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Introduction

This paper presents new U-Pb zircon dates for igneous in-

trusions belonging to the Nelson and Bayonne magmatic

suites between Creston and Salmo in southeastern British

Columbia. This area experienced magmatism, metamor-

phism and deformation from the Early Jurassic through to

the Eocene (Archibald et al., 1983, 1984; Brown et al.,

1995; Moynihan and Pattison, 2013; Webster and Pattison,

2013). Determining the age of these intrusions provides

constraints on the tectonometamorphic evolution of the

area and associated mineralization events.

Regional Geology

The region between Nelson, Salmo and Creston in south-

eastern BC straddles the tectonic interface between the an-

cestral North American margin and pericratonic rocks (in-

cluding Quesnellia) that formed outboard of the margin to

the west (Monger et al., 1982; Unterschutz et al., 2002; Fig-

ure 1). The accretion and juxtaposition of these rocks oc-

curred during Cordilleran orogenesis from the Early Juras-

sic through to the Eocene. Three structural domains meet

within this area: the Purcell Anticlinorium, the Priest River

Complex and the Kootenay Arc (Figure 1). The Purcell

Anticlinorium is a large, northerly plunging, Mesozoic fold

structure comprising rift-related sedimentary rocks from

the Mesoproterozoic Belt-Purcell and Neoproterozoic

Windermere supergroups (Price, 2000). The Kootenay Arc

occurs on the western flank of the Purcell Anticlinorium

and is a narrow arcuate structural feature that is character-

ized by an increase in metamorphic grade and structural

complexity, and a decrease in stratigraphic age compared to

the Purcell Anticlinorium (Warren, 1997). The Priest River

Complex (PRC) is an Eocene metamorphic core complex

that exposes midcrustal rocks and Archean basement. It oc-

curs mainly in Idaho and Washington, but its northerly ter-

mination occurs in the study area. The PRC is bounded by

two normal fault systems: the west-dipping eastern New-

port fault and east-dipping Purcell Trench fault (Rhodes

and Hyndman, 1984; Doughty and Price, 1999, 2000;

Figure 1).

The bedrock geology of the study area consists primarily of

deformed and metamorphosed sedimentary strata.

Mesoproterozoic Belt-Purcell Supergroup strata outcrop in

the eastern portion of the study area. To the west they are

unconformably overlain by the Neoproterozoic Winder-

mere Supergroup (Devlin and Bond, 1988; Warren, 1997;

Figure 1). The two supergroups are dominantly composed

of clastic, rift-related sedimentary rocks in addition to mi-

nor mafic volcanic rocks and sills. Unconformably overly-

ing the Windermere Supergroup, and exposed in the west-

ern part of the study area, are early Paleozoic coarse clastic

and carbonate rocks.

Numerous granitoid intrusions intrude all of these sedi-

mentary rocks (Figures 2, 3). They range in age from Mid-

dle Jurassic to Eocene and are part of larger intrusive suites

that extend across southeastern BC (Ghosh, 1995a). Intru-

sive rocks of the Nelson suite (Nelson batholith, Kuskanax

batholith, Bonnington pluton, Trail pluton, Mackie pluton,

Mine and Wall stocks) were emplaced between ca. 179 and

159 Ma (Ghosh, 1995a; Evenchick et al., 2007). The rocks

of the Nelson intrusive suite are I-type granitoids that range

in composition from tonalite to granite (Figure 1; Little,

1960; Ghosh and Lambert, 1995). The Middle Jurassic in-

trusions typically have staurolite-bearing contact aureoles

and were emplaced at depths ranging from 12 to 18 km

(Ghent et al., 1991; Pattison and Vogl, 2005). These intru-

sive suites formed in a magmatic arc, above an east-dipping

subduction zone (Ghosh, 1995b).

Quesnel Lake (Figure 1; Quesnel Lake is situated 300 km

northwest of Salmon Arm, BC; Logan, 2001). The

Bayonne suite is primarily peraluminous, containing two-

mica granites with less significant subalkalic granodiorites,

aplites and pegmatites (Logan, 2001). Cordierite-bearing
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Figure 1. Regional geology of the southeastern Canadian Cordillera. Eocene core complexes are labelled on the map as Priest River,
Okanagan, Grand Forks, Monashee and Valhalla. The study area is highlighted by the white dashed square. Map modified from Moynihan
and Pattison (2013), originally after Wheeler and McFeely (1991).
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contact metamorphic mineral assemblages found adjacent

to plutons of the Bayonne suite suggest emplacement

depths of less than 12 km (Archibald et al., 1983; Webster

and Pattison, 2013). What is referred to as the ‘Bayonne

batholith’ (Figure 2) comprises multiple phases: the Mount

Skelly pluton, the Shaw Creek stock, Heather Creek pluton,

Drewry Point pluton and Steeple Mountain plutons

(Leclair, 1988). Existing geochronology by Davis (1995)

and Brown et al. (1999) have shown that individual phases

range in age from 99 (Steeple Mountain) to 76 Ma (Shaw

Creek).

Description of Granitoid Intrusive Rocks
and their Tectonic Setting

Porcupine Creek Stock

The Porcupine Creek stock (PCS) is situated between the

tail of the Nelson batholith and the Jurassic Mine and Wall

stocks and occupies approximately 15 km2 (Figures 2, 3). It

was emplaced into the Ordovician Active Formation and is

bounded on the east and west sides by the Porcupine Creek

and Oxide faults, respectively (McAllister, 1951; Einarsen,

1994). The Porcupine Creek fault is a westward-verging

thrust fault that dips steeply to the east and strikes north-

northeast, and is likely a continuation of the Black Bluff

fault. The Oxide fault is an overturned, eastward-verging

thrust fault that dips steeply to the east and strikes north-

northeast, and is an extension of the Argillite fault to the

southwest (Einarsen, 1994).

The PCS has no discernible tectonic fabric and crosscuts re-

gional Jurassic fold structures (Figure 2). The intrusion and

its contact aureole also appear to have been unaffected by

Cretaceous deformation and Barrovian metamorphism in

the footwall of the Midge Creek fault (Webster and

Pattison, 2013). The PCS has developed a low pressure

(�3.0–3.5 kbar) cordierite-andalusite-biotite contact aure-

ole, similar to the southern part of the Nelson batholith

aureole (Pattison and Vogl, 2005).

The sample is composed of a K-feldspar–phyric, biotite-

hornblende quartz monzodiorite (Figure 4a). Plagioclase

laths and K-feldspar crystals are typically 3–7 mm and form

subhedral to anhedral grains. The feldspars are typically

intergrown with quartz and the mafic phases, with individ-

ual quartz crystals typically �1 mm in size. Abundant bio-

tite and hornblende form ragged crystals up to 2 mm in size.

Clinopyroxene crystals are sparse and typically less than

1 mm in diameter. Accessory magnetite and apatite are

common, with abundant �1 mm size titanite crystals.

Sericitization of feldspar, and minor alteration of biotite

and hornblende to chlorite, is common in this monzodiorite

and other intrusive rocks in this study.

Baldy Pluton

The Baldy pluton is an elongate intrusive body that is paral-

lel to the regional structural trend and is situated in the

footwall of the Midge Creek fault, adjacent to the tail of the

Nelson batholith (Figure 2). It occupies approximately

35 km2 and was emplaced into regionally metamorphosed

Cambrian to Ordovician strata. It formed prior to, or dur-

ing, penetrative deformation (Leclair et al., 1993). The in-

trusion is foliated and has a strong mineral lineation that is

parallel to those in the adjacent metamorphosed sedimen-

tary rocks. The pluton consists of a coarse-grained, K-

feldspar–phyric, biotite-clinopyroxene granodiorite with

fine-grained recrystallized quartz, plagioclase and second-

ary epidote defining a strong lineation. The K-feldspar

phenocrysts are locally megacrystic, anhedral and typically

have a crystal size between 2 and 5 mm (Figure 4b). Biotite

and secondary muscovite crystals are typically 1 mm in

size. Accessory magnetite and titanite are common.

Mount Skelly Pluton

The Mount Skelly pluton is the eastern most phase of the

Bayonne batholith and occurs on the eastern side of

Kootenay Lake, occupying approximately 300 km2. It is

situated in the hangingwall of the Purcell Trench fault

(PTF) and has intruded the middle and upper Belt-Purcell

Supergroup. The pluton has imparted a low pressure

cordierite-andalusite-biotite contact aureole on the sur-

rounding metasedimentary rocks (Webster and Pattison,

2013). The intrusion has no discernible tectonic fabric. The

rock sampled is an equigranular, biotite-muscovite granite.

The K-feldspar and plagioclase crystals are anhedral to

euhedral and are typically 2–5 mm (Figure 4c). Abundant

primary biotite and muscovite grains are 1–2 mm and com-

prise approximately 25% of the rock. Quartz grains are nor-

mally �1 mm but some larger grains exist (2–3 mm).

Summit Stock

The Summit Stock is exposed over approximately 5 km2 at

the top of Kootenay Pass (Figure 2) and has intruded into

coarse clastic rocks of the Neoproterozoic Three Sisters

Formation. This intrusion and the Lost Creek pluton to the

west have imparted a low pressure contact aureole on the

surrounding low-grade country rocks. The mineral assem-

blage zonal sequence is cordierite, andalusite�cordierite and

sillimanite�K-feldspar (Bjornson, 2012). The contact au-

reole envelopes both intrusions, with the highest grade

mineral assemblages found between them, implying that

the two intrusions may be connected at depth. The Summit

stock has no tectonic fabric and is a biotite-muscovite gran-

ite (Figure 4d). Euhedral to subhedral plagioclase laths are

up to 3 mm in size and occasionally show oscillatory zon-

ing. The K-feldspar crystals are subhedral to anhedral and

are typically 3–5 mm. Biotite and primary muscovite crys-

tals are euhedral and are typically about 1 mm. Quartz

102 Geoscience BC Summary of Activities 2013



Geoscience BC Report 2014-1 103

F
ig

u
re

3
.
M

e
ta

m
o

rp
h

ic
z
o

n
e

s
a

n
d

p
lu

to
n

ic
ro

c
k
s

o
f
th

e
s
tu

d
y

a
re

a
,
c
o

m
p

ile
d

fr
o

m
G

lo
v
e

r
(1

9
7

8
),

A
rc

h
ib

a
ld

e
t
a

l.
(1

9
8

3
),

L
e

c
la

ir
(1

9
8

8
),

D
o

u
g

h
ty

e
t
a

l.
(1

9
9

7
)

a
n

d
n

e
w

d
a

ta
.A

re
a

s
w

it
h

n
o

s
h

a
d

in
g

a
re

o
fl

o
w

m
e

ta
m

o
rp

h
ic

g
ra

d
e

.R
e

c
ta

n
g

u
la

r
b

o
x
e

s
a

re
n

e
w

U
-P

b
d

a
te

s
fr

o
m

th
is

s
tu

d
y

a
n

d
th

o
s
e

in
o

v
a

l-
s
h

a
p

e
d

b
o

x
e

s
a

re
e

x
is

ti
n

g
a

g
e

s
fr

o
m

p
re

v
io

u
s

s
tu

d
ie

s
.



104 Geoscience BC Summary of Activities 2013

Figure 4. Field pictures of the various igneous intrusive rocks found throughout the study area: a) monzodiorite of the Porcupine Creek
stock (PCS); b) lineated, granodiorite from the Baldy pluton; c) two-mica granite of the Mount Skelly pluton; d) biotite-muscovite granite of
the Summit stock; e) biotite granite of the Emerald stock with mineralized quartz vein.



grains are typically 1–2 mm in size. There is accessory

magnetite throughout the intrusion.

Emerald Stock

The Emerald Stock crops out over approximately 0.4 km2

and has intruded into the sedimentary rocks of the Cam-

brian Laib and Reno formations and also the Ordovician

Active Formation, within the historic Salmo mining camp.

The carbonate sedimentary rocks (Laib Formation), in con-

tact with the Emerald stock, are typically altered, with rock

types ranging from coarse marble to garnet-pyroxene

skarn. The skarns are host to Mo-W mineralization, which

was mined from the past-producing Emerald and Dodger

mines (1.6 million tons grading 0.76% W, Giroux and

Grunenberg, 2009; Figure 2). The intrusion is an

undeformed, equigranular biotite-granite. Plagioclase and

K-feldspar crystals are subhedral to anhedral and are typi-

cally about 1 mm (Figure 4e). Biotite phenocrysts are rag-

ged and typically 2–3 mm in diameter, although they have

been almost completely replaced by chlorite, with second-

ary rutile. Accessory magnetite occurs throughout the

intrusion.

Analytical Techniques

One sample from each intrusion was collected for U-Pb zir-

con isotopic age dating at the Radiogenic Isotope Facility

(RIF) in the Department of Earth and Atmospheric Sci-

ences, at the University of Alberta. Zircon grains were sep-

arated from samples using standard magnetic and heavy

liquid separation techniques at the Apatite to Zircon Inc.

laboratories (Viola, Idaho). The zircon separates were

mounted in 1 cm2 epoxy pucks that were subsequently

ground down to expose the internal structure of the zircon,

before being polished for analysis. The pucks were washed

in 5.5M HNO3 at 21�C for 20 seconds to minimize surface

Pb contamination.

Prior to U-Pb dating, cathodoluminescence (CL) images

were obtained using a Gatan MonoCL4 Elite detector at-

tached to a FEI Quanta 250 FEG field emission scanning

electron microscope at the Department of Geoscience, Uni-

versity of Calgary. Laser-ablation inductively coupled

plasma–mass spectrometry (LA-ICP-MS) analyses were

acquired with a New Wave UP-213 Nd:YAG laser ablation

system in conjunction with a Nu Plasma multiple-collector,

inductively coupled plasma–mass spectrometry (MC-ICP-

MS) instrument. The latter is equipped with a collector

block including 12 Faraday collectors and 3 ion counters

(Simonetti et al., 2005) allowing static collection of both U

and Pb isotopes. The laser diameter was 30 �m with a laser

frequency of 4 Hz and �3 J/cm2 energy density. Data were

collected over a 30 second cycle in 1 second increments. An

in-house monazite standard from Madagascar with a 206Pb/
238U age of 517.9 Ma was used as a primary calibration ref-

erence. This has been dated by isotope dilution–thermal

ionization mass spectrometry (ID-TIMS; Heaman,

unpublished data) and is the same as that used by Simonetti

et al. (2006).

Results

The U-Pb isotopic data are shown in Table 1 for five

plutonic rocks from the study area. Isotopic ratios are un-

corrected for common Pb, and errors are reported at the 2�

level. Inherited cores were observed in all five samples and

they consistently yielded older dates that hindered the de-

termination of the crystallization age (Figure 5). As a result

of this common feature, multiple analyses were excluded

from each sample. Analyses containing high common Pb

values, highly discordant ages and obvious outliers were

discarded. After data reduction, weighted mean 206Pb/238U

ages and Tera-Wasserburg U-Pb concordia plots (Tera and

Wasserburg, 1972) were calculated using Isoplot v. 3.0

(Ludwig, 2003).

Porcupine Creek Stock

Sample EW11PC01 from the Porcupine Creek stock con-

tains zircon grains that are typically euhedral, prismatic and

50–100 �m long (Figure 5a). The grains display well-

developed oscillatory zoning, with some grains displaying

a complex internal structure that is possibly inherited or de-

trital in origin. The cores yielded significantly older ages

and were disregarded from future consideration. Twenty-

six analyses from 25 zircon grains yielded an average 206Pb/
238U age of 162.6 �1.3 Ma (Mean Square Weighted Devia-

tion, MSWD = 1.15), interpreted to be the age of crystalli-

zation (Figure 5c).

Baldy Pluton

Sample EW12BP01 from the Baldy Pluton contains zircon

grains that are euhedral, prismatic and typically 75–100 �m

in length (Figure 5b). The crystals have well-developed os-

cillatory zoning and resorbed, anhedral cores with complex

internal structures (Figure 5b). Four spots ablated through

the well-zoned rim and likely partly analyzed the complex

internal core, yielding significantly older ages. These anal-

yses were excluded from the calculations. Twenty-five

analyses from 23 zircon grains yielded an average 206Pb/
238U age of 117.5 �1.3 Ma (MSWD = 1.13; Figure 5d).

Mount Skelly Pluton

Sample EW11SC07 from the Mount Skelly pluton of the

Bayonne batholith contains zircon grains that are typically

euhedral to subhedral, with the latter showing evidence of

partial resorption (25–75 �m long; Figure 6a). Most of the

grains display oscillatory zoning and have complex,

resorbed, internal cores. As a result of the smaller size
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range and large internal detrital cores, 13 spots were ex-

cluded from the calculations. Fifteen spot analyses from 14

zircon grains produced an average 206Pb/238U age of

108.8 �1.2 Ma (MSWD = 1.5; Figure 6c).

Summit Stock

Zircon crystals from sample EW12SS01, taken from the

Summit stock, are typically anhedral, display well-

developed oscillatory zoning and fall in the size range 50–

100 �m long (Figure 6b). The majority of the zircon crys-

tals have complex, resorbed cores that appear bright in the

CL images. Six spots yielded significantly older ages and

were excluded from the calculations. Twenty-three analy-

ses from 23 zircon grains produced an average 206Pb/238U

age of 111.83 �0.86 Ma (MSWD = 0.58; Figure 6d).

Emerald Stock

Sample EW12ER11 from the Emerald stock yielded

anhedral zircon grains that display well-developed oscilla-

tory zoning and are typically 50–100 µm in length (Fig-

ure 6e). Seven spots yielded significantly older cores and

were removed from the calculations. Seventeen analyses

from 16 zircon grains yielded an average 206Pb/238U age of

101.7 �2.2 Ma (MSWD = 3.5; Figure 6f). The large MSWD

of 3.5 indicates there are likely two populations of zircons.

This may be the result of a prolonged crystallization period

or multiple pulses of magmatism.

Discussion

The five new zircon U-Pb dates, from granitic intrusive

rocks in the Creston-Salmo area, provide improved age

Geoscience BC Report 2014-1 109

Figure 5. a) Cathodoluminescence images of select zircon grains from the Porcupine Creek stock. The red circles represent the location of

the laser spot when acquiring analysis. The associated values are the
206

Pb/
238

U ages and corresponding 2� errors.
b) Cathodoluminescence images of select zircon grains from the Baldy pluton. c) Tera-Wasserburg U-Pb concordia plot for sample
EW11PC01. The analyses corresponding to the red error ellipses were used in determining a date for the intrusion, the black error ellipses
were discarded. This is the same for all of the Tera-Wasserburg U-Pb concordia plots. d) Tera-Wasserburg U-Pb concordia plot for sample
EW12BP01.
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Figure 6. a) Cathodoluminescence images of select zircon grains from the Mount Skelly pluton. The red circles represent the location of the

laser spot when acquiring analysis. The associated values are the
206

Pb/
238

U ages and corresponding 2� errors. b) Cathodoluminescence
images of select zircon grains from the Summit stock. c) Tera-Wasserburg U-Pb concordia plot for sample EW11SC07. d) Tera-
Wasserburg U-Pb concordia plot for sample EW12SS01. e) Cathodoluminescence images of select zircon grains from the Emerald stock.
f) Tera-Wasserburg U-Pb concordia plot for sample EW12ER11.



constraints for magmatism and deformation in this region

of southeastern BC. The U-Pb zircon date of 162.6 �1.3 Ma

for the Porcupine Creek stock is interpreted as the crystalli-

zation age. Ages obtained by Ghosh (1995a) for the nearby

Nelson plutonic suite (172–161 Ma) overlap with this age,

suggesting the Porcupine Creek stock is part of the Nelson

suite.

The low pressure cordierite and andalusite contact aureole,

adjacent to the Porcupine Creek stock (163 Ma), formed at

a lower pressure than the staurolite-bearing contact aureole

around the older (171 and 167 Ma) Mine and Wall stocks

(Figure 3; Webster and Pattison, 2013). This implies that

the crust in this area was being eroded or tectonically

unroofed during the Middle Jurassic. The granitoid and its

surrounding contact aureole were unaffected by subse-

quent deformation and regional metamorphism (Webster

and Pattison, 2013).

The deformed Baldy pluton yielded a U-Pb zircon date of

117.5 �1.3 Ma, interpreted as the crystallization age. This

age is consistent with, and overlaps within, the uncertainty

of the 117 +4/–1 Ma U-Pb (combined titanite and allanite)

age of Leclair et al. (1993). Because the Baldy pluton con-

tains the same deformation fabrics as those in the envelop-

ing metamorphic rocks, the new date constrains the upper

limit of penetrative deformation in the footwall of the

Midge Creek fault to approximately 118 Ma (D2/M2 of

Leclair et al., 1993 and Moynihan, 2012; Figure 3). The

Baldy pluton crosscuts the band of deformed Barrovian

metamorphism, implying that it postdates peak meta-

morphism (Figure 3).

The Midge Creek stock (MCS) is situated between the Nel-

son and Bayonne batholiths (Figure 2) and cuts the penetra-

tive structures and regional metamorphic isograds at the

northern end of the Baldy pluton. It is undeformed, except

at its northern tip, where the dominant foliation parallels

the regional trend (Leclair, 1988). Leclair et al. (1993) in-

terpreted the crystallization age of the MCS to be 111 �4 Ma

(mid-Cretaceous) from U-Pb (allanite) analyses. If this in-

terpretation is correct it indicates that the MCS was

emplaced during the latest stages of regional metamor-

phism and deformation in the area, with peak conditions oc-

curring prior to 111 Ma. Combined with the work of

Moynihan and Pattison (2013) to the north, and the new

118 Ma age of the deformed Baldy pluton, the age of defor-

mation and regional metamorphism is constrained to the in-

terval 143–111 Ma (Figure 3).

The postkinematic Summit stock yielded a U-Pb zircon

date of 111.8 �0.8 Ma, which is interpreted to be the age of

crystallization. The similar mineralogy and age of both the

Midge Creek stock and Summit stock confirm they are part

of the Bayonne magmatic suite. Low pressure (staurolite

free) andalusite-bearing contact aureoles, adjacent to both

the Summit stock and the MCS, imply that they were

emplaced at 7–11 km (Webster and Pattison, 2013; Fig-

ure 3). Biotite and hornblende K-Ar cooling ages for these

stocks (102 and 109 Ma, respectively) are only several mil-

lion years younger than the crystallization ages, implying

that they crystallized, cooled and remained at a temperature

below �300�C, (i.e., at shallow depth), following their

emplacement (Archibald et al., 1984).

The new U-Pb zircon age of 101.7 �2.2 Ma for the crystalli-

zation age of the Emerald stock is also the timing of miner-

alization. Drillhole results and underground mine workings

show that the Dodger and Emerald stocks are connected at

depth, and are therefore of the same age (Lawrence, 1997).

The new U-Pb age is in agreement with a K-Ar biotite age

of 100 �3 Ma from the Dodger stock (Dandy, 1997). These

two results are within error of each other, implying that the

mineralizing system and intrusion quickly cooled to below

�300�C following crystallization.

The new age of 108.8 �1.2 Ma for the Mount Skelly pluton,

combined with existing ages, requires a reinterpretation of

the Bayonne batholith. The intrusive rocks that comprise

the Bayonne batholith crystallized over an extended period

of time, ca. 30 m.y. The plutons have different composi-

tions, structural histories and varying depths of emplace-

ment, confirming the Bayonne batholith is a composite

body.

The cordierite-andalusite contact aureole around the

Mount Skelly pluton is hosted in regionally metamor-

phosed lower-greenschist–facies Belt-Purcell Supergroup

rocks in the hangingwall of the Purcell Trench fault (Web-

ster and Pattison, 2013). The intrusion and surrounding

strata in the hangingwall of the Purcell Trench fault are

characterized by older K-Ar and Ar-Ar cooling ages (99–

70 Ma) than the rocks in the footwall of the fault (60–

46 Ma; Archibald et al., 1984). Based on the new U-Pb

date, thermochronology and pressure and temperature esti-

mates of contact metamorphism of the Mount Skelly con-

tact aureole, the intrusion remained below 300�C after

crystallization (i.e., at 7–11 km or higher in the crust). This

contrasts with the geological history in the footwall of the

Purcell Trench fault, south of the Bayonne batholith. Fol-

lowing the crystallization of the Mount Skelly pluton at 7–

11 km in the crust, the rocks in the footwall of the PTF were

later buried (ca. 80 Ma) to approximately 20 km, undergo-

ing deformation and middle-amphiboli te–facies

metamorphism (Webster and Pattison, 2013).
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