20 20 <20 110 90 20 16 <5 39 743 143 54
19GJ12-4 Thane Creek quartz diorite 21 2 254 50 24 30 30 70 18 16 <5 42 719 134 64
19GJ13-3 Thane Creek quartz monzodiorite 10 2 145 <20 14 <20 20 60 18 13 <5 66 815 12.6 118
18l025-2a Duckling Creek syenite 2 <1 59 <20 3 <20 <10 <30 16 12 <5 66 2060 105 19
19GJ13-1 Duckling Creek pyroxenite 54 1 709 50 63 40 <10 140 19 2.0 <5 31 394 229 47
19GJ13-2 Duckling Creek syenite 1 2 59 <20 1 <20 110 <30 16 11 <5 168 2057 5.5 36
19GJ13-4  Duckling Creek SK;sslrt :henocrysm 13 3 198 <20 19 <20 40 100 17 14 <5 101 1580 184 70
19GJ13-5a Duckling Creek syenite 10 3 143 <20 13 <20 40 40 19 13 <5 72 944 104 190
18l017-1 Osilinka granite <1 1 7 <20 1 <20 <10 <30 12 13 <5 61 392 2.2 37
19GJ12-3 Osilinka granite 1 2 11 <20 1 <20 <10 <30 16 09 <5 49 661 13 45
18lo11-1 Mesilinka equigranular granite 2 3 6 <20 1 <20 <10 <30 19 11 <5 116 233 13.1 50
18l012-7  Mesilinka ::;’:i;:mphy”t'c 4 2 38 <20 3 <20 <10 70 19 11 <5 8 958 183 180
19GJ12-1 Mesilinka tonalite 7 2 49 30 6 <20 40 50 17 09 <5 40 445 11.8 83
19GJ12-2 Mesilinka tonalite 7 2 65 30 9 <20 10 60 19 10 <5 56 756 121 115
19GJ16-2 Mesilinka equigranular granite 3 2 26 <20 2 <20 <10 50 17 11 <5 63 535 114 136

352



Table B3.2 continued.

Trace elements (ppm)

—
Sample sr:;::swe Lithology Nb Mo Ag In Sn Sb Cs Ba La Ce Pr Nd Sm Eu Gd
Thane .
18l022-1a o hornblendite 41 <2 05 01 1 02 55 736 7.40 205 3.07 162 444 1450 4.63
181022-1d g‘:‘;f quartz diorite 23 <2 <05 01 <1 <02 33 1360 117 240 3.06 13.4 324 1140 3.13
Thane .
19612-4 O quartz diorite 33 <2 <05 <01 1 <02 1.2 1354 916 181 238 11.2 256 1.180 2.63
19GJ13-3  hane quartz 43 <2 <05 <01 1 <02 07 2064 156 290 3.48 141 3.00 098 2.92
Creek monzodiorite
Duckling .
18l025-2a syenite 32 <2 <05 <01 <1 <02 04 2749 107 230 292 117 256 0845 2.15
Duckling .
19GJ13-1 Creek pyroxenite 0.6 <2 <05 0.1 3 <02 03 670 09.04 243 418 225 645 1.800 6.88
Duckling .
196132 syenite 36 <2 <05 <01 <1 <02 06 1365 552 102 136 586 1.07 0359 0.3
Ducklin Kspar
196)13-4 & phenocrystic 53 <2 <05 0.1 1 02 06 1904 172 346 451 196 433 1330 432
syenite
Duckling .
196)13-5a syenite 27 <2 <05 <01 1 <02 06 2412 126 196 215 868 1.90 0926 2.07
18l017-1  Osilinka granite 02 <2 <05 <01 <1 <02 1.0 2645 160 278 033 133 027 0075 027
19GJ12-3  Osilinka granite 09 <2 <05 <01 <1 <02 1.0 2270 218 324 035 119 022 0088 0.18
18l011-1  Mesilinka Zfa“r:ifn”'ar 157 <2 <05 <01 2 <02 26 910 254 397 411 14 270 0526 2.26
Kspar
181012-7  Mesilinka  porphyritic 373 <2 07 <01 1 <02 27 2751 981 160.0 159 517 723 1770 457
granite
19GJ12-1  Mesilinka  tonalite 78 <2 <05 <01 1 04 16 58 584 109 135 613 1.57 0562 1.9
19GJ12-2  Mesilinka  tonalite 158 <2 <05 <01 1 <02 32 1401 52.8 857 887 312 477 1250 3.47
19GJ16-2  Mesilinka :?a”r:igtf”“'ar 100 <2 <05 <01 1 <02 13 2219 418 665 679 229 344 0847 254
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Table B3.2 continued.

Trace elements (ppm)

Sample Intrusive suite Lithology Tb Dy Ho Er Tm Yb Lu Hf
18l022-1a Thane Creek hornblendite 0.77 461 087 237 0332 212 0319 2.0
18l022-1d Thane Creek quartz diorite 0.47 2.81 0.56 1.6 0.227 1.5 0.241 1.6
19GJ12-4 Thane Creek quartz diorite 044 252 047 135 0200 134 0.216 1.9
19GJ13-3 Thane Creek quartz monzodiorite 0.42 244  0.46 1.37 0.205 1.37 0.230 3.1
18l025-2a Duckling Creek syenite 0.34 2 0.4 1.11 0.154 0.88 0.138 0.5
19GJ13-1 Duckling Creek pyroxenite 1.02 518 091 229 0300 177 0271 2.2
19GJ13-2 Duckling Creek syenite 0.15 084 017 056 0092 065 0.09% 0.8
19GJ13-4 Duckling Creek Kspar phenocrystic syenite 068 364 0.67 193 0270 1.77 0.277 21
19GJ13-5a Duckling Creek syenite 029 177 036 1.12 0.181 126 0.203 4.4
18l017-1 Osilinka granite 0.05 033 0.07 024 0.046 035 0068 1.1
19GJ12-3 Osilinka granite 0.03 0.17 0.04 0.13 0.023 0.18 0.030 1.5
18lo11-1 Mesilinka equigranular granite 0.37 2.06 0.4 1.27 0.10 131 0.190 1.7
18lo12-7 Mesilinka Kspar porphyritic granite 0.6 328 0.65 1.76 0.248 1.7 0.267 4.0
19GJ12-1 Mesilinka tonalite 037 212 043 126 0.181 115 0.181 2.0
19GJ12-2 Mesilinka tonalite 049 246 042 1.18 0.172 106 0.153 2.8
19GJ16-2 Mesilinka equigranular granite 0.35 194 0.38 1.11  0.159 1.05 0.175 33
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Table B3.2 continued.

Trace elements (ppm)

Sample Intrusive suite Lithology Ta w Tl Pb Bi Th U

18l022-1a Thane Creek hornblendite 032 <0.5 <0.05 <5 0.5 0.69 0.43
18l022-1d Thane Creek quartz diorite 0.19 <0.5 <0.05 6 0.1 1.46 0.76
19GJ12-4 Thane Creek quartz diorite 0.24 <0.5 0.07 <5 <01 245 1.45
19GJ13-3 Thane Creek quartz monzodiorite 0.33 <0.5 0.30 <5 <0.1 3.59 1.87
18l025-2a Duckling Creek syenite 030 <0.5 <0.05 8 <01 0.73 0.31
19GJ13-1 Duckling Creek pyroxenite 0.03 <0.5 <0.05 <5 <01 049 0.12
19GJ13-2 Duckling Creek syenite 0.28 <0.5 0.31 33 <0.1 1.28 0.75
19GJ13-4 Duckling Creek Kspar phenocrystic syenite 0.31 0.5 0.20 8 <0.1 1.11  0.73
19GJ13-5a Duckling Creek syenite 0.14 <0.5 0.17 <5 <0.1 1.67 1.19
18l017-1 Osilinka granite 0.10 <0.5 <0.05 12 0.1 0.11 0.07
19GJ12-3 Osilinka granite 0.12 1.6 0.17 10 <0.1 0.27 0.38
18lo11-1 Mesilinka equigranular granite 2.38 1.0 0.80 23 <0.1 16.0 104
18lo12-7 Mesilinka Kspar porphyritic granite 2.03 <05 0.37 15 <01 213 4.15
19GJ12-1 Mesilinka tonalite 0.73 <05 0.36 7 <0.1 222 1.66
19GJ12-2 Mesilinka tonalite 1.34 <0.5 0.56 11 0.1 11.1  5.71
19GJ16-2 Mesilinka equigranular granite 0.84 <05 0.58 16 <0.1 13.7 4.36
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Appendix C. Zircon SEM images and analytical spots
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