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ABSTRACT

Igneous rocks of the Middle Jurassic, Cretaceous, Eocene and Miocene periods dominate
the geology of the Nechako plateau in central British Columbia. Study of the geochemistry
and tracer isotope values of these rocks provides insight into their different magmatic origins

and tectonic settings.

Middle Jurassic plutonism is isotopically primitive and supports emplacement above an active
continental arc. Eocene volcanism was regionally continuous between 53 and 47 Ma with
episodic related plutonism between 55 and 47 Ma. Eocene volcanism is isotopically primitive
(®’Sr/®Sr; = 0.7040-0.7045; eNdi = +0.9 to +4.6) and is interpreted as derived from an
enriched upper mantle source. Magmas were variably modified by fractionation and
contamination and erupted in a distal arc setting. Parental magmas of isotopically primitive
Oligo-Miocene Chilcotin Group basalts are asthenosphere derived. Isotopic results from
spinel lherzolite xenoliths entrained in Oligo-Miocene lavas indicate enriched components

within the upper mantle.
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CHAPTER 1

Introduction

Located in central British Columbia, the Nechako plateau is dominated by Middle Jurassic to
Tertiary igneous rocks. Erupted or intruded under different tectonic regimes, the geochemical
composition of these rocks reflects their magmatic origin and records the geological history of
the Stikine terrane. An integrated study of these rocks provides an understanding of the
composition and evolution of both the continental crust and the subsurface along a
convergent margin. A better understanding these processes further improves our general
concepts of global magmatism and plate tectonics (Lipman and Glazner 1991).

This study was conceived to focus primarily on the timing and origin of Eocene igneous rocks
within the Nechako plateau and expand on the work being conducted as part of the Nechako
project. The Nechako project is a geoscientific program initiated by the Geological Survey of
Canada (GSC) and British Columbia Geological Survey (BCGS) in 1995 to study the bedrock
and surficial geology of the Nechako plateau. Funded in part by the GSC National Mapping
Program (NATMAP), this project was established in recognition of the poor pre-existing
geological database within this area of recognized economic importance (Struik and McMillan
1996). After four seasons of field mapping, the bedrock and surficial geology has been
mapped over an area of more than 30 000 km? (Struik and Maclntyre 1999). In addition, local
studies of mineral deposits, structure of the Vanderhoof Metamorphic Compiex, regional and
local geophysics and other studies have been completed as part of this project (e.g.
L'Heureux 1997; Wetherup 1997; Lowe 1998). As a result, the distribution, lithologies,
stratigraphy and structure of the geology throughout the Nechako plateau is relatively well
known providing an excellent framework for this study.

This study presents new geochronological, geochemical and tracer isotope resuits for
igneous rocks from the Middle Jurassic, Late Cretaceous, Eocene and Oligo-Miocene.
Placing these results in the context of their structural and tectonic setting, as determined by
local and regional studies, insight can be obtained into the magmatic origin of these rocks
and the tectonic evolution of the Stikine terrane.

In Chapter 2, geochronological and tracer isotope results are presented from analyses of the
Middle Jurassic Stag Lake suite, Cretaceous Tip Top Hill volcanics and Oligo-Miocene
Chilcotin Group basalts and entrained spinel Iherzolite xenoliths. The extent of the Chilcotin
Group has been significantly expanded within the Nechako plateau by recent mapping
(Anderson et al., 1998; Resnick et al., 1999). New “°Ar/*°Ar data reported here are the first
dates reported within the Nechako River map sheet (NTS 93F) for these rocks. These data
augment the existing database of a few reported K-Ar dates from correlated rocks in adjacent
areas. Sr and Nd analyses from the basalt lavas and |herzolite xenoliths are also the first
reported for the Nechako River map area and provide fundamental information about the
isotopic nature of the subsurface of the Nechako plateau during the Miocene. These data are
compared with published results from Chilcotin Group basalts and xenoliths from the
Chilcotin plateau to the south.

Geochronological resuits from the Middle Jurassic Stag Lake suite and Cretaceous Tip Top
Hill volcanics, both originally, but incorrectly correlated with the Eocene Ootsa Lake Group,
are indicative of mapping difficulties due to lithological similarities of these units within the
Nechako plateau. Geochemical and tracer isotope results for these suites are contrasted with
the Eocene igneous rocks to facilitate distinction of these different units.

The largest Eocene igneous complex within the Canadian Cordillera is located within the
Nechako plateau in central British Columbia. This igneous complex is located between the



subduction-related Eocene Mount Skukum and Bennett Lake Igneous Complex in the Yukon
(Morris and Creaser 1998) and the subduction- and extension-related Eocene Kamloops and
Penticton Groups in south central British Columbia (Ewing 1981; Pearce et al. 1981; Smith
1986). Although Eocene volcanic and plutonic rocks are widespread in central British
Columbia and related to copper porphyry and Au-Ag+Cu epithermal deposits (Andrew 1988;
Leitch et al. 1991; Macintyre et al. 1997), these rocks are poorly understood (Souther 1991).

Chapter 3 presents “°Ar/*°Ar and U-Pb age determinations from the Eocene Ootsa Lake
Group which constrain the timing of Ootsa Lake Group volcanism and associated plutonism
in the Nechako plateau. These results augment the existing database of published K/Ar and
“Ar*Ar dates for the Ootsa Lake Group within the region. The timing of Eocene magmatic
activity is discussed relative to the Eocene structural and tectonic evolution of this region. In
addition, geochemical resuits from the Eocene Newman volcanics and Ootsa Lake Group
and tracer isotope results from the Newman volcanics, Endako and Ootsa Lake Groups are
reported in Chapter 3. Geochemical and tracer isotope results from these Eocene igneous
rocks in central British Columbia are compared to one another and to published data from the
area, in order to gain a better understanding of the magmatic origin of these rocks and their
relationship to the tectonic setting.
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CHAPTER 2

Geochronology and geochemistry of Middle Jurassic, Late Cretaceous
and Late Tertiary igneous rocks in the Nechako plateau, central British
Columbia

introduction

Recent mapping within the Nechako plateau in central British Columbia has revealed
remnant Neogene basaltic centers and lava flows in the Nechako River map sheet (NTS 93F)
(Anderson et al.,, 1998a; Resnick et al., 1999). These rocks have been correlated with the
Mio-Pliocene Chilcotin Group, based on the expansion of the original group designation by
Bevier (1983a, b) north into the Nechako plateau by Mathews (1989). There are no age
determinations reported for these rocks within the Nechako River map sheet and there are
only a few reported K-Ar dates from adjacent areas. New “°Ar/*°Ar age determinations for
these rocks are reported here, in addition to Sr and Nd analyses of the basalt lavas and
Iherzolite xenoliths.

Difficulties correlating volcanic stratigraphy within the Nechako plateau are highlighted by
new U-Pb age determinations of rocks initially correlated with the Eocene Ootsa Lake Group,
now identified as Cretaceous and Middle Jurassic in age. Geochemistry and tracer isctope
data for these rocks are also presented here.

These data, combined with available geochemical and tracer isotope data, provide an
overview of the isotopic character of igneous rocks extruded or emplaced since the Jurassic
within the Nechako plateau. These data can be used to provide insight into the geochemical
nature of the subsurface of the Stikine terrane in central British Columbia.

Regional Geology

The Nechako piateau is located within the Stikine terrane in the Intermontane belt (Figure 2-
1). The study area is at the eastern margin of Stikinia, and overlaps onto Cache Creek and
the western margin of Quesnellia. Stikinia is composed of late Devonian to middle Jurassic
volcanic and sedimentary strata and plutonic rocks. The volcanic and sedimentary units
within the study area are predominantly rocks of the Lower to Middle Jurassic Hazelton
Group which is composed of mafic flows, breccias, volcaniclastics and minor sediments of
calc-alkaline volcanic arc affinity (Monger et al. 1991). The Cache Creek terrane is composed
of sedimentary and volcanic rocks of oceanic affinity. Within the study area, the Cache Creek
Group is composed of an imbricate thrust stack of Upper Paleozoic and Mesozoic limestones
and chert, Mesozoic greywacke, siltstone, argillite and basalt with a layered cumulate
ultramafic klippe of unknown age (Struik and Orchard 1998). Triassic to early Jurassic
volcanic and sedimentary rocks of the Takla Group are exposed within the northeastern
corner of the study area in the Quesnel terrane (Figure 2-2) (Struik and Orchard 1998).
Quesnellia is widely considered a volcanic arc that was accreted onto the North American
margin during the Jurassic (Yorath 1991), however, recent research suggests that
pericratonic rocks underlie Quesnellia in southern British Columbia which would necessitate
moadification of the current tectonic model (e.g. Thompson et al. 1999; Heaman et al. 1999).
Early Triassic sediment deposits in northern British Columbia suggest amalgamation of
Stikinia, Cache Creek and Quesnellia with the Slide Mountain terrane between the Early
Triassic and Early Jurassic, forming the Intermontane Superterrane (Gabrielse and Yorath
1991). Accretion of the Intermontane Superterrane onto the western North American margin
likely occurred during the Early to Middle Jurassic (Yorath 1991). Middle Jurassic plutonism is
partly coeval, but mostly postdates terrane amalgamation ca. 185-175 Ma (Anderson 1998b).
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Figure 2-1. Terrane setting of study area showing *Sr/*Sy, isopleths (Armstrong
1988). (Yorath 1991).




'sjeays dew (1g6) siayiwS pue (Yee) Jaselq Hod
'(re6) @e poa1ol (9¢6) Joouysapuen ‘(4e6) Jaay
oMeyoaN ‘(3€6 SLN) |lESSHUA B} ale umoys seale

dew 000'0Gz:1 ‘dnois unodIYD 8Y) 10} suoleUIWISBp
abe Jy-) snojaaid pue suojjeso] sjduwes ‘eale

Apmis Jo ABojoab |esauab Buimoys dep ‘z-g ainbi4

ool 09 0

] ]
(wy) sjeds

_ D)
AT |

S8 U I \
N

(e) sajpnis snojAsld o

9j0zo8jed _H_

Apnis iy, % 0]020SaN D 2102053y _H_
suojjeao| ejep eby 0]0Z0oUa) . Jj0zous) .
SO)ET] =~  SHOQJ GAISMUJU]  SYD0J peiness
U:mmmq

o£G

VS

LCl




Middle Cretaceous uplift and thickening of the Coastal beit may be related to accretion of the
Insular superterrane onto the North American margin or from intraplate contraction and
plutonism related to a subduction zone further west (Monger et al. 1983; Gabrielse and
Yorath 1981). Uplift of the Coast belt is approximately coeval with the eruption of the Kasalka
Group volcanics (ca 87-100 Ma) located to the west of the study area within the central
Intermontane belt (Yorath 1991). Magmatic activity occurred during the Late Cretaceous with
the Tip Top Hili volcanics in the Nechako plateau and emplacement of the Bulkley plutons
west of the study area (ca 70-84 Ma) (Carter 1981; Yorath 1991). Large scale motion along
strike-slip faults, such as the Pinchi fault, during the Late Cretaceous to Eocene has been
proposed and the magnitude of this motion is the subject of ongoing debate (e.g Irving et al.
1996; Ward et al. 1997; Paterson et al. 1998; Mahoney et al. 1999). Paleomagnetic data from
Eocene rocks immediately to the west of the study area indicate that any northward motion
that may have occurred in the Stikine terrane was completed by 50 Ma (Vandell and Palmer
1989).

Crustal extension and dextral translation occurred along northwest trending faults during the
Early Eocene and along north trending en echelon transform fauits during the Late Eocene to
Early Oligocene in central British Columbia (Struik 1993). Eocene extension is evident within
the Nechako plateau in the system of northwest, northeast and east-west faults and the
Vanderhoof Metamorphic complex, which is interpreted as an extension-related core complex
(NTS 93F/09 and 93F/16) (Wetherup and Struik 1996; Wethurup 1997; Lowe et al. 1998).
Extension-related to the Vanderhoof Metamorphic Complex was northwesterly in orientation
and cooling was completed circa 45 Ma (Wethurup 1997; M.E. Villeneuve unpublished data
in Anderson et al. 1998b). During this period of transtensional stress widespread calc-alkaline
volcanism and plutonism occurred throughout the Nechako plateau. Similar extension-related
bimodal volcanic complexes are found in south central British Columbia.

Transitional to alkaline basalts of the Chilcotin Group were extruded over the Chilcotin
plateau to the south and into the Nechako plateau during the Oligocene-Miocene in a back
arc tectonic setting behind the Pemberton-Garibaldi arc to the west (Bevier 1983a; Mathews
1989; Souther 1991).

Previous Work

Oligocene - Micoene

Young basaltic rocks have been recognized in the Nechako River and adjacent map areas by
the earliest mapping in the area (e.g. Armstrong 1949; Tipper 1963a). These rocks were
initially designated the Endako Group (Armstrong 1949) and assigned an age of Miocene or
younger (Tipper 1963a). Later mapping and K-Ar dating revealed that some of these rocks
were Eocene in age (Mathews 1964; Stevens et al. 1982; Rouse & Mathews 1988; Diakow &
Koyanagi 1988), while others were Oligocene-Miocene (Church 1972; Stevens et al. 1982;
Mathews 1989). This problem was addressed by Mathews (1989) who expanded the original
designation of the Chilcotin Group (Bevier 1983a and 1983b) to include basaltic rocks,
indistinguishable in the field from those at the type section, which are between 26 and 1.1 Ma
in age. The Endako Group has subsequently been used to designate only basaltic to
andesitic rocks of Eocene age (e.g. Haskin et al. 1998).

Regionally the Chilcotin Group has three periods of abundant eruptions at 16-14, 9-6 and 3-1
Ma (Mathews 1989). Eleven K-Ar dates have been reported for Chilcotin Group basaits in the
Nechako Plateau (Figure 2-2). Two dates west of the Nechako River map sheet, in the
Whitesail (NTS 93E) and Smithers (NTS 93L) map sheets overiap and range from 19.6 to
21.4 (Church 1972; Stevens et al. 1982). Seven age determinations are reported from the
Prince George (NTS 93G) map sheet, immediately east of Nechako River. These dates
define at least four pulses of magmatism at 11.8 to 11.3 Ma, 9.5 Ma, 8.5 to 8.4 Ma and 6.3



Ma (Mathews 1989; Bevier 1983a).Two older dates, of 25.6 + 1.0 and 26.8 + 0.7 Ma, are
reported from the Summit Lake center, north of Prince George (Mathews 1989).

The extent of Chilcotin Group rocks within the Nechako River map area is described by
recent mapping (Anderson et al. 1998a; Anderson et al. 1989; Struik et al. 1999). Within the
Nechako River map area these rocks typically display columnar jointing, lack amygdules or
vesicles, and may contain phenocrysts of plagioclase, pyroxene and/or biotite. These rocks
may contain xenocrysts of olivine or pyroxene and both mantle and crustal xenoliths are
found at or near volcanic centers (Resnick et al. 1999). The localities sampled in this paper
are described in detail in Resnick et al. (1999), with the exception of the Summit Lake locality
which is described in Brearley et al. (1984) and Smith (1986). The locations for all samples
analyzed in this study are given in Appendix I. A recent petrogenetic study of these rocks
identifies them to be mostly basanites and hawaiites, alkaline, high-K, nepheline-normative,
calc-alkaline, with within-plate affinities (Resnick 1999). These rocks are chemically distinct
from type locality Chilcotin rocks described to the south which are transitional alkaline-
subalkaline, nepheline-, hypersthene- and quartz normative (Bevier 1983b; Smith 1986;
Dostal et al. 1996). Two-pyroxene equilibrium temperatures of spinel lherzolite xenoliths are
consistently lower than the liquidus temperatures of the basalt lavas (Suh 1999). Thus,
Resnick (1999) concludes that the source region for these lavas is the asthenosphere and
formed from an upwelling of the asthenosphere. This agrees with the back-arc tectonic
setting that is inferred for the type locality Chilcotin basalts (Bevier 1983b).

Cretaceous

Cretaceous volcanic and plutonic rocks have been recently mapped in the Fort Fraser (NTS
93K) and Nechako River map areas (e.g. Anderson & Synder 1998; Anderson et al. 1998a;
Anderson et al. 1999; Struik et. al, 1999; Hrudey et al. 1999) modifying the distribution of
these rocks on earlier maps (Armstrong 1949; Tipper 1963a). Cretaceous plutons range from
diorite to monzonite to granodiorite. Volcanic rocks are composed predominantly of andesitic
to dacitic flows and tuffaceous rocks with minor rhyolite flows and sedimentary rocks. A few
dates have been reported regionally and these rocks are well dated where they host
epithermal Au-Ag+Cu mineralization, e.g. the Silver Queen deposit (Leitch et al. 1992) and
the Capoose prospect (Andrew 1988).

Five K-Ar dates are reported for intrusions within the Nechako River map sheet that overlap
and range from 64.3 to 70.3 Ma (Andrew 1988; Friedman in Lane and Schroeter 1997).
These rocks were correlated with the Quanchus intrusions by Andrew (1988). Nine K-Ar
dates are reported from volcanic and intrusive rocks in the adjacent Whitesail and Smithers
map sheets which give age ranges of 70 to 71.5 and 75 to 79 and a date of 85 Ma (Church
1972: Drobe 1991; Leitch et al. 1992). These ages correlate well with the Bulkley intrusions,
west of the map area, which range from 70 to 84 Ma, with major pulses occurring at 70, 76
and 83 Ma (Carter 1981). The volcanics dated between 75-78 Ma, named the Tip Top Hill
Formation by Church (1970 & 1972), are younger than the mid-Cretaceous Kasalka Group
volcanics, to the west, which range in age from 87 to 100 Ma (Yorath 1991). Some authors
have suggested including the Tip Top Hill volcanics as a formation within the Kasalka Group
based on lithological similarities and the understanding that these K-Ar dates underestimate
the true age (Leitch et al. 1992). Others have separated them into the Carmacks and South
Fork Assemblages, respectively based strictly on the determined age ranges (Souther 1991).
Other groups within the Late Cretaceous Carmacks Assemblage include the Carmacks
Group in southwestern Yukon and the Brian Boru Formation, near Hazelton, in central British
Columbia (Souther 1991). The Carmacks Group volcanics are potassic and calc-alkaline in
nature. The Brian Boru Formation are porphyritic andesite breccias and massive flows which
have been K-Ar dated to 70-72 Ma (Sutherland 1960).

Jurassic
The distribution and age of Jurassic plutonism is well known within the Nechako River and

Fort Fraser map areas. The presence of a series of Jurassic intrusions was recognized in



early mapping (Armstrong 1949) and numerous subsequent studies (e.g. Tipper 1963a; Carr
1966), particularly as they relate to the Endako molybdenum mine (e.g. Dawson 1972;
Kimura et al. 1976; Bysouth and Wong 1995). Recent mapping of the region (Whalen et al.
1998; Anderson and Synder 1998) and an excellent review of the Endako batholith
(Anderson et al. 1998b) divide local Jurassic plutonism into three phases; Middle Jurassic
Stag Lake Suite (171-163 Ma), Late Jurassic ‘older Francois Lake plutonic suite (159-154
Ma) and the Jura-Cretaceous ‘younger Francois Lake suite (148-145 Ma). These were
preceeded by the Late Triassic Boer Suite (220-215 Ma?). These age ranges are based
primarily on 12 “Ar/°Ar and 3 U-Pb ages (Villeneuve unpublished data in Anderson et al.,
1998b) which provides more restricted age ranges than the approximately 20 K-Ar and 2 Rb-
Sr dates (including Baadsgaard et al. 1961; Tipper 1963b; Lowdon 1963; White et al. 1968
and 1970; Kimura et al. 1976; Bysouth and Wong 1995).

Over 100 chemical analyses have been conducted on these rocks as part of the Nechako
NATMAP project and are reported in Anderson et al. (1998b). All of the units are classified as
calc-alkaline and subalkaline with a moderate to high K content and volcanic arc granite
affinity. The results show an overali trend from a more primitive geochemistry in the Triassic
to a more evolved arc signature by the end of the Jurassic. Preliminary isotopic data in
Anderson et al. (1998b) supports published data indicating a primitive source material with
initial 87Sr/P®Sr; < 0.704 and 50'® = +5 to +7%y (Margaritz and Taylor 1976; Armstrong 1988;
Woodsworth et al. 1991; R.L. Armstrong unpublished data in; Anderson et al. 1998b).

Major and Trace Element Geochemistry

Analytical Methods

Two Cretaceous samples were selected for analysis. These analyses are intended only to
provide a initial sampling of the geochemistry of these Cretaceous volcanics and enable a
preliminary comparison with the lithologically similar Eocene volcanics. Splits of each sample
were powdered using both a Tungsten carbide and steel ring mill. Samples were analyzed in
the laboratories at the Geological Survey of Ottawa. Samples were analyzed using X-ray
flourescence for major and several trace elements (Ba, Nb, Rb, Sr and Zr). Trace elements
were determined using inductively coupled plasma emission spectrometry (Ag, Ba, Be, Co,
Cr, Cu, La, Ni, Mo, Pb, Sc, Sr, V, Y, Yb, Zn, Zr) or inductively coupled plasma mass
spectrometry (Bi, Cd, Cs, Ga, Hf, in, Nb, Rb, Sn, Ta, Th, Tl, U, Ce, Dy, Er, Eu, Gd, Ho, La,
Lu, Nd, Pr, Sm, Tb, Tm, Y and Yb). Precision is + 1-5 % for the major elements and + 5-10 %
for the trace elements. Analytical errors are given with the data in Appendix ll. A sample
previously analyzed at the University of Alberta by wet chemistry (H. Baadsgaard 1964
unpublished data) was analyzed with those submitted to the GSC to compare repreducibility
of results. Results of these comparative analyses are in good agreement for all elements
determined.

Resuits

Only general comments can be made about the geochemical character of the Cretaceous
volcanics based on these limited data and lack of available published data. These two
Cretaceous flows, one andesite and one rhyolite, have SiO, contents of 59 and 74 wt.%,
respectively. Both samples are calc-alkaline in character (Figure 2-3), fall within the
subalkaline field on the (Na,O + K,0) vs SiO, plot (Figure 2-4) and are very high K (Figure 2-
5). The chondrite normalized rare earth element (REE) plot (Figure 2-6) shows light rare
earth element (LREE) enrichment, heavy rare earth element (HREE) depletion and a weak
negative Eu anomaly. This gradual enrichment in REE from Yb to Ce is typical of continental
margin arc magmatism (Condie 1989). The andesite sample shows less enrichment of LREE
and greater HREE depletion than the rhyolite sample. The mixed trace element plot
normalized to primitive mantle composition (Figure 2-7) shows both samples are enriched in
the large ion lithophile elements (LILE), K, Rb, Cs, Sr and Ba, as well as LREE relative to the
HREE and high field strength elements (HFSE), Ti, Zr, Hf, Nb and Ta. Both samples also
show a negative Nb anomaly and positive K and Pb anomalies on this plot. The rhyolite
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sample also shows negative P and Ti anomalies. The mixed element mid ocean ridge basalt
(MORB) plot (Figure 2-8) shows these same trends in addition to a Ta-Nb depletion relative
to the neighbouring LILEs. The rhyolite sample also shows a slight depletion in Ba, relative to
the adjacent LILEs. This MORB normalized element pattern is typical of subduction-related
high K calc-alkaline rocks like those in central Chile (Pearce 1983). The tectonic
discrimination diagram from Wood (1980), shown in Figure 2-9, shows that both samples
clearly plot in the subduction-related volcanic field.

Trace element data from the Middle Jurassic Stag Lake suite and Jura-Cretaceous plutons
within the study area are shown in Figures 2-6 and 2-7 for comparison. The Cretaceous
samples show a greater overall enrichment of REE than both plutonic suites, however, the
Jura-Cretaceous rocks show a similar enrichment level of the HREE. All three suites show a
similar overall pattern of greater LREE enrichmen: relative to HREE, generally decreasing
from Ce to Lu, with either a weak negative or no Eu anomaly. This chondrite normalized REE
pattern is typical of calc-alkaline or continental rift related rocks (Condie 1989). The three
suites show a similar pattern of LILE enrichment with a strong negative Nb and variable
negative Ti anomalies on the mixed element PM normalized plot. The Jura-Cretaceous rocks
also show a strong negative Ba and Sr anomaly, not seen in the other two suites.

U-Pb Geochronology

Analytical Methods

The samples were prepared at the University of Alberta by standard crushing (jaw crusher
and disk mill) and mineral separation (Wilfley table, heavy liquids, Frantz Isodynamic
magnetic separator) techniques. Multi-grain zircon fractions were handpicked from different
magnetic and morphological groups. Certain fractions, indicated in Table 1, were air abraded
using the technique of Krogh (1982).

Samples were cleaned (Heaman and Machado 1992), weighed and spiked with a mixed
25pp.25Y spike before dissolution in teflon vessels. U and Pb were purified from dissolved
samples by anion exchange chromatography on micro-columns using a method modified
from Krogh (1973). U and Pb were loaded together onto single outgassed Re filaments using
HsPO, and silica gel. Isotopic compositions of U and Pb were determined using two thermal
ionization mass spectrometers, a Sector 54 and VG 354. Both mass spectrometers were
operated in single-collector mode using either a Faraday cup or Daly photomultiplier detector.
Pb and U data collected using the Daly collector (most data) were corrected by a factor of
0.13%/amu and 0.15%/amu (VG 354) and 0.056%/amu and 0.024%/amu (Sector 54),
respectively. All isotopic ratios were corrected for mass discrimination based on repeated
analyses of the NIST SRM981 Pb and U500 standards. Mass discrimination corrections of
0.12%/amu and 0.15%/amu (VG354) and 0.11%/amu and 0.12%/amu (Sector 54) were
applied to Pb and U, respectively. Repeated procedural blanks for U and Pb were measured

as 6 pg + 50% and 5 pg + 20%, respectively. Decay constants used were A(PRU) = 1.55125 x

10™yr and A(P°U) = 9.8485 x 107"%yr and an atomic ratio of 22U/?°U=137.88 (Steiger and
Jager 1977; Jaffey et al. 1971; Cowan and Adler 1976). The composition of initial Pb was
calculated using the Stacey and Kramers (1975) growth curve. All calculations and errors
were calculated using in-house software. All results are reported with errors at the 2 o level
(95% confidence interval). Weighted mean and linear regression age calculations were
determined using Isoplot (Ludwig 1998).

Sample Descriptions and Resuits
Analytical results from U-Pb zircon analyses for two samples are shown in Table 1 and
Concordia diagrams in Figure 2-10.
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Figure 2-10. Concordia diagrams for the (a) Savoury Hill dacite (SCB-97-
3806) and (b) Hallett Lake monzogranite (ATG-98-0702).
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Savory dacite 93K/3 (SCB-97-3806)

This medium grey plagioclase dacite is a widespread unit in 93K3, particularly along Savory
ridge, north and west of Tchesinkut River. Lower portions of this flow contain minor
homblende and it directly overlies a sequence of rhyolite, rhyolite breccia and conglomerate.
Zircons from this sample are a mix of needles, many with inclusions along the length of the
needle, and moderately to substantially resorbed, approximately equant, prisms. Analyses of
four multi-grain fractions of needles produced slightly discordant resuits (Figure 2-10a). A
linear regression gives a lower intercept of 742 + 0.4 Ma. The upper intercept is
unconstrained due to the clustering of analyses. In such cases the Pb/U ages may ggovide a
better estimate of the zircon crystallization age. The individual **Pb/?*U and *’Pb/~°U ages
are in agreement for all fractions with the exception of the *’Pb/~°U_age from the first
fraction. This fraction is excluded in the quoted weighted mean **Pb/”®U and *’Pb/>°U
ages. The weighted mean 2%Pb/~®U age for the three most concordant fractions, 74.2 + 0.3
Ma, is taken as the best estimate of the crystallization age for this dacite.

Hallett Lake Monzogranite 93F/15 (ATG-98-0702)

Sporadic outcrops of this composite pluton occur in the south central area of the Hallett Lake
map sheet (93 F/15) and the north central part of the Big Bend Creek map sheet. The pluton
is composed primarily of mottied pink and white, medium grained, biotite monzogranite with
minor felsic porphyritic and intrusive breccia phases, porphyritic dykes and stocks (Anderson
and Synder 1998; Grainger and Anderson 1999). The majority of the zircons separated from
this sample are clear, euhedral and equant in proportion with a minor population of clear
needles. Some of the larger equant zircons are slightly to moderately resorbed. Four fractions
from the equant zircon population and one representing the needle-like zircon morphology
were analyzed from this sample (Figure 2-10b). The most concordant analyses are from air
abraded fractions (4 & 5), indicating lead loss as the most probable cause of the discordant
results. A discordia line using all five fractions gives an upper intercept of 169.0 + 2.9 Ma,
which is interpreted as the crystallization age of this sample. The lower intercept has a
significant error and can be interpreted as intersecting at zero.

4Ar*9Ar Geochronology

Analytical Methods

Four whole rock samples from the presumed Oligo-Miocene basalts were selected for
analysis. Samples were crushed and sieved to 150-350 um at the University of Alberta, then
prepared and analyzed at the Geological Survey of Canada laboratories in Ottawa. Fine
grained and homogeneous whole rock fragments were selected for analysis, placed into
separate aluminum foil packets and loaded into an aluminum can. The age calculation for the
“Ar/°Ar dating method includes a parameter called the J value, which is, in part, a function
of the neutron flux density and capture cross sections. These two variables are difficult to
determine empirically, however, it is possible to determine the J value for a particular position
by using a sample of known age, called a flux monitor (Faure 1986). Studies have found the
Fish Canyon Tuff sanidine (FCT-SAN) to be suitably homogeneous for laser “Ar/*Ar dating
(Lanphere and Baadsgaard 1997; Renne et al. 1994). One FCT-SAN grain was loaded with
each sample in the aluminum packets to act as a flux monitor. The aluminum can was
irradiated for eight hours in the research reactor at McMaster University in an approximate
fast neutron flux of 3x10'® neutrons/cm?®.

Several aliquots of, usually, five whole rock fragments from each sample were each loaded
into a separate hole in a copper planchet. The monitor grain from each packet was also
loaded into the planchet. Each monitor was fused in one step and used to calculate the J
value for that sample, based on the reported age of 28.03 £ 0.1 Ma for FCT-SAN (Renne et
al. 1994; McDougall and Harrison 1988). J values were interpolated for samples that did not
contain monitors. Each aliquot was step heated in 3 to 11 increments, from 0.1 to 2 % of the
nominal laser power, using a Merchantek® MIR-10 10 W CO;, laser. This laser is equipped
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with a 2mm x 2mm flat-field lens, which evenly heats the sample. Each heating step was two
minutes in length and typically corresponds to an increment of 50°C to 150°C. Analysis was
conducted using a VG 3600 gas source mass spectrometer using either a Faraday cup or
standard electron multiplier collector. The relative gain of the electron multiplier is
approximately 50 and the sensitivity is typically 1.900X10° cm®V. Data collection protocols
are described in Villeneuve and Macintyre (1997). Decay constants and isotopic abundances

used are A(*K)=5.543 x 107"%yr, *K=932581, “°K=0.01167 and *'K=6.7302 as
recommended by Steiger and Jager (1977) and determined by Beckinsale and Gale (1969)
and Garner et al. (1976). Data reduction procedures are given in Roddick (1988) and is
based primarily on the individual error associated with each step. The error in the J-factor (+
0.5%, 1o) is applied to the final age, however, the monitor age uncertainty is not. All results
are reported with errors at the 2 o level of uncertainty, unless otherwise stated.

Results

Both heating gas release and inverse isochron plots (Roddick et al. 1980) are used to dispiay
the results from four whole rock samples analyzed as shown in Figures 2-11 (a-g). A
complete data summary is provided in Appendix ill. Each gas release plot shows ali of the
aliquots analyzed from one sample placed side-by-side. Different aliquots are distinguished
bgy the shaded backgrounds. The horizontal scale has been normalized to the total volume of
39Ar gas produced for one sample (i.e. the combined amount of 35Ar gas produced from all
aliquots analyzed for one sample). This makes the relative quantity of gas released in
different aliquots readily visible, but does not affect the gas release profile. For example, in
Figure 2-11 (a) the second aliquot produced slightly more **Ar gas than the first aliquot (67%
vs 43%), however, both produced comparable quantities of gas. Each step is indicated by a
filled black rectangle (e.g. in Figure 2-11 (a) there are five steps in aliquot one, six in aliquot
two). The rectangle is vertically centered about the calculated step age and the height of the
polygon corresponds to the magnitude of the error associated with that calculated age. The
rectangle width is proportional to the quantity of SAr gas released in that step. Referring
again to Fig 2-11 (a), the first step in aliquot one illustrates a calculated step age of 28.1 = 1.1
Ma from 37% of the total >°Ar released (or 85% of the *°Ar gas released in aliquot one). Step
two of aliquot one illustrates a calculated age of 28.4 + 10.9 Ma from less than 2% of the total
*Ar released (or just 4% of the gas released in aliquot one). These gas release plots show
that in all of the aliquots analyzed most or all of the steps have a consistent calculated step
age, referred to as a plateau age. in all of these samples, the plateau ages from the two
aliquots analyzed are in good agreement and this combined plateau age is interpreted as the
crystallization age of the sample. Some of the samples released only a small quantity of
radiogenic argon, which increases the analytical error on the plateau age. In these cases, an
inverse isochron plot can be used for analysis to obtain a more precise age.

Summit Lake Quarry basalt, 93J7 (ATR-98-SLQ)

Two aliquots of six and five whole rock fragments, respectively, were analyzed from this
sample (Figure 2-11a). Most of the gas in the first aliquot was released in the first heating
step and the remaining steps produced little gas and consequently have large errors
associated with the calculated step ages. However, the steps in the first aliquot are in good
agreement and agree well with the plateau in the second aliquot where the gas was more
equally distributed among the heating steps. The two plateau ages combine to produce a

total gas age of 28.0 £ 0.6 Ma.

Ootsa Main basalt, 93F/12 (ATR-98-3303)

Two aliquots of five whole rock fragments each were analyzed producing good plateaus with
ages of 12.7 and 13.0 Ma (Figure 2-11b). The large errors are mostly due to the small
quantity of radiogenic argon released as compared to significant quantities of atmospheric
argon. The inverse isochron plot provides a more precise estimate of the crystallization age
of the sample at 13.1 + 0.3 Ma with an MSWD=0.6 (Figure 2-11c). Although less precise, the
combined plateau age of 13.5 + 1.2 Ma is in agreement with the inverse isochron age.
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Alasla Mountain basalt, 93F/14 (ATR-98-0302)

Two aliquots of five whole rock fragments each were analyzed from this sample. Both
aliquots produced a good plateau give a combined plateau age of 13.3 + 0.2 Ma (Figure 2-
11d). The argon loss in the early steps of both aliquots may be thee result of a younger event
in the vicinity. The inverse isochron plot provides a more precise age estimate for this sample
of 13.4 + 0.2 Ma with an MSWD=1.9 (Figure 2-11e). The two ages are in excellent agreement
and the plateau age is taken as the best estimate of the crystallization age of this sample.

Lavoie Lake basalt, 93F/8 (ATR-98-0202)

Two aliquots, each of five whole rock fragments, produced excelllent plateaux (Figure 2-11f)
giving a combined plateau age of 11.3 + 0.4 Ma. The inverse isochron age is in excellent
agreement and gives an age of 11.3 £ 0.1 with an MSWD=2.8 for this sample (Figure 2-11g).
The slightly elevated MSWD for the inverse isochron age suggests that the analytical error
may be underestimated in this calculated age and thus the combired plateau age is taken as
the crystallization age of this sample.

Sr and Nd isotope geochemistry

One Chilcotin basalt and one lherzolite xenolith from three different localities and one Middie
Jurassic granitic sample were selected for analysis. Jurassic, Oligocene and Miocene
samples were analyzed in order to compare with reported results for these units, to
investigate the isotopic composition of the subsurface and the tectonic implications for this
period. Constraining the mantle and crustal compositions from these units will also help
provide a framework within which to interpret Eocene volcanism, which is relatively less well
understood in this area.

Analytical Methods

Samples were prepared by standard crushing procedures (Jaw crusher and powdered in a
tugsten carbide ring mill). Isotopic abundances and ratios for Rb-Sr and Sm-Nd were
determined at the University of Alberta using isotope dilution mass spectrometry. Rb and Sm
were measured on a Micromass 30. Sr and Nd were measured on a VG 354. Measured
ratios were normalized to %Sr/%8Sr = 0.1194 and "“*Nd/'**Nd = 0.7219. Replicate analyses of
standards run during this study produced results of “INd/'Nd = 0.512095 * 4 for the Shin
Etsu Nd standard (n=19) and ’Sr/*®Sr = 0.710275 + 7 for the NBS 987 Sr standard (n=18).
Initial isotopic values were calculated using “°Ar*°Ar or U-Pb age determinations for samples
where available and an average Miocene “CAr*Ar age of 12.7 Ma was used for the one
Chilcotin sample lacking a direct age determination. Analytical results are shown in Table 2.
Decay constants used were A(**'Sm)= 6.54 x 10"%yr and A(*Rb)= 1.42 x 107 'fyr (Lugmair
and Marti 1978; Neumann and Huster 1976; Davis et al. 1977). Values of
"CNd/**Ndcrur=0.512638, "TSm/"**Ndcpyr=0.1967, “SNd/"**Ndpu=0.513163,
“ISm/"“Ndpm=0.2137 were used to calculate initial eNd and depleted mantle model ages
using the following equations;

eNd = ("“*Nd/"*Ndr, /'**Nd/*“*Ndcpyrmy-1)x10*
Tom= IN[(**Nd/M**Nd-"*Nd/*“*Ndpw)/ (" Sm/M*Nd-"*"Sm/"*“Ndom)+ 1V/A
where "*Nd/"™“Nd, = "*Nd/"Nd-""Sm/"“Nd(e*-1).

Results

Oligocene and Miocene

There is a distinct difference in the Sr and Nd isotopic signature between the two basalt
samples from the Nechako River map area, the Bird road locality (ATR-0203 93F/11) and
Ootsa Main locality (ATR-3303 93F/12), and the third basalt sample from the Summit Lake
locality (ATR-SLQ 93J/7) in the McLeod map sheet as shown in Figure 2-12. The Nechako
River samples fall within the mantle array indicating a primitive source, whereas the Summit
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Lake sample plots outside the array and indicates contamination with more evolved crustal
material.

The two primitive ®’Sr/*®Sr results of 0.7035 and 0.7036 agree well with published values from
the type locality Chilcotin Group basalts (Farquharson 1973; Bevier 1983b). Twelve of these
fourteen samples have measured values between 0.7031 and 0.7035 with two higher results
of 0.7037 and 0.7038. Twenty-four analyses of Chilcotin Group basalts anaiyzed by Smith
(1986) show a greater range with ’Sr/**Sr=0.7028 to 0.7039 and eNd=+8.5 to +4.1. The two
basalts analyzed here have slightly lower eNd values, but are close to the range defined by
these analyses (Figure 2-12).

The spinel Iherzolite xenolith samples from the same three sites have *’Sr/*°Sr, ranging from
0.7036 to 0.7051 and eNd; of +5.7 and +3.1. The Iherzolite *’Sr/**Sr; result from the Ootsa
Main locality agrees within error of the basalt, is slightly lower at the Summit Lake locality and
higher at the Bird road locality. The eNd; values are distinctly different at both the Summit
Lake and Ootsa Main localities. Shi et al. (1998) concluded from a study of xenoliths in the
northern Canadian Cordillera that spinel |herzolites represent the regional lithospheric upper
mantle. If these results do accurately reflect the upper mantle composition, they indicate that
there is significant heterogeneity in isotopic composition. Results from an isotopic study of
mantle xenoliths, predominantly spinel lherzolites, in Chilcotin basalts within the Quesnel
terrane indicated an even greater variation with ®’Sr/**Sr ranging from 0.7040 to 0.7102 and

eNd= -20.4 to +6.9 (Smith 1986).

Jurassic

The isotopic results from the one Stag Lake suite sample falls just slightly below the *’Sr/*°Sr;
range for published results from igneous rocks in the Stikine terrane (Samson et al., 1989;
Patchett et al., 1998) as shown in Figure 2-12. However, in general the results are similar and
this analysis agrees well with unpublished data from the other Jurassic plutons in the Endako
batholith of 8’Sr/%®Sr;, = 0.7039 and eNdi ranging from +3 to +7 for other samples from the
Stag Lake suite (Anderson et al. 1998b; Anderson, B.A. and Whalen, J.B., unpublished data).
These data support previous findings that this pluton, like other Jurassic igneous rocks of the
Stikine terrane, are composed of juvenile mantle derived material (Samson et al. 1989;
Mihalynuk, et al. 1992).

Discussion

Timing of Magmatism

Jurassic

The Hallett Lake monzogranite sample was collected from a mapped outlier of the Copley
Lake pluton near Hallett Lake. This locality has previously been correlated with the Eocene(?)
Copley Lake pluton based on the lithological similarity with rocks cross-cutting Eocene Ootsa
Lake Group volcanics elsewhere. Given the fact that there is no physical or analytical
evidence among the zircon population of this sample to suggest that this sample is
significantly younger than the U-Pb age determined here, this outlier is obviously not
correlative with the Copley Lake pluton. Rather, this sample is age correlative with the Middle
Jurassic Stag Lake suite which has been dated at 171-163 Ma (Villeneuve, M.E. unpublished
data in; Anderson et al. 1998b). The composition of the pluton is consistent with the felsic
Tintagel and Caledonia phases of this suite which are biotite quartz monzonite to
monzogranite and known outcrops of these phases can be found within the vicinity of the
Hallett Lake locality. Difficulties in distinguishing Jurassic from Eocene plutons are not
surprising given the low metamorphic grade in the area and compositional similarity between
the suites. Another example of this potential confusion is illustrated by the U-Pb dating of a
felsic pluton near the Endako mine which yielded an Eocene age instead of the expected
Jurassic age based on regional mapping (Villeneuve and Whalen, unpublished data).
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The major element chemistry of the Middle Jurassic and Eocene plutons is similar, both are
calc-alkaline, subalkaline, peraluminous, high K, LIL and LREE enriched. However, the
Middle Jurassic plutons have volcanic arc affinities whereas the Eocene piutons have within-
plate granite affinities on a Rb vs Y+Nb tectonic discrimination diagram (Peace et al. 1984;
Anderson et al. 1998b). The Eocene plutons are more potassic, have greater LIL and LREE
enrichment and have a more marked Eu anomaly. Isotopic differences might also be usefui to
distinguish these plutons. Unpublished eNd; values for Middle Jurassic plutons range from +3
to +7 in the Endako batholith, whereas the Eocene Sam Ross pluton in the Fort Fraser map
area has eNd; values between 1 and 3, identical to the Eocene Ootsa Lake Group (Anderson
et al. 1998a; R.G. Anderson and J.B. Whalen unpublished data).

Cretaceous

The Savoury dacite unit was initially mapped as a lower unit within the Ootsa Lake Group
(Whalen et al. 1998). Given the precise U-Pb age of 742 + 0.3 Ma, this unit may be
correlative with the 75-79 Ma Tip Top Hill volcanics. This would extend the distribution of the
Tip Top Hill volcanics east of the Buck Creek basin and indicates that Late Cretaceous
volcanism may be significantly more widespread within the Nechako plateau than previously
understood. The Savory dacite unit has been mapped throughout the Endako and Taltalpin
map areas (93 K/3 and 93 K/6) (Whalen et al. 1998; Hrudey et al. 1999) and suggests that
Eocene units mapped within these and adjacent areas need to be carefully reconsidered.

This new age highlights the need for a means to distinguish Eocene and Cretaceous
volcanics. The lithologies of the rocks are similar and the only difference appears to be the
greater frequency of hornblende phenocrysts within the Cretaceous volcanics. This can be
used as an indicator, but can not be used to distinguish the two suites. Unfortunately the
geochemical results for the Cretaceous samples analyzed fall within the elemental variation
patterns of the Ecoene Ootsa Lake Group and are similar in all aspects. There are no
differences between the two groups, based on these limited data, that can be used to
distinguish them. Further geochemical and tracer isotope analyses from the Tip Top Hill
volcanics are necessary to identify differences between these suites or confirm the apparent
chemical similarity.

This age determination suggests there is a good correlation between the K-Ar and U-Pb
isotopic systems and is in disagreeement with the suggestion by Leitch et al. (1992) that the
younger 75-79 K-Ar ages are underestimating the crystallization ages in this area.

Oligocene and Miocene

The Summit Lake volcanic center is significantly older than the three sites from the Nechako
River map sheet. The YAr/Ar age is slightly older than the previously published K-Ar dates
from Summit Lake, but they do overlap within error. This site was specifically included in the
Chilcotin Group by Mathews (1989), therefore this new age slightly expands the defined age
range from 28 to 1.1 Ma.

The three “°Ar*°Ar ages from the Nechako River map sheet combined with the regional
compilation of Chilcotin age determinations by Mathews (1989) suggests that eruptive activity
was regionally continuous from 6 to 16 Ma (Figure 2-13). The compilation by Mathews (1989)
shows fewer reported ages between 9 and 14 Ma. Mathews (1989) suggested that this either
represents a period of reduced volcanic activity or that the results in this interval are spurious.
Three of the four ages determined here fall into the 9 to 14 Ma period indicating that the
fewer results between 9 and 14 Ma are not due to spurious analyses, but may reflect a
reduced rate of volcanic activity. Chilcotin Group volcanism in the Nechako plateau lacks any
dated eruptions prior to 6 Ma.
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Magmatic and Tectonic Evolution

Jurassic to Cretaceous

Trace element data for the Jurassic plutons in the Nechako plateau (Anderson et al. 1998b)
and Cretaceous Tip Tip Hill volcanics presented here, are both indicative of a subduction-
related geochemical signature. The enrichment in LREE relative to HREE, LILE enrichment,
negative Nb and Ti anomalies, and general increasing enrichment in incompatible trace
elements from Yb to Ce are all characteristic of a subduction-related magmatic source
(Condie, 1989). According to Condie (1989), the Ta-Nb depletion relative to LILE or
subduction zone component (SZC) can only be derived in three ways; (1) directly from an arc
related magma, (2) from a magma derived from melting arc-related rocks in the crust or (3)
superimposed on a mantle lithosphere source possibly as a result of an earlier period of
subduction.

The isotopic results from the Stag Lake suite (eNd=5.6, Sr=0.7036) suggest a primitive
source which is consistent with formation in a volcanic arc setting. It has been argued that
Stikine terrane formed in an intra-oceanic environment based on the lack of apparent crustal
contamination (Samson et al. 1989). However, the emplacement of the Stag Lake suite post-
dates accretion of the intermontane Superterrane (Ricketts et al. 1992; Murphy et al. 1995).
This fact, combined with the evolving chemical character of magmatism in the Nechako
plateau from the Late Triassic to Late Jurassic (Anderson 1998b) suggests that the arc
system operated relatively continuously throughout this time and that the subcontinental
lithospheric mantle was not significantly altered by the migration or addition of other isotopic
sources into the subsurface in this region. This implies that there was no North American
continental crust beneath the Nechako plateau during the Middle Jurassic as the lower Sr
isotopic boundary for rocks intruded through autochthonous rocks of continental affinity with
North America is generally regarded as 0.706 (Kistler and Peterman 1978).

With only limited geochemical analyses from the Cretaceous volcanics, it is difficult to
speculate on the origin of these rocks. Macintyre et al. (1997) notes that the Cretaceous
Kasalka Group and Bulkley intrusions located west of the study area are similar to the
Eocene Newman voicanics and Babine intrusions northeast of Burns Lake and suggests that
Cretaceous to Eocene magmatism may be explained by an eastward migrating continental
arc. Recent geochronology, including results presented here, show active volcanism west of
the study area between 100 and 87 Ma, followed by plutonism between 84 to 70 Ma and
coeval volcanism at 70 to 72 Ma. Within the study area voicanism at 79 to 74 Ma is
succeeded by plutonism from 70 to 64 Ma, then widespread volcanism occurred between 53
and 47 Ma with related plutonism at 55-57, 51-50 and 47 Ma.

Plate reconstructions by Engebretson et al. (1985) at the same latitude as the study area on
the coast, show the motion of the Farallon and, subsequently, Kula plates between 100 and
74 Ma were obliquely convergent relative to the North American plate with increasing velocity
and strike slip component through this period. Plate motions subsequently became
increasingly convergent and decreased in velocity from 74 to 56 Ma. Engebretson et al.
(1985) show a significant increase in the velocity of the Kula plate between 56 and 43 Ma,
however, this is not supported by the resuits of Stock and Molnar (1988) who suggest Kula-
Pacific relative motion slowed or even ceased after 55 Ma. Both plate reconstructions are in
agreement, however, that the Kula plate was obliquely convergent along the western North
American margin between 69 and 49 Ma.

These plate reconstructions suggest that volcanism during the Early Cretaceous was related
to continental arc activity coincident with convergent plate moticns, followed by continued,
more sporadic and less voluminous magmatic arc activity through the Late Cretaceous as
strike slip plate motions became more dominant. The spatial distributions of volcanism and
plutonism are not easily resolved by a simple arc model. For example during the
emplacement of the Bulkiey plutons, coeval volcanic activity occurred to the east in the
Nechako plateau and then migrated west. Godwin (1975) proposed the existence of imbricate
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subduction zones to explain these patterns. This is possible, however, the location and shape
of the subducting slab would also have been subject to the varied plate motions throughout
this period, such as roll back of the slab as the rate of convergence decreased, and these
effects are more difficult to estimate. During the Tertiary plate motions again became
obliquely convergent and widespread extension is coincident with volcanism and plutonism
during the Eocene (see Chapter 3).

Oligocene and Miocene

The Chilcotin Group basalts within the Nechako River map area clearly indicate derivation
from a primitive source (eNd=3.7 to 4.4, ¥’Sr/*°Sr,=0.7035). A study of the Oligo-Miocene
Chilcotin Group within the Nechako River map area and the Summit Lake locality, found that
calculated liquidus temperatures for the basalts are consistently greater than two-pyroxene
equilibration temperatures of spinel lherzolite xenoliths entrained in these lavas (Suh 1999).
Resnick (1999) interpreted this result to infer an asthenosphere source for the Oligec-Miocene
Chilcotin Group and an upper mantle origin for the spinel Iherzolite xenoliths. The isotopic
results from the Nechako River map area are in excellent agreement with analyses reported
for the type locality Miocene Chilcotin Group basalts to the south (Farquharson 1973; Bevier
1983b; Smith 1986) and together suggest an isotopic composition for the Miocene
asthenosphere of Sr2°Sr,=0.7028 to 0.7039 and eNd;=3.7 to 8.5.

Geochemical differences identified between the Chilcotin Group within the Nechako River
map area and Summit Lake locality have been attributed to regional differences in the
chemical composition of the asthenosphere (Resnick 1999). it may also be significant that the
Summit Lake site is at least 15 Ma older than any other Chilcotin Group basalt that has been
analyzed, suggesting the possibility of a temporal variation in asthenosphere composition.
Thus, the isotopic results from the Summit Lake locality basalt can be interpreted either as
the result of a different asthenosphere composition or contamination of a more isotopically
enriched component. The Summit Lake basalt center contains metamorphic crustal xenoliths
which have been correlated with Upper Proterozoic paragneiss and orthogneisses of the
Wolverine Metamorphic compiex which outcrop approximately 10 to 30 km away (Resnick
1999). Xenoliths of this type are found only at this locality. This physical evidence indicates
the presence of North American basement below Quesnellia and could explain the isotopic
difference between this site and the Chilcotin samples from the Stikine terrane.

It is not possible to eliminate the possibility of contamination of Chilcotin magma from
primitive Jurassic rocks at depth given their similar isotopic compositions (Figure 2-12).
Bevier (1983b) concludes that contamination or assimilation of this material is unlikely given
Pb isotopic results, the absence of crustal xenoliths and silicic differentiates or isotopic
evidence for mixing trends. The presence of spinel lherzolite xenoliths within these basalts
implies a rapid ascent which provides a limited opportunity for contamination. Within the
Nechako River area crustal xenoliths of gabbroic to intermediate plutonic rocks are found, in
addition to felsite xenoliths (Resnick et al. 1999). The inclusion of such material within the
basait lavas indicates that, at least at some level, assimilation of crustal material into the
magma is likely. However, the primitive isotope results and excellent agreement between the
isotopic composition of the Nechako River basalts and type locality Chilcotin Group basalits,
which do not contain crustal xenoliths, suggests that crustal contamination appears to have
had no significant effect on the overall chemistry.

Bevier (1983b) concluded that the variations in the isotopic composition of the Chilcotin
Group basalts were due to heterogeneities in the mantle. Brearly et al. (1984) concluded that
the upper mantle is heterogeneous on a scale of centimeters to meters in a study of mantle
xenoliths from the Summit Lake locality. The isotopic resuits from the spinel Iherzolite
xenoliths in the Nechako River map area and Summit Lake locality also support this
interpretation of a heterogeneous upper mantie.
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An isotopic study of mantle xenoliths, predominantly spinel Iherzolites, at the Summit Lake
locality and two other locales in the Quesnel terrane further south reported ¥Sr/*Sr values
from 0.7036 to 0.7112 and eNd values of +7.6 to —20.4 (n=15; Smith 1986). The three
analyses of spinel lherzolites in the Oligo-Miocene basalts from the Nechako River and
Summit Lake locality reported here have *’Sr/**Sr values between 0.7036 and 0.7051. Of
these eighteen analyses, three have *'Sr/*°Sr = 0.7036 and eNd = +6. This component is
comparable to the asthenospheric composition defined by the Miocene basalts (see above).
Half of these eighteen analyses have ¥’Sr/*®Sr values of 0.7037 to 0.7046 and eNd values of
+2 to +5.5. This isotopic component is widespread and thus inferred to represent the
dominant upper mantle composition during the Oligo-Miocene. Three analyses from the
Summit Lake locality have ¥’Sr/**Sr>0.7060 and eNd<-4. This latter component is interpreted
by Smith (1986) to represent old silicic continental crust, which may reside in the mantle,
however, it may represent a strongiy enriched mantle component. The few remaining
analyses, all from the Summit Lake locality, have 87Sr/*°Sr values between 0.7051 and
0.7058 with eNd from +3 to +7. The *'Sr/*®Sr values of this component are similar to those
returned from the Summit Lake basalt and may reflect variations in the composition of the
asthenosphere at this time or locality.

Plate motions from 49.6 to 35.6 Ma could not be resolved by Stock and Molnar (1988). They
determined oblique convergent motion of the Pacific plate towards North America from 10.6
to 19.9 Ma which is both preceeded and foliowed by primarily strike slip motion. Engebretson
et al. (1995) show primarily strike slip motion throughout this period. The resolutions of Stock
and Molnar (1988) do appear to agree well with the interpretation of a back arc model for the
Chilcotin magmatism.

Conclusions

Middle Jurassic Stag Lake suite rocks are chemically and isotopically distinct from
lithologically similar Eocene Qotsa Lake Group plutons. Geochemical and isotopic data are
consistent with the emplacement of these rocks in a volcanic arc setting and indicates the
absence of any isotopically evolved material, such as North American crust, beneath this
area during the Middle Jurassic.

Late Cretaceous volcanism has been found to be significantly more widespread than
previously recognized within the Nechako plateau. These rocks are lithologically and
chemically similar to the Eocene Ootsa Lake Group, making distinction of these separate
groups difficuit. Geochemical data supports the interpretation of a continental volcanic arc
setting related to the oblique convergence of the Kula plate during this time.

Chilcotin Group magmatism was regionally continuous between 6 and 16 Ma with scattered
earlier events around 20 and 28 Ma. Within the Nechako River map area no Chilcotin Group
magmatism has been dated earlier than 6 Ma. Sr and Nd results from Chilcotin basaits are
isotopically primitive, which supports the interpretation of an asthenosphere source for these
lavas and is consistent with a back arc tectonic setting. Results of tracer isotope analyses of
spinel lherzolite xenoliths entrained in the Chilcotin Group basalts support the existence of
isotopically enriched mantle components beneath the subsurface of the Nechako plateau.
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Appendix | - Sample Locations

Sample Number Unit NTS Sheet Latitude Longitude
ATG-98-0702 mJsp 93F15 53.795 124.784
ATR-98-3303C Mc 93F12 53.644 125.968
ATR-98-3303C-LZ Mcx 93F12 53.644 125.968
ATR-98-0301 Mc 93F14 53.809 125.355
ATR-98-0203 Mc 93F11 53.620 125.098
ATR-98-0203-LZ Mcx 93F11 53.620 125.098
ATR-98-0202 Mc 93F8 53.480 124.320
ATR-98-SLQ Mc 9347 54.305 122.637
ATR-98-SLQ-LZ Mcx 93J7 54.305 122.637
SCB-98-3806 uKv 93K3 54.125 125.488

SCB-98-3808 ukv 93K3 54.125 125.481
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Appendix Ill - Analytical results of laser *°Ar/**Ar analyses

Aliquot: A
3.8] 1.2306] 3.1660] 0.3765] 11.4338] 453.8742 80.1] 28.12[¢] 1.12] 37.0
43| 01580 0.7882] 0.0785] 0.5274] 50.8052 91.7] 28.42|¢] 10.85] 1.7
54] 0.0967] 1.9162] 00375 0.5911] 33.2028 86.0] 27.93[¢] 5.17] 1.9
70| 01162 5.1013] 0.0375]  0.5606] 38.5742 89.0/ 26.93|+! 6.42] 1.8
12.0]  0.0538] 6.7541] 0.0252] 0.2767] 18.0921 87.8] 28.42[x] 298] 0.9
Aliquot: B

23 0.3362{ 0.3863 0.0506 3.7939] 129.2280 76.9| 28.07
3.1 0.3001 1.3828 0.1846 6.6147] 139.4437 63.6{ 27.35
3.8 0.1313] 0.9561 0.0963 3.0744] 63.2806 61.3] 28.36

1.33] 123
0.60] 214
1.30] 10.0

62| 0.1522] 5.1414] _00739] _ 1.2166] 54.6240] __82.3] 28.29
12.1] _0.1809] 13.6443] _0.0507] __0.8846] 60.5431 88.3| 28.54
~—3.9217 =175 30.881 1105737

2.45 3.9
3.66 2.9
——

ES
+
+
4.6 0.1657] 1.1757 0.0641 1.9067] 63.9686 76.5] 28.06j% 2.04 6.2
+
+
F 4

Aliquot: A
2.3] 0.2597] 0.1721]  0.0071 0.2109]  76.9216 99.8] 3.20[+] 27.52] 3.0
3.1]  0.1109] 0.4889] 0.0091 0.5411]  34.5863 94.8] 12.06[t] 1065 7.6
3.8]  0.0202] 1.0790] 0.0064] 0.8492]  8.9769 66.4] 12.78|¢] 0.99] 11.9
48] 0.0146] 0.8490[ 0.0105] 0.3500]  5.5774 77.5] 12.93[x] 2.30] 4.9
6.2] 00131] 1.5384] 0.0447] 0.4498] 5.4710 70.8] 12.81]¢] 3.50] 6.3
12.0]  0.0162] 10.5657] 0.1381 0.9675]  8.2156 58.4] 12.73[¢] 0.76] 13.6
Aligquot: B
2.7]  0.2984] 1.8285] 0.0190 1.9217]  96.2213 91.6] 15.09]+] 3.04] 26.9
40] 0.0101] 1.3308] 0.0220]  0.7863]  5.9113 50.5] 13.40]x] 0.96] 11.0
1201 0.0270] 16.4645]  0.2588 1.0653] — 11.9081 67.1] 13.26/+] __0.49] 149

PRy PEAI SR I T, Ty T
BISUCKS S AN LW

Aliquot: A
2.3 0.0263 0.2985 0.0062 0.2460 8.4862 81.5] 10.52|+ 6.34 1.5
2.7 0.0134 1.2703 0.0048 1.1981 7.4610 53.1] 10.51|% 0.47 7.5
3.4 0.2215 2.0585 0.0126 2.1359 72.0948 90.8] 11.20| 1.60{ 134
4.1 0.1153 1.6397 0.0215 1.5969 39.1747 87.0] 11.51]x 1.71} 10.0
5.5 0.0784 5.4387 0.2452 1.8525 29.5269 78.5] 11.73]% 0.92f 12.2
12.0 0.0528] 7.3125 0.1526 0.9038 18.3375 85.0] 10.94|x 2.51 5.7
Aliquot: B
2.3 0.0270 0.1860 0.0055 0.1423 8.2117 97.0] 6.19]x] 12.54 0.9
2.7 0.0074] 0.6071 0.0033 0.5320 3.6639 60.0] 9.91|% 0.96 3.3
3.7 0.0068] 2.2162 0.0104 2.3233 9.3426 21.4] 11.38]% 0.14] 14.5
5.5 0.0110{ 6.0807 0.2088 3.5272 14.3280 22.6] 11.32]+ 0.12} 22.1
12.0 0.1194 8.5742 0.2247 1.4381 39.8485 88.6] 11.39]+ 2.31 9.0
L T

I fotal 0.6793  35.682 0.896 15.996 250.476 80.1 11.20 £ 043
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Aliquot: A
2.3 0.0494] 0.2179 0.1027 0.3607] 15.2153 959] 6.17]] 4.03 1.6
2.7 0.0170] 0.2600 0.2174 0.6179 7.2534 62.2] 13.02]+] 2.11 2.8
3.4 0.0030f 0.0924 0.0353 0.1716 1.5516 57.3] 13.86{x] 0.38 0.8
4.1 0.0144] 0.3529 0.1898 0.8504 7.4545 57.2} 13.49|+] 082] 3.8
5.5 0.0609§] 4.3142 0.7891 5.4174] 38.3346 47.0] 13.49(¢] 0.30] 24.2
12.0 0.0134] 12.6421 0.4067 1.3856 9.1034 43.4] 13.37]¢] 040] 6.2
Aliquot: B
2.3 0.0705} 0.3741 0.2166 0.7202] 22.7812 914} 9.79]¢] 3.35 3.2
2.7 0.0240} 0.4286 0.3556 1.1348| 11.4220 62.1} 13.71}]¢] 1.01 5.1
3.4 0.0504] 1.2859 0.5702 2.8004] 25.0169 59.5} 13.00f%] 041} 12.5
4.3 0.0813] 2.0448 0.8312 6.0629] 46.2916 51.9] 13.21}j#} 0.51] 27.1
5.3 0.0204] 5.1616 0.3361 1.9917] 13.4355 44.8] 13.37]xf} 0.36 8.9
12.0 0.0104] 10.2692 0.3273 0.8453 6.2546 49.0| 13.55|+] 042 3.8

Yotal 0.4151 37.444 4.378 22.359  204.115 60.1 1310+ 0.26

a:Nominal power as measured by laser

b: Gas quantities corrected for decay, isotopes derived from interfering neutron reactions

c: Errors are analytical only and do not reflect error in irradiation parameter J

d: Integrated age, uncertainty includes error in J (0.5%)

e: Nominal J, referenced to FCT-SAN=28.03 Ma (Renne et al., 1994)




CHAPTER 3

Timing and origin of the Ootsa Lake Group, Fort Fraser and Nechako
Map areas, central British Columbia

Introduction

The Ootsa Lake Group along with coeval or correlative rocks of the Newman volicanics,
Babine and Nanika intrusions, Francois Lake Group and overlying Endako Group form the
largest Eocene calc-alkaline volcano-plutonic complexes within the Canadian Cordillera
(Figure 3-1). Although the Ootsa Lake Group is one of a discontinuous series of Eocene
igneous provinces that stretch along the Cordillera, from the Yukon south through British
Columbia, Washington, Montana, Idaho and into Wyoming (Armstrong and Ward 1991),
these rocks in central British Columbia are poorly understood (Souther 1991). They are
located between the Sloko volcanic province in the Coastal Belt to the northwest and the
Kamioops and Penticton Groups to the south within the Intermontane belt. A geochemical
and isotopic study of the Mount Skukum and Bennett Lake Igneous Complex, within the
Sloko province, concluded that these volcanics were directly mantle derived from
contemporaneous subduction (Morris and Creaser 1998). To the south, rocks of the
Kamloops Group have also been linked to subduction (Ewing 1981a; Smith 1986). However,
coeval extensional tectonics are well documented throughout central and south-central British
Columbia (Struik 1993) and voicanism of the Penticton Group was linked to crustal thinning
and dextral strike slip motion (Price et al. 1981). Further to the south, calc-alkaline rocks of
the Colville Igneous Complex in northeast Washington have recently been interpreted as the
product of melting of mid and lower crust as a result of post-Larimide orogenic collapse
(Morris and Hooper 1997). These studies indicate that all Eocene magmatic activity within the
Cordillera can not be adequately explained by a simplistic continental margin volcanic arc
model.

One of the outstanding problems within the Cordillera is whether these widespread Eocene
igneous rocks are primarily the result of active subduction, in an Andean arc like setting, or
the product of local extension-related to a tensional or transcurrent stress regime which
resulted in crustal thinning and increased heat flow (Gabrielse and Yorath 1991; Souther
1991). Of course both of these processes may be involved in Eocene magmatism regionally.
This problem also relates to the more fundamental question of how to chemically distinguish
volcanic rocks formed from magmas with inherited subduction signatures, either from an
overprinted mantle source or crustal contamination, from those which are the product of
active subduction. These and other issues indicate the importance of studies, such as this, in
order to improve our understanding of the tectonic evolution of convergent plate margins.

This study was undertaken to improve our understanding of the timing and origin of Eocene
volcanism and related plutonism within the Nechako River and Fort Fraser map areas (NTS
93F and 93K) in central British Columbia (Figure 3-2). The timing of Ootsa Lake Group
volcanism and associated plutonism is here constrained by U-Pb and CArPAr
geochronology. These data augment the existing published database of K-Ar dates for these
rocks. Geochemistry of the Ootsa Lake Group and radiogenic tracer isotope data for the
Babine Igneous Suite, Ootsa Lake and Endako Groups are also presented. These data,
combined with available data from geochemical studies of Ootsa Lake Group volcanics in
adjacent areas by Drobe (1991) and Dostal et al. (1998), enables a discussion of the
petrogenesis of these rocks and their relationship to Eocene tectonics.

Geological Setting

The study area is located mostly within Stikinia, the largest terrane within the aliochthonous
Intermontane Superterrane (Figure 3-1). Stikinia is composed of late Devonian to middle
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Figure 3-1. Terrane setting of study area showing the distribution of Upper
Cretaceous to Paleogene volcanics in the Canadian Cordiliera (from Yorath 1991).
Names of Groups of Eocene volcanics indicated. (Yorath 1991)
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Jurassic volcanic and sedimentary strata and comagmatic plutonic rocks. The most
widespread of these within the study area is the Jurassic Hazelton Group composed of mafic
flows, breccias, volcaniclastics and minor sediments of calc-alkaline volcanic arc affinity
(Monger et al. 1991). The study area also overlaps the Cache Creek and western margin of
the Quesnel terrane. The Cache Creek terrane is composed of sedimentary and volcanic
rocks of oceanic affinity. Within the study area the Cache Creek Group is composed of an
imbricate thrust stack of Upper Paleozoic and Mesozoic limestones and chert, Mesozoic
greywacke, siltstone, argillite and basalt with a layered cumulate ultramafic klippe of unknown
age (Struik and Orchard 1998). Quesnellia is of volcanic arc affinity and Triassic to early
Jurassic volcanic and sedimentary rocks of the Takla Group are exposed within the
northeastern corner of the study area (Struik and Orchard 1998). Early Triassic sediment
deposits in northern British Columbia suggest amalgamation of these terranes with the Slide
Mountain terrane between the Early Triassic and Early Jurassic, forming the Intermontane
Superterrane (Gabrielse and Yorath 1991). Accretion of the Intermontane Superterrane onto
the western North American margin likely occurred during the Early to Middle Jurassic
(Yorath 1991). Recent research indicates that pericratonic rocks underlie Quesnellia in
southern British Columbia which would necessitate modification of the current tectonic model
(Thompson et al. 1999; Heaman et al. 1999). Middle Jurassic plutonism within the Nechako
plateau is partly coeval, but mostly post-dates terrane amalgamation ca. 185-175 Ma
(Anderson et al. 1998a).

Uplift and cooling of the Coast belt west of the study area during the Cretaceous is marked by
the appearance of Coast belt derived sediments in the Intermontane belt around 98 Ma and
cooling K-Ar ages reported from the Coast belt (Woodsworth et al. 1991). This uplift is
approximately coeval with the eruption of the Kasalka Group volcanics (ca. 87-100 Ma) within
the central Intermontane belt, to the west of the study area (Yorath 1991). Volcanic activity in
the study area occurred during the Late Cretaceous with the Tip Top Hill volcanics (ca. 75-79
Ma) and emplacement of the Bulkley plutons west of the study area (ca 70-84 Ma) (Carter
1981: Yorath 1991; Chapter 2). The magnitude of northward movement along strike-slip
faults, such as the Pinchi fault, in the Cordillera during the Late Cretaceous to Eocene is the
subject of ongoing debate (e.g. Irving et al. 1996; Ward et al. 1997; Paterson et al. 1998,
Mahoney et al. 1999). Paleomagnetic data from Eocene rocks immediately west of the study
area indicate that any northward motion of the Stikine terrane was completed by 50 Ma
(Vandell and Paimer 1989).

Struik (1993) identified three transform fault systems active during the Tertiary in central
British Columbia. Early Eocene extension and dextral translation occurred along northwest
trending faults followed by Late Eocene to Early Oligocene dextrai translation along north
trending en echelon transform faults, such as the Pinchi fault. Extension is evident in
abundant northeasterly oriented synvolcanic and northwesterly faults distributed across the
study area (e.g. Anderson and Synder 1998; Whalen et al. 1998, Barnes and Anderson 1999;
Struik et al. 1999). Younger east-west brittle faults have been described in the northeast
portion of the Nechako River map area (Wetherup 1997). Up to 4km of horizontal
displacement is estimated on the northwesterly Casey fauit in the south central portion of the
Fort Fraser map area, however, timing of motion on this fault is unconstrained (Lowe et al.
1998). The northeasterly faults are likely coeval with northwesterly extension which formed
the Vanderhoof Metamorphic complex, interpreted as an extension-related core complex
(NTS 93F/09 and 93F/16) (Wetherup and Struik 1996; Wethurup 1997; Anderson and Synder
1998). “OAr*°Ar biotite analyses record cooling and the completion of extension on the
Vanderhoof Metamorphic complex circa 45 Ma (Anderson 1998). During this period of
transtensional stress, widespread calc-alkaline volcanism and less voluminous plutonism
occurred across the Nechako plateau. Other Eocene calc-alkaline volcanic complexes
included in the Kamloops Assemblage are the Kamloops and Penticton Groups located in
south central British Columbia (Ewing1981b; Yorath 1991). This period of magmatism in the
Intermontane belt also corresponds to an intense period of uplift and widespread



48

emplacement of granitic plutons in the Coast and Omineca belts (Gabrielse and Yorath
1991).

Alkaline basalts of the Oligocene-Miocene Chilcotin Group were extruded over the Chilcotin
plateau to the south and into the study area in a back arc tectonic setting (Souther 1991;
Matthews 1989). Miocene and younger Basin and Range style faulting related to this
volcanism may have disrupted the Eocene fauit systems (Struik 1993).

Eocene Stratigraphy

Early work in the Fort St James (NTS 93N), Fort Fraser, Nechako River and Whitesail (NTS
93E) map sheets recognized a widespread Upper Cretaceous to Oligocene package of
mainly felsic flows with minor intermediate to mafic flows, tuffs, breccia and conglomerate
(Armstrong 1949; Tipper 1955; Duffel 1959; Tipper 1963). Named the Ootsa Lake Group, this
package is unconformably overlain by andesite and basalt flows of the Oligocene or younger
Endako Group. Reconnaissance geochronology later indicated that both the Endako Group
and Ootsa Lake Group are Eocene in age and the presence of a younger package of
Oligocene-Miocene basalts, which have been correlated with the Chilcotin Group volcanics
(Matthews 1964; Church 1970; 1972; Carter 1981; Stevens et al. 1982; Matthews 1989).

The correlation of rocks with the Ootsa Lake Group has proceeded primarily on the basis of
lithology. Typically, most felsic rocks have been associated with the Ootsa Lake Group and
mafic rocks with the Endako Group (Souther 1991). There are two problems with this
approach. First, geochronology studies have demonstrated that some rocks correlated with
these groups are actually correlative with the Upper Cretaceous Kasalka Group or the
Miocene Chilcotin Group (e.g. Church 1972; Drobe 1991; see also Chapter 2). Second, it
may be difficult to distinguish mafic rocks of the Ootsa Lake Group from those of the Endako
Group (e.g. Diakow & Koyanagi 1988). These problems are further exacerbated by the
limited exposure and discontinuous nature of the units (i.e. thin and/or localized flows) which
renders correlation of volcanic units within the Ootsa Lake Group across large areas difficult,
if not impossible. Consequently, mapping reports within this region provide a local
stratigraphic framework for the Ootsa Lake Group, which may not be applicable to adjacent
areas. These are summarized in Figure 3-3. Correlations shown in Figure 3-3 are made
primarily on the basis of existing age constraints.

Previous Work

The distribution and description of volcanic rocks of the Ootsa Lake and Endako Groups is
well known from recent mapping in the Fort Fraser and Nechako River map areas (Anderson
et al. 1998b; Anderson and Synder 1998; Whalen et al. 1998; Maclntyre et al. 1998; Struik et
al. 1999; Anderson et al. 1999; Hrudey et al. 