ADAKITIC VOLCANISM IN SOUTHERN BC
DURING THE EARLY EOCENE:
ISOTOPIC AND GEOCHEMICAL CONSTRAINTS
FROM THE PRINCETON GROUP

by

Ryan Ben Ickert
B.Sc. (Honors) University of Alberta, 2003

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF SCIENCE
In the
Department
of
Earth Sciences
© Ryan Ben Ickert 2006

SIMON FRASER UNIVERSITY

Spring 2006

All rights reserved. This work may not be
reproduced in whole or in part, by photocopy
or other means, without permission of the author.



APPROVAL

Name:
Degree:
Title of Thesis:

Examining Committee:
Chair:

Date Defended/Approved:

Ryan Ickert
Master of Science

ADAKITIC VOLCANISM IN SOUTHERN BC DURING
THE EARLY EOCENE: ISOTOPIC AND
GEOCHEMICAL CONSTRAINTS FROM THE
PRINCETON GROUP

Dr. H. Dan Gibson
Assistant Professor, Department of Earth Sciences
Simon Fraser University

Dr. Derek J. Thorkelson

Senior Supervisor

Associate Professor, Department of Earth Sciences
Simon Fraser University

Dr. Dan D. Marshall

Committee Member

Associate Professor, Department of Earth Sciences
Simon Fraser University

Dr. J. Kelly Russell

Committee Member

Professor, Department of Earth and Ocean Sciences
University of British Columbia

Dr. James S. Scoates

Committee Member

Associate Professor, Department of Earth and Ocean
Sciences

University of British Columbia

Dr. Dante Canil

External Examiner

Professor, School of Earth and Ocean Sciences
University of Victoria

Mar 0%/00.




& evesslibrary

DECLARATION OF
PARTIAL COPYRIGHT LICENCE

The author, whose copyright is declared on the title page of this work, has granted
to Simon Fraser University the right to lend this thesis, project or extended essay
to users of the Simon Fraser University Library, and to make partial or single
copies only for such users or in response to a request from the library of any other
university, or other educational institution, on its own behalf or for one of its users.

The author has further granted permission to Simon Fraser University to keep or
make a digital copy for use in its circulating collection, and, without changing the
content, to translate the thesis/project or extended essays, if technically possible,
to any medium or format for the purpose of preservation of the digital work.

The author has further agreed that permission for multiple copying of this work for
scholarly purposes may be granted by either the author or the Dean of Graduate

Studies.

It is understood that copying or publication of this work for financial gain shall not
be allowed without the author's written permission.

Permission for public performance, or limited permission for private scholarly use,
of any multimedia materials forming part of this work, may have been granted by
the author.  This information may be found on the separately catalcgued
multimedia material and in the signed Partial Copyright Licence.

The original Partial Copyright Licence attesting to these terms, and signed by this
author, may be found in the original bound copy of this work, retained in the Simon
Fraser University Archive.

Simon Fraser University Library
Burnaby, BC, Canada



ABSTRACT

The Princeton Group is an assemblage of volcanic and clastic
sedimentary rocks in south-central British Columbia, and is part of the Challis-
Kamloops belt that stretches from central British Columbia to the northwestern
USA. Volcanics were deposited largely as composite-volcanoes, and are
composed of calc-alkaline basaltic-andesite, andesite, dacite, and rhyolite.
“OAr/*°Ar dating indicates that magmatism occurred during the Early to Middle-
Eocene, from 53-47 Ma. "Nd/"*Nd measurements indicate that the PG is

primarily juvenile, with eNdsp = 1.2-6.4.

Princeton Group rocks geochemically resemble those of many rnodern
continental arcs and have an “adakitic” signature that extends throughout their
compositional range. This signature is not derived from melting of subducted
oceanic crust, but from an already enriched “arc-like” source, hypothesized to be
mafic dykes emplaced into the lithospheric mantie during Mesozoic magmatism.
These dykes subsequently melted during lithospheric heating in the Eccene,
probably caused by upwelling asthenosphere related to a slab-window or slab-

tear.
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ADAKITIC VOLCANISM

DURING THE EARLY EOCENE IN SOUTHERN BC:
ISOTOPIC AND GEOCHEMICAL CONSTRAINTS
FROM THE PRINCETON GROUP

Abstract

The Princeton Group is an assemblage of terrestrial volcanic and clastic
sedimentary rocks in south-central British Columbia, and is part of the Challis-
Kamloops belt that stretches from central British Columbia to the northwestern
United States. The volcanic rocks were largely deposited as cinder cones and
composite volcanoes, and are composed of basaltic andesite (olivine +
clinopyroxene), andesite and dacite (hornblende + plagioclase + clinopyroxene),
and rhyolite (biotite + quartz + K-feldspar), with calc-alkaline affinity. New
“CAr/*°Ar dates on hornblende and groundmass separates, and whole rock
indicate that magmatism took place during the Early to Middle Eocene, from 53-
47 Ma. New neodymium isotopic measurements, in conjunction with previously
published results, indicate that the Princeton Group has an eNdso = 1.2-6.4 and

therefore represents primarily juvenile additions to the continental crust.

The major and trace element abundances of Princeton Group rocks
resemble those of many modern continental arcs. The compositions are notable,
however, because they have an “adakitic” signature that extends throughout their
entire compositional range, including high-Mg# basaltic andesite. Trace element

modelling indicates that this signature was not derived from anatexis of normai



oceanic crust, but from an “arc-like” source enriched in large-ion lithophile
elements. This source may have been basaltic dykes that were emplaced into
the lithospheric mantle during Mesozoic arc magmatism and subsequently
partially melted during an event of lithospheric heating in the Eocene. The
heating may have been caused by upwelling asthenosphere related to a slab

window or slab tear.

Introduction

The Princeton Group represents part of an intense, early Tertiary
magmatic event that affected large areas of western North America (Fig. 1). In
the interior of southern British Columbia and the northwestern United States, the
magmatic event is preserved mainly as volcanic successions of the Challis-
Kamloops belt (Souther 1991). This belt stretches ~1500 km from central BC,
where it is 200 km wide, into Idaho and Wyoming where it broadens to over 500
km. Although the separate volcanic fields of the Challis-Kamloops belt have
been the focus of numerous studies (Ewing 1981b; Ewing 1981a; Dudas 1991;
Norman and Mertzman 1991; McKervey 1998; Morris et al. 2000; Dostal et al.
2001; Breitsprecher 2002; Feeley et al. 2002; Dostal et al. 2003; Feeley 2003;
Feeley and Cosca 2003; Lindsay and Feeley 2003; Morris and Creaser 2003),
consensus has not been reached on the relationship of igneous activity to plate
tectonics (cf. Breitsprecher et al. 2003; Feeley 2003). Workers in different parts
of the Challis-Kamloops belt have attributed volcanic activity to a variety of
mechanisms including typical arc volcanism (Ewing 1980; Morris and Creaser

2003), rifting in a volcanic arc (Dostal et al. 2001; Dostal et al. 2005),
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decompression melting (Dudas 1991; Norman and Mertzman 1991; Morris and
Hooper 1997; Morris et al. 2000), and arc to intraplate processes related to a
slab window (Thorkelson and Taylor 1989; Breitsprecher et al. 2003; Dostal et al.
2003; Haeussler et al. 2003). The differences in interpreted tectonic setting
commonly diverge near the United States-Canada border, with arc processes
commonly appealed to in the north, and intraplate processes typically invoked to

the south.

The presence of adakites (Defant and Drummond 1990) and adakitic high
Mg# andesites (Kelemen et al. 2003; Mg# = molar 100xMg/[Mg+Fe**]) in the
Princeton Group (Breitsprecher et al. 2003) raises important questions about the
geodynamic setting of Southern BC during the Eocene. Adakites are an
important class of intermediate to silicic composition lavas with high Sr/Y and
La/Yb that are most often associated with the partial melting of garnet-bearing
metabasalt, in particular the partial melting of young, hot subducted oceanic
crust. High Mg# andesites are commonly associated with adakites and have
similar trace element signatures, but are much more mafic. Controversy
surrounds the interpretation of adakites (Garrison and Davidson 2003), as the
geochemical signature is not unique to a single process or tectonic setting
(Atherton and Petford 1993, Feeley and Hacker 1995; Xu et al. 2002). The
Princeton Group is particularly interesting because the adakitic geochemical
signature is present over a wide range of bulk compositions, from highly evolved
rhyolite to primitive basaltic andesite. Evolved ( SiO2;> 63 wt.%, Mg# < 45)

adakites are typically interpreted as melts of lower continental crust that have not



interacted with peridotite, whereas primitive (mafic) adakites are often inferred to
have traversed the mantle after genesis by partial melting of subducted crust.
The presence of both mafic and felsic magmas in the Princeton Group provides a
unique opportunity to examine how adakitic magmas with greatly differing bulk

compositions relate to one another, and to their geodynamic setting.

This paper presents results from a detailed examination of the Princeton
Group, the most southwestern part of the Challis-Kamloops belt in Carada.
Detailed field work and sampling were carried out near two well-exposed
sections of Princeton Group at Agate Mountain and near Flat Top Mountain, both
of which are southeast of Princeton, BC. These areas are composed of lavas,
high-level intrusions, and pyroclastic rocks and are interpreted to be the eroded
and uplifted remnants of larger volcanoes. Field, petrographic, geochronologic
and geochemical data from these and other areas are provided, and are
integrated with previous work. Together, they lead to a new tectono-magmatic
model for Eocene magmatism in western North America and provide a new

interpretation for the origin of their adakitic signature.

Geological Setting

The North American Cordilleran orogen is largely a product of accretion of
pericratonic and allochthonous terranes, mainly of late-Paleozoic to Mesozoic
age, to the western margin of Laurentia (Monger and Price 2002; Dickinson
2004). The Princeton Group is located in the Intermontane belt, which is
comprised of supracrustal and intrusive rocks that were affected by Mesozoic

compressional and Tertiary transtensional deformation (Monger 1985). The



exposed basement to the Princeton Group is composed largely of Mesozoic arc
rocks and subordinate Paleozoic rocks (Monger 1989; Monger and McMillan
1989). Although many of these basement rocks appear to have an oceanic
affinity and have juvenile Sr and Nd isotopic compositions (the term juvenile
indicates a time integrated supra- or sub-chondritic Sm/Nd or Rb/Sr, respectively;
Ghosh 1995), geophysical imaging indicates that rocks with affinity to ancestral
North America may continue beneath the Princeton Group in the lower crust as a

westward tapering wedge (Clowes et al. 1995).

The Princeton Group lies south of the Kamloops Group (Ewing 1981b;
Ewing 1981a; Breitsprecher 2002) and west of the Penticton Group (Fig. 2;
Church 1973). The Kamloops Group is a subduction-related volcanic arc-like
assemblage of mafic, intermediate, and felsic volcanic rocks with subordinate
intercalated non-marine sedimentary rocks (Ewing 1981b). The Penticton Group
is similar to the Kamloops Group, but also contains alkaline, intraplate-like lavas
near its base (Yellow Lake Member; Dostal et al. 2003). There are few precise
age constraints on the Kamloops or Penticton groups, however, numerous K-Ar
dates suggest that most of the volcanic activity took place from 54-45 Ma, with a
culmination at 50-49 Ma. The Penticton Group may correlate with parts of the
Klondike Mountain and the Sanpoil Volcanic formations of the Colville Igneous
Complex in Washington (Church 1973; Morris et al. 2000; Dostal et al. 2003;

McClaughry and Gaylord 2005).
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Princeton Group Volcanism and Sedimentation

Stratigraphic Definition and Nomenclature

The Princeton Group is an assemblage of volcanic and clastic
sedimentary rocks exposed in a belt of discontinuous outliers that extends from
the United States-Canada border north to Merritt BC, over a width of
approximately 45 km (Fig. 2; Monger 1989; Monger and McMillan 1989). The
volcanic rocks include tuff, breccia and lava that range in composition from
basaltic andesite to rhyolite. Aphyric andesitic to dacitic sills have locally inflated
stratigraphic sections by up to two times their original thickness. Epiclastic
sedimentary rocks are dominated by conglomerate, sandstone, siltstone and coal

(Williams and Ross 1979; McMechan 1983; Read 2000).

The stratigraphy of the Princeton Group (Rice 1947) was defined on the
basis of detailed mapping near the town of Princeton (e.g. Camsell 1913; Rice
1947; Shaw 1952; McMechan 1983; Read 2000) and divided into two formations:
a lower, primarily volcanic unit named the Cedar Formation (Camsell 1913) and
an upper, sedimentary and volcanic succession named the Allenby Formation
(Shaw 1952). Although the formations are well-defined near the town of
Princeton, distinguishing them away from the type area is problematic for three
reasons. First, there is no clear lithologic difference between the Cedar
Formation and the volcanic part of the Allenby Formation. Hence, where only

volcanic rocks crop out, correlation with either formation is possible. Second, the



lateral continuity of these formations has not been demonstrated, and it remains
possible that the stratigraphic order and lithologic character in one location differ
from those in another. Third, the lateral extent of the Princeton Group itself is
unclear, because coeval volcanic and sedimentary rocks to the north and east
have been called the Kamloops and Penticton groups, respectively, yet the
criteria for separating those volcanics from the Princeton Group are nct well
established. Indeed, the separation of the three groups from one another is
largely a result of a geographically-based historical usage of nomenclature rather
than divisions based on geological character or superposition of one succession
over another (Breitsprecher 2002). In this study, however, the geographical
extent of the Princeton Group follows the traditional definition of Monger (1989)
and Monger and McMillan (1989), and the volcanic rocks of the Cedar Formation

are not differentiated from those in the Allenby Formation.

Structural Setting

Princeton Group magmatism occurred during an interval of widespread
normal and dextral strike-slip faulting in British Columbia, Washington, and Idaho
(Fig. 2; Ewing 1980; Monger 1985; Parrish et al. 1988). Block faulting influenced
the deposition and preservation of the volcanic and sedimentary rocks of the
Princeton Group. South of Merritt, for example, transtensional faulting led to
development of the Fig Lake graben within which >2 km of conglomerate and
dacite are preserved (Fig. 1; Thorkelson 1989). Similar deposits are not found
elsewhere in the Princeton Group, implying that the Fig Lake depositional system

was a local, fault-bounded feature with negligible lateral continuity. Similarly,



McMechan (1983) interpreted the Eocene rocks around Princeton as deposits
within an actively subsiding half-graben, termed the Princeton basin (Fig. 2).
Read (2000) subsequently correlated sedimentary rocks and tephra from the
Princeton basin to the nearby rocks at Tulameen, but not southward to the strata
near Sunday Creek. Thus, the current distribution of Princeton Group outliers
probably reflects the locations of original, variably restricted depositional centres,
many of which were fault-controlled. Subsequent post-depositional faulting
appears to have modified these successions in size, shape, and relative

elevation.

Not all of the Princeton Group successions, however, were strongly
controlled by synvolcanic faulting. For example, the successions at Agate
Mountain and Flat Top Mountain (Fig. 2), which were examined in detail for this

study, appear to represent the growth of large stratovolcanoes or volcanic fields.

Agate Mountain

A 135 m-thick section is exposed in the west-facing cliff-face of Agate
Mountain, approximately 12 km southeast of Princeton (Fig. 3). The section
consists of flat-lying lava flows, tephra and sills with basaltic andesite to andesite
compositions. The basal contact of the unit is not exposed, but is probably no
more than 70 m below the base of the section, based on subjacent exposures of
basement. The top of the section is the present erosional land surface;
therefore, the original maximum thickness is unknown. About half of the section

is tephra, most of which is a coarse red-weathering pyroclastic breccia composed

10
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of scoriaceous to dense bombs and lesser lapilli. This coarse material is poorly
to moderately well-sorted and poorly stratified and is commonly cemented by
yellow clay, and locally by chalcedony. Subordinate, finer-grained tephra occurs
in three horizons of metre-scale, well sorted, red-weathering, planar bedded
layers of lapillistone and tuff. Lava flows occupy 13% of the section and are
concentrated near the bottom. They are generally dark grey weathering, 5-7 m
thick, and have thin, rubbly flow-tops. Vesicles, where present, are commonly
lined, but not filled, with a green secondary mineral. The sills are more silicic
than the flows (see geochemistry section, below), occupy 20-40% of the section
and range up to 30 m thick. They are mostly concordant with the stratigraphic
layering and range from tabular to lensoidal, but some have irregular shapes and
are locally discordant. Both the lavas and the sills are sparsely porphyritic. The
lavas have a phenocryst assemblage of olivine + pyroxene + magnetite, with
olivine predominant, and a nearly holocrystalline groundmass of plagioclase +
clinopyroxene + magnetite. The sills have an assemblage of pyroxene +
plagioclase + olivine with a hypocrystalline groundmass of plagioclase +

clinopyroxene + magnetite.

The Agate Mountain exposure is interpreted as a section through the
lower part of a stratovolcano that was subsequently inflated by the injection of
sills. The scoria-rich breccias are interpreted to be the deposits of strombolian-
style eruptions from a nearby vent that were subsequently reworked by grain
avalanching (e.g., McGetchin et al. 1974; Vesperman and Schmincke 2000;

Riedel et al. 2003; Parfitt 2004; Valentine et al. 2005). The well-bedded tuffs and
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lapillistones are interpreted to be fallout deposits from occasional, sustained
eruptive columns (e.g. Riedel et al. 2003; Valentine et al. 2005). Based on their
chemical and petrographic characteristics (below), the lavas are interpreted to be
effusions of separate batches from the same parental magma that periodically
poured down flanks of the cone. The sills represent chemically more evolved,
more viscous magmas that were injected into the section, probably after the
volcano had grown and the Agate Mountain section was buried beneath a

greater thickness of volcanic strata.

Flat Top Mountain

Approximately 200 m of tephra and trachyandesite (below) are exposed
on a south-east facing cliff two km east of Flat Top Mountain in one of the
southernmost exposures of the Princeton Group, near the United States-Canada
border (Fig. 4). Here, the Princeton Group dips shallowly (<15°) to the northwest.
The top of the section is the current level of erosion and the base is not exposed.
Several small faults obscure stratigraphic relationships near basement
exposures, so it is not currently known how far the Princeton Group extends

below the measured section.

Tephra, including very coarse pyroclastic breccia, tuff and lapilli-tuff,
makes up the basal 75 m of the section. Clasts in pyroclastic breccia are
dominated by altered aphyric to sparsely porphyritic andesite (similar to exposed
coherent volcanic rock) with lesser vesicular clasts. The breccia is poorly sorted

and composed of blocks ranging in size from >1 m to 10 cm. Tuff and lapilli-tuff
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are well-bedded, well-sorted and composed of ash or angular fragments of
andesite, similar to that of the pyroclastic breccia, although the finer material is
typically more heavily altered, making it difficult to determine the protolith in some

cases.

Overlying the tephra is a 125 m-thick, concordant body of clinopyroxene
trachyandesite that extends over an area of at least 1 km?. The trachyandesite
has crude vertical columnarjoints, and is pervasively fractured, although the host
rock is not significantly altered. The unit displays crude horizontal layering that is
defined by sets of columnar joints that are separated by horizontal bands of more
fractured rock, or by subtle changes in weathering colour and resistance to
weathering. The unit is interpreted as either a sill or thick flow that may have
been inflated by sill-like injections of magma prior to complete crystallization (cf.

Self et al. 1996).

Other exposures in the vicinity of the Flat Top section include (a) thick
(>75 m) units of columnar-jointed, highly porphyritic hornblende-plagioclase
dacite containing hornblende gabbro xenoliths and (b) smaller bodies of weakly
porphyritic plagioclase-hornblende dacite. Both unit types appear to extend over

3 km and are interpreted as volcanic domes or cryptodomes

The volcanic rocks at and near Flat Top Mountain are most likely the
remnants of a composite volcano. The coarse pyroclastic breccia is interpreted
as the product of collapse and minor reworking of the andesite-dominated

volcanic flanks. The well-bedded lapilli-tuff and tuff are interpreted as fall-out
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deposits resulting from nearby strombolian to plinian eruptions from a nearby
vent. The proximity to basement rocks and the abundance of high-level intrusive
rocks suggests that uplift has exposed the roots of the volcanic centre, and that
later faulting has disrupted continuity between outcrops and the relaticnship to
basement rocks. Similar exposures of massive or heavily fractured to columnar
jointed andesite occur to the north around Placer Mountain, suggesting that the

volcano or volcanic field extended at least 10 km northward.

Geochronology

Three samples of hornblende, one whole rock sample and one
groundmass sample were dated by the “°Ar/**Ar laser fusion technique at the
Pacific Centre for Isotopic and Geochemical Research, Department of Earth and
Ocean Sciences at the University of British Columbia, Canada (Table 1). The
three hornblende separates yielded dates of 52+1 Ma, 49+1 Ma, and £0.3+0.9
Ma, the groundmass separate yielded a date of 52+2 Ma, and the whole rock
yielded a date of 50.2+0.4 Ma (all errors are at 20). Representative age spectra
and an inverse isochron are presented in Fig. 5 and the analytical methods and
sample descriptions are presented in Appendix 1. A compilation of available

isotopic age determinations for the Princeton Group is presented in Table 2.

Discussion

The new “°Ar/*°Ar geochronological results presented here, in conjunction
with other recent “°Ar/*°Ar (Villeneuve and Mathewes 2005) and U-Pb results

(Archibald and Mortensen unpublished; Friedman and Thorkelson unpublished),
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tightly constrain the duration of volcanic activity in the Princeton Group to 53-47
Ma. This 6 Ma duration of volcanic activity is similar to, but more smaller than
the range provided by previous work (Fig. 6). From the available data, there
does not appear to be significant spatial diachroneity or time-composition

relations such as a mafic-to-felsic transition, for example.

The geochronological data results for the Kamloops Group (with a single
exception, entirely composed of K-Ar analyses; compiled in Breitsprecher 2002)
is of variable quality, but imply that the duration of volcanic activity was mainly in
the range 53-46 Ma. A similar range of 54-47 Ma is suggested by results from
the Penticton Group (Church 1979; Church and Suesser 1983; Mathews 1989;
Hunt and Roddick 1990; Bardoux 1993; Dostal et al. 2003; Church unpublished),
and the related Colville Igneous Complex (Carlson et al. 1991; Berger and Snee
1992; Wooden and Box 1996). Collectively, these data suggest that Eocene

volcanism in southern BC was active during an interval lasting <10 Ma.

The interval of volcanism in central and northern British Columbia is
similar to that in southern British Columbia (Fig. 6, Fig. 7). Grainger et al. (2001)
studied the geochronology and local stratigraphic correlations of the Ootsa Lake
Group in north-central BC. They determined an identical duration of volcanic
activity of 53-47 Ma, and suggested that the age of most other volcanic units in
north-central British Colombia (e.g. the Endako Group, Buck Creek Formation,
and Newman Volcanics) fall into the same age bracket. Sparse geochronological

results from small volcanic fields near the BC-Yukon border (Bennett Lake and
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Mount Skukum Volcanic Complexes; Morris and Creaser 2003) suggest a slightly

older history of 56-53 Ma.

To the south, precise “?Ar/*°Ar age determinations from the Challlis
Volcanic Field have been provided by Janecke and Snee (1993) and Janecke et
al. (1997, Fig. 6, Fig 7). These results suggest that intermediate composition
volcanic activity took place from 49-48 Ma, followed by a pulse of explosive
rhyolitic (possibly bimodal) volcanic activity from 46-45 Ma. The total duration of
activity overlaps with the youngest volcanism in southern British Columbia, but
continues later into the Eocene. One of the largest volcanic fields, the Absaroka
Supergroup, has recently been the focus of a number of geochronological
investigations (Hiza 1999; Feeley et al. 2002; Feeley and Cosca 2003). Volcanic
activity was apparently the most protracted in the Absarokas, lasting ~10 Ma
from 45-55 Ma and overlapping with volcanic activity in both BC and the Challis

Field.

Petrography

Mineral assemblages generally correlate with bulk composition. Rocks
with less than 60 wt. % SiO, generally have a phenocryst assemblage of
clinopyroxene * olivine + orthopyroxene + magnetite, lack plagioclase
phenocrysts, and have a groundmass assemblage of plagioclase +
clinopyroxene + magnetite and minor devitrified glass. Rocks with SiO; contents
from 60-70 wt. % are typically either strongly porphyritic (with as much as 50 vol.

% phenocrysts) and have a phenocryst assemblage of plagioclase + hornblende
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+ magnetite, or are only weakly porphyritic and have a phenocryst assemblage
of plagioclase + clinopyroxene + magnetite (Fig. 8). Some dacites contain very
small quantities of quartz and/or biotite phenocrysts. Trace amounts of
clinopyroxene and hornblende are common in both hornblende-dominant and
clinopyroxene-dominant rocks, respectively. In these more silicic samples,
apatite and zircon are common trace minerals and the groundmass is composed
of varying amounts of devitrified glass with microlites of plagioclase +
clinopyroxene + magnetite. The only rhyolite sampled in this study (72 wt. %
SiO;) is weakly porphyritic and has small phenocrysts of K-feldspar, plagioclase,
quartz, and biotite with a groundmass of devitrified glass and plagioclase

microlites.

The phenocrysts have a wide range in textures. Olivine and pyroxene are

typically subhedral, however, some pyroxenes have visible cores, and range

from individual grains to glomerocrysts. In one unit the orthopyroxene
phenocrysts are strongly embayed. Plagioclase is commonly oscillatory zoned,
and sieve-textured, and locally has visible cores or intra-grain evidence for a
resorption event in its history. Multiple plagioclase populations are common, as
defined on the basis of texture, within a single sample. Hornblende is typically
euhedral and optically unzoned, although in some flows the crystals have thick
opacite (fine-grained Fe-Ti oxides) rims, which in many cases completely
reduces smaller grains to silhouettes of fine-grained opaque minerals. Itis
unclear as to how much of this rim is due to late subsolidus alteration of the rocks

and how much (if any) represents hornblende breakdown during changes in
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conditions of magma storage or eruption (e.g. Rutherford and Devine 2003). In
rare cases, individual crystals were in a clear reaction relationship with the melt.
In one case, a quartz crystal reacted with the melt to form clinopyroxene, and in
another, orthopyroxene reacted with the groundmass to form hornblende. These
instances are rare and it is unclear to what extent they controlled the chemical

evolution of the magma.

Xenoliths of coarse-grained crystalline rock are locally abundant,
particularly in some of the strongly porphyritic dacites. Most are less than 1 cm
in diameter but range up to 3 cm. A small proportion of these xenoliths appear to
be accidental crustal fragments and include foliated granitoid rocks. The majority
of the xenoliths, however, have a massive, plutonic igneous texture and a
mineral assemblage of plagioclase + hornblende + magnetite, identical to the
host dacite or andesite. The hornblende is typically euhedral and the magnetite
is commonly embayed. Both are enclosed by large, commonly oikocrystic,
plagioclase that is unzoned except for narrow rims at their margins. In places,
the groundmass projects far into individual xenoliths into cavities bounded by
euhedral crystal faces, and probably represents original magmatic porosity.
Smaller xenoliths (<0.75 cm) with an identical mineral assemblage typically have
different textures, which include those with equal-sized hornblende and
plagioclase, and those comprised entirely of hornblende. These xenoliths are
probably cognate with respect to the host rock. Phenocrysts of plagioclase in the
host andesite/dacite are not simply disaggregated xenolithic grains as they

commonly have complex zoning patterns, whereas the xenolithic crystals do not.
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Geochemistry and Neodymium Isotopes

Analytical Techniques and Uncertainties

Twenty-six rock samples were selected for chemical analysis and a subset
of seven was selected for Nd isotopic analysis. Samples that were free of
secondary minerals and amygdules were selected and chipped clean of
weathered surfaces in the field. Seven of the chemical samples were from Agate
Mountain, eleven samples were from the region at and around Flat Top Mountain
and Placer Mountain, two were from the Sunday Creek region (which
complement the four previously published by Breitsprecher 2002), and the
remaining six samples were from other localities to the north and northwest. The
samples for Nd isotopic analysis were selected to represent a broad geographic

and compositional range.

Major element and trace element concentrations were analyzed at
commercial laboratories, (ACTLABS [n=25] and ALS Chemex [n=1]) and are
reported in Table 3, where all major element oxides are normalized to 100% on
an anhydrous basis. Major elements and select trace elements were determined
by fusion ICP-OES (inductively coupled plasma optical emission spectroscopy)
and all other trace elements, including the lanthanides, were determined by ICP-
MS (inductively coupled plasma mass-spectrometry) or INAA (instrumental
neutron activation analysis). Nearly all uncertainties are <10 % (relative) and
most are <3% (Table 3). Relative uncertainties for Tl, Ge, Ta, Cs, Bi, Lu, Pb, and
Mo are >10%. Concentrations of elements and oxides (including K;O, Ba and

Sr) do not correlate with loss-on-ignition (LOI), strongly suggesting that low-
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temperature alteration has not significantly affected the chemistry of these

samples.

Neodymium isotopic compositions were determined at the Pacific Centre
for Isotopic and Geochemical Research, Department of Earth and Ocean
Sciences, University of British Columbia, and are reported in Table 4. The
analyses were carried out by conventional thermal ionization mass-spectrometry
(TIMS) on a Finnigan Triton mass spectrometer, following the methodology of
Weis et al. (2005). The average "**Nd/"**Nd of the La Jolla standard run during

the analytical session was 0.51185316 (n=11).

Results
Major Elements

Volcanic rocks from the Princeton Group exhibit a wide and continuous
range in major element chemistry (Fig. 9). The SiO; contents range from 55-72
wt. % and MgO contents range from 0.62-9.50 wt. %. On a total-alkali vs. SiO;
diagram (Fig. 9; Le Maitre 2002) the rocks are classified as basaltic andesite,

basaltic trachyandesite, andesite, trachyandesite, dacite and rhyolite. Andesite

and dacite predominate. All samples are subalkaline (Irvine and Baragar 1971),
most are medium-K, and four samples are high-K (Fig. 9; Le Maitre 2002). The
whole suite exhibits relatively constant and low FeO/MgO, similar to that
associated with calc-alkaline suites, although two samples from the Sunday
Creek area (out of six from the suite) have significantly lower MgO contents than

the others from the area and appear to be tholeiitic (Fig. 9; Miyashiro 1974).
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Figure 9: SiO, variation (Harker) diagrams for major element oxides. Total alkali vs. silica
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symbols.
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They form a calc-alkalic to calcic suite (variation in the alkali-lime index is due to

scatter in Na,O and K;O) according to the definition of Peacock (1931).

Some major oxides that partition strongly into or are essential constituents
of mafic minerals (including MnO, MgO, and FeO) have strong negative
correlations with SiO; content. Additionally, TiO,, which is incompatible in olivine
and clinopyroxene (but moderately compatible in hornblende and very
compatible in magnetite), also has a strong negative correlation with SiO,. No
obvious inflections in the patterns are present. Other major elements (e.g., K,O,
Na,O, and Ai;O3) correlate poorly with SiO», both within individual suites and

within the Princeton Group as a whole.

The Mg# (molar Mg/(Mg+Fe?*)-100); FeO recalculated based on
Fe,03/Fe0=0.3; Gill 1981) of the Princeton Group volcanic rocks are unusually
high for calc-alkaline volcanic suites. The Mg# varies from 92-27 with the vast
majority greater than 50. Correspondingly, these rocks are in Fe-Mg equilibrium
with olivine of a high forsterite content (calculated after Roeder and Emslie
1970), ranging from Fogg to Fog1 (excluding a very high MgO sample that has
accumulated orthopyroxene) although most are in Fe-Mg equilibrium with olivine
of Fogg to Fogo. If calculations are performed assuming all Fe as Fe?*, however,

the equilibrium forsterite content in olivine decreases by 3-6 mol%.

Trace Elements

Multi-element diagrams (normalized to normal mid-ocean ridge basalt: NMORB,
Sun and McDonough 1989) of volcanic rocks from the Princeton Group have

broadly similar patterns to average upper continental crust and modern
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Figure 10: NMORB (Normal Mid-Ocean Ridge Basalt; Sun and McDonough 1989)
normalized trace element diagrams. For reference, the upper continental crust
composition of Rudnick and Gao (2003), a typical EM-1 ocean-island basalt from
Pitcairn Island (sample 49DS-1 of Eisele et al. 2002; Hofmann 2003), and a basaltic
andesite from Mount Shasta (sample 82-94a of Grove et al. 2002; Ta calculated
assuming a chondritic Nb/Ta of 17.6). See Fig. 2 for locations.
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subduction-related volcanic rocks (Fig. 10). These features include positive
anomalies (defined as the measure of the value of the ratio of adjacent elements
on the diagram relative to NMORB) in Pb and Sr, and negative anomalies in Nb,

Ta, Hf, Zr, and Ti. These features are present all rocks from basalts to rhyolites.

The trace elements that are compatible in mafic phases (e.g., Ni, Cr, V,
and Sc) have strong negative correlations with SiO, and generally have positive
correlations with each other. For example, Ni concentrations range from
relatively high values of ~175 ppm in olivine-bearing rocks from Agate Mountain,
to <50 ppm in silicic andesites and dacites from elsewhere in the Princeton
Group. Most trends have inflections at about 60 wt. % SiO,, correlating with
changes in phenocryst mineral assemblages from olivine and clinopyroxene

dominated rocks to plagioclase and hornblende bearing rocks.

Many incompatible trace elements, including the high-field strength
elements (HFSE; e.g., Zr, Hf, Nb, Ta), actinides (Th, U), and rare earth elements
(La to Lu) correlate poorly with SiO,. The large ion-lithophile elements Sr and Rb

show weak negative and positive correlations respectively with SiO, and Ba

have no correlation with SiO,. The abundances of most HFSE are relatively low
and constant at only about 1-2 times that of normal mid-ocean ridge basalt
(NMORB; Sun and McDonough 1989), but concentrations of actinides, light rare
earth elements (LREE), and LILE are highly elevated resulting in suprachondritic
La/Nb, U/Nb, and Ba/Nb, common features in both average upper continental
crust (Rudnick and Gao 2003) and subduction-related magmas (Gill 1981;

Pearce and Peate 1995). The concentrations of heavy rare earth elements
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(HREE) are particularly low and relatively constant at about 0.2-0.5 times

NMORSB, resulting in relatively high ratios of light to heavy REE (La/Yb = 9-82).

o

Adakite and high-Mg# Andesite

The Princeton Group contains abundant adakite and high-Mg# andesite.
Adakites are defined as rocks with SiO; >56 wt.%, Al,O3 >15 wt.%, Na,O >3.5
wt. %, Sr>400 ppm, Y <18 ppm, Sr/Y > 40, Yb < 1.9 ppm, and La/Yb > 20
(Defant and Kepezhinskas 2001). High-Mg# andesites (also referred to as high-
Mg andesites) are defined as rocks with SiO, > 54 wt. % and Mg# > 56 (Kelemen
et al. 2003) and, although by definition they are not necessarily equivalent to
adakites, are commonly adakitic or associated with adakites. Including those
already identified by Breitsprecher et al. (2003), nearly half of all rocks analyzed
in the Princeton Group are adakites and three-quarters are high-Mg# andesites.

Three quarters of the adakites are also high-Mg# andesites.

Adakite and related high-Mg# andesite are intriguing classes of volcanic
rock that are associated with controversial topics such as slab-melting in
subduction zones (Defant and Drummond 1990), crustal differentiation (Atherton
and Petford 1993) and crustal growth (Kelemen 1995), and Archean plate
tectonics (Martin 1999). Adakite in the Princeton Group was previously linked to
slab-melting (Breitsprecher et al. 2003; Thorkelson and Breitsprecher 2005),
although that connection is challenged in this paper, and is discussed in detail,

below.
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Neodymium Isotopes

Seven new Nd isotopic analyses of whole rocks were determined for the
Princeton Group (Fig. 11; Table 4). Two previous Nd isotopic compositions were
provided by Ghosh (1995), although without accompanying major or trace
element analyses. The total range in eNd at 50Ma (eNdsp)ranges from 1.2 to 6.4.
Correlations of eNdso with major element abundances or trace element ratios are
not evident: For example, the lowest eNdsg values (1.2-2.9) occur in Sunday
Creek dacites with low Ni concentrations and Mg#, but the Boss Lake rhyolite
has a relatively high eNdsg of 5.9, greater than a primitive olivine-bearing basaltic
andesite at Agate Mountain (eNdsg = 5.5). In addition, where multiple analyses
are available from the same suite (Agate Mountain and Flat Top Mountain, two
analyses each) the eNdso are identical within uncertainty, suggesting little

variation in the degree of contamination within individual centres.

The Nd isotopic compositions are all more radiogenic than the bulk earth,
similar to the source of most oceanic basalts. Although the relatively high eNdsy
values rule out a significant contribution from typical ancient continental crust or
derivative sedimentary rocks, they do not rule out contributions from juvenile
continental rocks with short crustal residence times. For example, the range in
eNdsq of the exposed Mesozoic basement to the Princeton Group (from Ghosh
1995; Smith and Thorkelson 2002; n=45) completely overlaps with that of the
Princeton Group. They do, however, differ significantly from some alkaline rocks

near the base of the nearby Penticton Group, the Yellow Lake Member, which
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has a range of eNds, from -4 to -6 (Dostal et al. 2003). Depleted mantle model
ages representing the minimum time of extraction from the mantle (assuming a

uniform composition mantle source) range from 350-750 Ma.

Compositional Variation in the Princeton Group: Crystallization,
Assimilation, and Source Heterogeneities

The large compositional variations in the Princeton Group can be
explained mainly by fractional crystallization, with subordinate assimilation of
crustal material and magma mixing. Basaltic andesites and andesites, when
compared to andesites and dacites, have higher concentrations of Ni, Sc and Cr,
as well as higher MgO, FeO, and CaO. Mineral assemblages are dominated by
olivine and clinopyroxene in these rocks (Fig. 8) and fractional crystallization of
these minerals can account for the strohgly negative trends on Harker diagrams.
Furthermore, the co-variations between these elements change in concert with
changes in the phenocryst assemblages. For example, as a function of SiO,, Ni
concentrations drop rapidly (from >170ppm to <70ppm) while olivine and
clinopyroxene dominate the phenocryst assemblages. However, at about 60 wt.
% SiO,, when plagioclase and hornblende dominate the assemblages, the drop
is less pronounced and the trend is more scattered. This change in trend can be
attributed to the higher compatibility of Ni in olivine and clinopyroxene, compared

to hornblende and plagioclase.

Quantitative modelling, by calculating Rayleigh fractional crystallization
paths using the observed phenocryst assemblages, demonstrates that fractional

crystallization is likely to have been the dominant process by which Princeton
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Group rocks are related (Fig. 12). The modelling calculates the changing
abundances of Ni and SiO, by fractionation of observed phenocryst
assemblages, where the fractionating assemblage varies with bulk composition
(e.g., Fig. 8). The two curves in Fig. 12a show the results of fractional
crystallization starting from two different primitive (olivine phyric, Mg# > 60)
Princeton Group magmas. Other compatible elements have inflections similar to
those in Fig. 12a that also correlate with changes in phenocryst assemblages.
Strontium concentrations, for example, vary widely in the plagioclase-free mafic
rocks but steadily decreases once plagioclase becomes a major fractionating

phase because Sr is compatible in plagioclase.

Variations in incompatible element abundances (e.g., some LILE, REE,
HFSE, actinides) are also generally consistent with fractional crystallization but
the models are heavily dependant on the choice of parental magmas. Variations
as a function of SiO, or compatible elements are generally scattered or show a
weak increase (e.g., Thin Fig. 12b). These trends are understandable because
incompatible element concentrations increase modestly as a result of low
degrees of fractional crystallization (e.g., an increase by only a factor of ~1.4 at
30% crystallization). The strong dependency of incompatible element
abundances in evolved magmas on the abundances in primitive magmas is
illustrated quantitatively in Fig. 12b. Here, two fractional crystallization paths
(calculated in the same way as those in Fig. 12a) have been calculated for Ni
and Th from two different primitive lavas, each with a different Th content. In the

calculated liquid-lines-of-descent, the large, primary, differences in Th contents
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are maintained over a large degree of fractional crystallization. Therefore, the
scattered trends in incompatible element ratios against indices of differentiation,
such as SiO; or Ni, can be understood as heterogeneity in the parental magmas,
either as a function of source heterogeneity or as degree of melting in the source

area.

Petrographic and isotopic evidence is also consistent with fractional
crystallization as a dominant process in differentiation. The common presence of
hornblende-gabbro xenoliths, interpreted as fragments of coeval plutonic rocks,
is evidence that the magmas had partly crystallized prior to eruption. In addition,
at Flat Top Mountain and Agate Mountain, where the Nd isotopic compositions of
multiple samples are available, different units have identical isotopic
compositions within error suggesting a negligible role for open-system processes

such as assimilation and mixing.

Petrographic evidence suggests that magma mixing and assimilation of
crustal material may account for some of the chemical variability in the Princeton
Group volcanic rocks. For example, multiple textural populations of plagioclase
are clear evidence for the mixing of different magmas. Similarly, the presence of
accidental xenoliths and xenocrysts in reaction relationships with the host
magma indicate assimilation of crustal rock. However, the typically non-linear
chemical trends on some variation diagrams (such as Ni vs. SiO) indicate that
magma mixing is likely to have played a minor role in magma differentiation, as
mixing should produce linear trends on all variation diagrams. Assimilation with

fractional crystallization (AFC; De Paolo 1981b) produces trends similar to
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fractional crystallization, especially at low ratios of mass assimilated to mass
fractionated. AFC modelling predicts that the most chemically evolved rocks
should have the most “crustal” or unradiogenic Nd isotopic signature. Although
this characteristic is evident in highly differentiated dacite from Sunday Creek
(Mg# = 32-35; eNdsg = 2.7-2.9; Ghosh 1995; this study) it is not true for the highly
evolved rhyolite from Boss Lake (Mg# = 41; eNdso = 5.9). The importance of

assimilation relative to fractional crystallization, therefore, remains uncertain.

Heterogeneity of the highest Mg#, or most “primitive” magmas of the
Princeton Group is an important factor in the variability of trace element
abundances. Primitive magma heterogeneity is evident from mafic rocks (Mg# >
65) which display ranges in many trace element abundances that are nearly as
high as those in the more evolved rocks. The variability in primitive rock
compositions are therefore likely mantle-derived, rather than a consequence of
crustal assimilation and fractionation. The adakitic character of the Princeton
Group is, therefore, a primary feature rather than one generated by crustal-level
processes such as assimilation, fractional crystallization or magma mixing.
Constraints on the origins of primitive rocks in the Princeton Group are explored

in more detail below.

Discussion

Adakite and High-Mg# Andesite: Review of Petrogenetic and Tectonic
Significance

Adakites were originally defined on the basis of rocks with compositions

that were similar to theoretically and experimentally predicted compositions of
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melts of subducted oceanic crust (Kay 1978; Defant and Drummond 1990;
Drummond and Defant 1990). The major element definition is provided by high
pressure and temperature experiments on the partial melting of amphibolite-
grade metamorphosed basalt (Beard and Lofgren 1991; Rapp et al. 1991;
Rushmer 1991; Sen and Dunn 1994; Wolf and Wyllie 1994; Rapp and Watson
1995; Lopez and Castro 2001). Broad distinguishing characteristics include
SiO2>56 wt. % and “trondhjemitic” affinities (high Na/K, Barker 1979), which
serve to distinguish amphibolite melts from peridotite melts (which typically have
Si0,<50%), and melts of pelites (which are “granitic,” i.e., higher in K;0). The
adakitic trace element signature is defined by a high Sr, Sr/Y, La/Yb, and low Y
and Yb, consistent with the presence of garnet (to account for low Y, Yb and high
La/Yb values) and the absence of plagioclase (to account for the high Sr
contents and Sr/Y and the absence of an Eu anomaly) in the same rock. The
Mg#, and Ni and Cr contents of pure slab melts should be low (e.g., Mg# < 40;
(Sen and Dunn 1994; Rapp and Watson 1995). However, the observed
abundances in rocks interpreted to be, at least in part, slab-melts are much
higher. The high Mg# and compatible element contents of putative slab-melts
are typically attributed to reaction between ascending silicic melts and mantle

peridotite after partial melting of subducted crust (Kay 1978; Rapp et al. 1999).

Based on experimental work (see above studies), residual solids from low
to moderate degree partial melt of an amphibolite at pressures of about 10-15
kbar typically include amphibole, plagioclase, garnet, clinopyroxene and rutile. At

higher pressures and higher degrees of partial melting the residual assemblages

39



would be dominated by an eclogitic (clinopyroxene, garnet, and rutile)
assemblage. Arguments based on the trace element systematics of Sr,
discussed above, indicate that plagioclase cannot be a residual phase, which
places constraints on the minimum degree of partial melting at 10-15 kbar.
Plagioclase is a ubiquitous phase in experiments during the initial stages (low
degrees) of anatexis; therefore, if the trace element signature is to be compatible
with the partial melting of garnet-amphibolite, melt extraction must not occur until
at least 20% melting has occurred (Sen and Dunn 1994). This value is similar to
the estimates of the rheological critical melt percentage for the extraction of felsic
silicate liquids from a solid source, suggesting that >20% is a mechanically
realistic value (Petford 2003). Alternatively, the destabilization of plagioclase at
high-pressures and fluid-saturated conditions may account for its absence (Poli
1993). However, fluid-saturation is probably rare in subducted lithosphere at
amphibolite grade, and partial melting under these conditions will generate a
small degree of rhyolitic, peraluminous, fluid-saturated melt, unlike that
associated with adakites (Clemens and Vielzeuf 1987; Beard and Lofgren 1991;

Yardley and Valley 1997).

Other work has demonstrated that adakitic magmas can be generated by
means other than slab melting. Atherton and Petford (1993) identified adakites in
the Cordillera Blanca batholith of Peru that they interpreted to be the result of
melting of underplated basalt at the base of continental crust. Feeley and Hacker
(1995) studied a Quaternary stratovolcano in the Central Volcanic Zone of the

Andes and concluded that adakites at this volcanic centre were derived though
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the interaction of basaltic magmas with garnet-bearing rocks at the base of the
crust, followed by low pressure fractional crystallization to produce andesites and
dacites. Other hypotheses on the origin of specific adakites include delamination
of basaltic crust (Xu et al. 2002; Gao et al. 2004), subduction erosion (Kay and
Kay 2002), and remelting of arc-basalt trapped and solidified in the upper mantle

(Macpherson and Hall 2002).

Adakites in the Princeton Group: Petrogenesis of Primitive Magmas

The least evolved high Mg# andesites in the Princeton Group best record
information on the nature of the mantle source area and the melt regime as they
have been least modified by processes such as crystal fractionation or
assimilation of crustal material. The most primitive suite of volcanic rocks in the
Princeton Group are the olivine + clinopyroxene + opaque basaltic andesites and
andesites exposed at and within a few km of Agate Mountain (a lone sample
from Prospect Creek has a higher MgO at 9.2% but has little stratigraphic context
and will not be considered in further detail). Three of these samples are in Fe-Mg
equilibrium with Fogg gg olivine (Roeder and Emslie 1970), a composition near to
that of typical mantle olivine (2Fogg). Although they are not adakites sensu-stricto
(because of slightly lower SiO, or Al,O3 than permitted in the definition) they
have “adakitic” trace element signatures such as fractionated REE (La/Yb = 16-
34), fractionated HREE (Gd/Yb = 3.2-4.6) and high Sr/Y (90-145). In addition

they have very high LILE contents, including Ba > 690 ppm and Sr > 935 pm.

Two hypotheses are explored below using trace element modelling. One

is the mainstream adakite hypothesis, i.e., that the adakitic high Mg# andesites
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formed by the melting of subducted and metamorphosed oceanic crust and
evolved by melt-rock reaction with mantle peridotite. For this model, an average
NMORSB from the East Pacific Rise (determined using the PETDB compilation;
http://www.petdb.org) is used as the composition of the subducted slab. This
model fails to reproduce the trace element abundances observed in the
Princeton Group. The second hypothesis is that they were generated by melting
of metabasalt with arc-like (rather than MORB-like) trace element abundances.
For this model, arc basalts from the Cretaceous Spences Bridge Group (Smith
and Thorkelson 2002) and Triassic Nicola Group (Mortimer 1987) were selected.
Both the Nicola and Spences Bridge groups occur in the same region as the

Princeton Group.

Trace Element Modelling

The model concentrations of Ba, Th,' Nb, La, Sr, Zr, Sm, Gd, Y, and Yb
were calculated at 15-25% batch partial melting, with 49.5% garnet ard
clinopyroxene and 1% rutile, with and without the addition of small amounts
(<5%) of plagioclase and hornblende, followed by reaction with peridotite. The
modes were estimated from the experimental studies of Rapp and Watson
(1995) and Sen and Dunn (1994). The chemical evolution of silicic melts in the
mantle by peridotite-melt reaction is still poorly understood, but has a minor effect
on the trace element ratios of the melt, for example Sr/Y, La/Yb, or La/Ba (Rapp
et al. 1999). The reactions are dominated by dissolution of olivine with
precipitation of orthopyroxene and possibly garnet, but since the incompatible

trace element ratios (such as Sr/Y or La/Ba) are not affected by this process
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(Rapp et al. 1999), the only effect of melt-peridotite interaction is to concentrate
or dilute incompatible trace elements. The amount of dilution (primarily by olivine
assimilation) required to bring an amphibolite-melt to Fe-Mg equilibrium with

mantle olivine (~Fogp) is 10-15% (e.g., Stern and Kilian 1996).

Internally consistent sets of mineral/melt partition coefficients at reievant
pressures, temperatures, and compositions are used. Partitioning data for
hydrous, tonalitic melts at 18 kb and 1000-1040°C, (Barth et al. 2002), have been
used for garnet and clinopyroxene with the exception of the Th partition
coefficient, which was taken from Klemme et al. (2002). Partition coefficients for
hornblende were from the 2-5 kb, 900-945°C experiments of Hilyard et al. (2000)
on hydrous, dacitic melts with the exception of Ba from Brenan et al. (1995) and
Th, estimated from the GERM database (Geochemical Earth Reference Model;
http://www.earthref.org/). Rutile partition coefficients are currently poorly
understood, but those from Foley et al. (2000) compare well with those of Xiong
et al. (2005) and are used herein. Plagioclase partition coefficients were
calculated by the method of Wood and Blundy (2003) using Angp and $50°C with
the exception of Nb, which was estimated from the GERM database and Th,
which was estimated to be the same as U (Wood and Blundy 2003).

Results of Trace Element Modelling

Using the trace element concentrations of NMORB as the magma source
composition yields a model composition that poorly matches those of high Mg#
andesites in the Princeton Group (Fig. 13). In particular, the model melt has

abundances of the LILE and LREE, and ratios of La/Yb and Sr/Y, which are well
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below those of the Princeton andesites, although they approximately match the
Princeton samples in Nb, Zr, Y and Yb. Model Ba concentrations are an order of
magnitude lower than those in the high Mg# andesites. Much lower degrees of
partial melting (<5%), using the same plagioclase-free restite raises the LILE and
LREE to the appropriate (Princeton Group) levels. This situation is unlikely,
however, because at such small melt fractions plagioclase is likely to be present
in the restite, and even a small amount of residual plagioclase (<5%) leads to a
low Sr abundance (420-630 ppm) and Sr/Y ratio (30-50) in the melt, i.e., much
less than those in the Princeton Group. The modelled melt composition is
insensitive to modest changes in the abundances of residual clinopyroxene and
garnet, (for example by changing garnet or clinopyroxene to as much as 75% of
the total mode) and the addition of small amounts of hornblende (up to 15%). It
Is, however, sensitive to changes in the amount of rutile present, with greater
percentages of rutile in the restite lowering the abundances of Nb in the model

melt.

Using Spences Bridge Group arc basalt as the composition of the magma
source provides a much better fit to most of the observed trace element
abundances. The resultant melts match the Princeton Group andesites in all
modelled elements, except for the HREE and Y, which are much lower in the
modelled compositions (~0.3 ppm Yb in the model vs. ~ 1 ppm Yb in the
observed rocks). Numerically, the discrepancy is the result of low concentrations
of the HREE in the Spences Bridge Group (relative to many arc basalts), which

may have been caused by interaction of Spences Bridge Group basalt with
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garnet at the base of the crust, or mixing with slab-anatectic melts (cf. Smith and
Thorkelson 2002). The modelled HREE concentrations are extremely low
compared to typical crustal rocks but comparable to those in mantle peridotite
(Rudnick and Gao 2003; Canil 2004). Such low concentrations are highly
susceptible to change, either during ascent through the mantle, or by very small
degrees of contamination from the crust. Consequently, the cause of the
mismatch in HREE between PG values and those of the model is unknown.
Using an averaged Triassic basalt from the Nicola Group (Mortimer 1887) as the
magma source also yields a melt composition that closely matches the Princeton
Group. The fit is slightly better in the HREE, but slightly poorer in the LILE,
relative to the Spences Bridge Group model. Using either of the Mesozoic arc

basalts yields a better overall fit than by using an NMORB source.

The identification of arc basalt rather than NMORB as a source for adakite
runs contrary to the findings of previous studies of adakite petrogenesis. In
particular, the high La/Yb and Sr/Y in adakites appear to be inconsistent with
anatexis of NMORB, and instead require a source already enriched in LILE. This
finding is especially robust when high percentages of partial melting are invoked
(.e., >20% melting), a condition which is required if the restite is to be

plagioclase-free — a tenet of adakite petrogenesis (Martin 1999).

Petrogenesis

The trace element modelling and phase relations place important
constraints on the origin of primitive, adakitic high Mg# andesites in the Princeton

Group. The compositions of these rocks are consistent with a two-stage
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process: 1) Partial melting of basaltic rocks with primitive arc-like trace element
compositions at depths of approximately 30-80 km (e.g., Fig. 14) and, 2) reaction
of the amphibolite-derived melt with peridotite, leading to elevation of Mg# and
compatible element concentrations, and possibly enrichment in HREE (Fig. 15).
This process can only occur where melting of arc meta-basalt occurs in the

mantle environment.

A number of mechanisms are capable of introducing arc basalt into the
mantle. Delamination (Kay and Kay 1993) or convective “dripping” (Jull and
Kelemen 2001) of mafic, garnet-bearing, high density crustal rocks into the
mantle have been proposed by Gao et al. (2004) and Xu et al. (2002) for the
generation of adakites in China. In these models, the heating of the detached
crustal blocks leads to adakite meit generation; the melts become increasingly
mafic by reaction with mantle peridotite during their ascent. This scenario,
however, may be unlikely for genesis of the Princeton Group because it seems to
require wholesale removal of lithospheric mantle along with the lower crust (Kay
and Kay 1993; Lustrino 2005). This is incompatible with studies of mantle
xenoliths which identify that ancient lithospheric mantle is preserved through the
Canadian Cordillera until at least late-Tertiary time (Peslier et al. 2000). Jull and
Kelemen (2001), however, have calculated that convective instabilities between
the crust and lithospheric mantle are possible and could result in foundering of
lower crust without the loss of lithospheric mantle. If so, this hypothesis is

difficult to rule out.
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A second mechanism is subduction erosion (Kay and Kay 2002; von
Huene et al. 2004) in which a subducting slab drags ancient arc volcanic rocks
from the forearc (for example, rocks presently preserved on Vancouver Island
and the Queen Charlotte Islands) into the subduction zone. As proposed by Kay
and Kay (2002), these blocks would be dragged by corner flow along with the
subducted slab into deeper and hotter parts of the mantle, where they would
melt. In this model, however, the melting of entrained blocks would likely be
accompanied by partial melting of oceanic crust (with MORB composition), for

which there is no geochemical evidence.

In a third mechanism, arc-basalt was emplaced into the lithospheric
mantle as dikes and sills during previous intervals of arc magmatism (e.g.,
Macpherson and Hall 2002; Melcher and Meisel 2004), and that these intrusions
were then partially melted during re-heating of the lithospheric mantle in the
Eocene. Such intrusions could have originally been emplaced as feeder dykes to
the Nicola and Spences Bridge groups. This scenario requires that the
temperature of the lithospheric mantle in the Mesozoic was below the wet basalt
solidus so that the mafic dykes would completely solidify. The temperature of the
lithosphere was probably no hotter than that proposed by Lewis et al. (2003; see
also Harder and Russell, in press) for the modern Canadian Cordillera, which is
considered to be representative of hot orogenic belts throughout the world
(Hyndman et al. 2005). Using their geothermal gradients and a wet basalt
solidus of approximately 900 °C (Fig. 14), the temperature of the lithospheric

mantle would be cold enough to induce crystallization in dykes of arc basalt at
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depths <45 km (Fig. 14). Subsequent heating of the lithospheric mantle would
cause partial melting of these dykes, yielding adakitic magmas. These melts
would react with the surrounding peridotite and would become increasingly mafic,
with higher Mg#, Ni and Cr, and rise into the crust as adakitic high-Mg# andesites

(Fig. 16).

The melting of intrusions of LILE- and LREE-enriched arc-basalt that were
previously emplaced into the lithospheric mantle is the preferred hypothesis for
generating primitive andesites in the Princeton Group. It is difficult to exclude
subduction erosion and delamination for the Princeton Group itself, but neither
mechanism can explain volcanic activity throughout the entire belt, where a
similar age, style, and chemistry of volcanic activity imply a broadly similar
trigger. This conclusion is consistent with those of a number of workers who,
largely on isotopic grounds, identified the melting of enriched lithospheric mantle

in the central and southernmost parts of the Challis-Kamloops belt. These

volcanic fields include the Penticton Group (Dostal et al. 2003), the Colville
Igneous Complex (Morris et al. 2000), the Challis Group (McKervey 1998), the
Absaroka Supergroup (Feeley 2003), the Buck Creek Complex (Dostal et al.
2001), and the Montana Alkalic Province (Dudas 1991). The origin of coeval
volcanic rocks to the north, including the Buck Creek Complex, the Endako
Group, the Ootsa Lake Group, and the Clisbako volcanics is less clear, although
Dostal et al. (2001) suggested that volcanic activity in the Buck Creek complex

could have involved anatexis of lithospheric mantle (Fig. 1).
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Tectonic Setting of the Princeton Group

Asthenospheric upwelling has been proposed by a number of workers as
a trigger for anatexis of lithospheric mantle in the Challis-Kamloops belt, and is
herein regarded as the most likely cause of Princeton Group magmatism. The
cause of the upwelling is uncertain, but two plate tectonic mechanisms have
been proposed. In one, the asthenosphere welled up through a slab window
emanating from a ridge-trench intersection somewhere along the Oregon —
British Columbia coast (Thorkelson and Taylor 1989; Breitsprecher et al. 2003;
Haeussler et al. 2003). A slab window is a slab-free region underneath an
overriding plate that develops as a consequence of a ridge-trench intersection
(Dickinson and Snyder 1979; Thorkelson 1996; Sisson et al. 2003). The
presence of an Eocene slab window underneath British Columbia and the
northwestern United States would replace cool, subducted oceanic lithosphere
and the refrigerated mantle wedge with hot, sub-slab asthenosphere (Thorkelson
1996; Johnston and Thorkelson 1997). Magnetic anomalies preserved on the
sea-floor in the Gulf of Alaska provide evidence for two oceanic plates, the
Farallon and the Kula, subducting underneath North America during the early
Tertiary. In addition, a growing wealth of onshore geological data seems to
require the presence of at least one additional plate in the north Pacific region in
the early Tertiary, i.e., the Resurrection plate of Haeussler et al. (2003). Madsen
et al. (in press) further demonstrated the need for the Resurrection plate, but
argued for its eventual separation into two sub-plates, the more northern of which
they named the Eshamy plate. Thus, the most recent plate models show a

complex pattern of slab windows among the subducted slabs of the Farallon,
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Kula, Resurrection and possibly Eshamy plates beneath the northern Cordillera
during the early Tertiary. These complex patterns would have had a large
influence of the thermal state of the upper mantle beneath western North

America at the time, and contributed to widespread lithospheric heating.

Other workers have proposed an alternative, that magmatism was
triggered by breaking off of low-angle or “flat” subducted oceanic lithosphere of
the Farallon plate (Humphreys 1995; McKervey 1998; Feeley 2003). Foundering
of the broken part of the slab would permit influx of hot asthenosphere, triggering
melting in the lithospheric mantle. This model accounts well for the late Tertiary
“sweep” of magmatism across the United States (Humphreys 1995), although it
has not been explicitly applied to magmatic activity to the north, in Canada. If
slab break-off were the cause of the lithospheric heating, then it would have had
to occur nearly simultaneously for an along-strike distance of >1000 km, i.e.,
from beneath the western United States through central British Columbia,
implying the existence of a single subducted slab at that time, or the fortuitous
tearing-away of more than one plate. As noted earlier, offshore and onshore
geological records suggest that at least two additional plates were subducting
beneath the region, and that continuity of a single slab beneath that stretch of the
Cordillera in Eocene time is unlikely. The preferred tectonic and magmatic

processes are illustrated in Fig. 16.
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Figure 16: Diagram illustrating the preferred mechanism for the genesis of the
Princeton Group and related Challis-Kamloops volcanic fields. A) Arc
volcanism in the Mesozoic (Spences Bridge Group represented in this case)
emplaces arc basalt in the upper mantle. Dikes from previous episodes of
magmatism, for example the Triassic Nicola Group, may already have been
emplaced. B) Upwelling of asthenosphere, either through a slab window or a
slab tear, heats the lithospheric mantle. In the case of the Princeton Group,
heterogeneities of Mesozoic arc basalt in the lithospheric mantle are partially
melted, and the resultant adakitic magmas interact with mantle peridotite to
form high-Mg# andesite with adakitic trace element signature. Elsewhere in the
Challis-Kamloops field, heating is more extensive and along with lithospheric
mantle, melting of the asthenosphere is also likely. The approximate location of
cratonic North American crust is from Clowes et al. (1995). C) Schematic
diagram of the evolution of a hypothetical basaltic dike from inception as a
feeder to a Mesozoic arc, to solidifying into amphibolite, to partial melting and
reacting with ambient peridotite during the Eocene thermal event.
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Conclusions

The Princeton Group of south-central British Columbia is part of the
Eocene Challis-Kamloops magmatic belt which extends from northern British
Columbia to the western United States. The group consists of calc-alkaline
volcanic and terrestrial sedimentary rocks that were deposited in a regime of
dextral transtension. The volcanic rocks accumulated as cinder cones and
stratovolcanoes, partly within extensional basins. New geochronological results
indicate that they were erupted from approximately 53-47 Ma, similar to the

interval of magmatism in other Challis-Kamloops successions.

Princeton Group lavas range from basaltic andesite to rhyolite, and
differentiated by fractional crystallization with subordinate magma mixing and
assimilation. Most have unusually primitive characteristics for rocks with SiO,>
55 wt. % (including high Mg#, Ni and Cr contents) and are classified as high-Mg#
andesites. An adakitic geochemical signature is present at the full range of rock
compositions, including the high-Mg# andesites. Major and trace element
abundances of the most primitive lavas are consistent with genesis by high-
pressure anatexis of metabasalt with arc-like trace element systematics, followed
by reaction with mantle peridotite. Melting of a subducted slab with an NMORB
composition (a commonly invoked method of producing adakite) is incapable of
producing the observed high LILE abundances in the Princeton Group. As well,

anatexis of lower crustal rocks of the North American plate is not viable because
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the resulting melts would be unable to react with mantle peridotite, and would

therefore remain more felsic than the high Mg# andesites of the Princeton Group.

The most likely scenario for the origin of the primitive Princeton Group
rocks involves Eocene heating of North American lithospheric mantle containing
dykes of arc basalt which were emplaced during an earlier event of arc
magmatism. At least two pre-Eocene events of arc magmatism in the area,
represented by the Triassic Nicola Group and the Cretaceous Spences Bridge
Group, could have contributed to this intrusive event. The most likely cause of
lithospheric heating is the upwelling of hot asthenosphere, probably through a
geometrically complex set of slab windows that developed as a result of
microplate formation along the western margin of North America during the early
Tertiary (e.g., Haeussler et al. 2003; Madsen et al. in press). Alternatively,
upwelling may have been induced through the break-off and foundering of low-

angle subducted lithosphere, or by a combination of the two processes.
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Tables

Table 1: Compilation of isotopic dates for the Princeton Group

Age Method Material Location Lat (N) Long (W) Reference
49 +3 K-Ar Hbl Tulameen 49.50 120.77 C83
522108 K-Ar Bt Nicola River 50.17 121.05 HR87

49 +1 K-Ar Hbl North of Flat-Top Min.  49.12 120.46 HR87
49.1+0.8 K-Ar WR Prospect Creek 50.08 121.15 HR87
497 £0.8 K-Ar WR Cathederal Ridge 49.05 120.21 HR87

49 +4 K-Ar Bt Tulameen 49.46 120.53 Mb64

45 +3 K-Ar WR Placer Creek 4915 120.53 MaUP

48 +3 K-Ar WR Placer Creek 4915 120.53 MaUP

49 +3 K-Ar WR Placer Creek 49.15 120.54 MaUP

50 £3 K-Ar Bt Nicola River 50.20 121.03 McUP

49 +3 K-Ar Hbl Nicola River 50.20 121,03 McUP

5013 K-Ar Hbl North of Memitt 50.23 120.94 McUP

52 +4 K-Ar Hbl North of Meritt 50.22 120.88 McUP

46 +4 K-Ar Bt North of Princeton 49.57 120.50 R0O

49 +4 K-Ar WR North of Princeton 49.59 120.48 RO0

49 +4 K-Ar WR Kingsvale 49.96 120.92 TH89
51504  VAr®Ar Sa Quilchina 5013 12051 VMO5

52.08 +0.12  U-Pb Zrc Princeton 49.46 120.51 AMUP

48 K-Ar Bt Tulameen 49.48 120.75 HB67

5 K-Ar Bt Princeton 49.40 120.53 HB67

50 K-Ar Plag Princeton 49.40 120.53 HB67

5 K-Ar Plag Sunday Creek 49.23 120.55 HB67

49 K-Ar Hbl Sunday Creek 49.23 120.55 HB67

53 K-Ar Hbl Sunday Creek 49.22 120.55 HB67

48 K-Ar Kfs Sunday Creek 49.23 120,57 {867

51 K-Ar Kfs Sunday Creek 49.23 120.57 HB67

Notes: C83 = Church (1983); HR87 = Hunt and Roddick (1987); M64 = Mathews (1964); MaUp = W.H.
Mathews (unpublished data); WeUP = W.J. McMillan (unpublished data); R00 = Read (2000); TH89 =
Thorkelson (1989); VMO05 = Villeneuve and Mathewes (2005); AMUP = Archibald and Mortensen (unpublished

data); HB67 = Hills and Baadsgaard (1967)

Unpublished data of W.H. Mathews and W.J. McMillan are compiled in Breitsprecher and Mortensen (2004)
from lab sheets at the Geochronology Facility in the Department of Earth and Ocean Sciences, University of
Bnitish Columbia.

All uncertainties reported at 2 o confidence limits.

Where appropnate, dates have been recalculated using the decay constants of Steiger and Jager (1977).
Abbreviations: Hbl = homblende; Bt = biotite; WR = whole rock; Sa = sanidine; Zrc = zircon; Plag =
plagioclase; Kfs = K-feldspar

57



abe uonezyeisAid jo sjewn)ss jsaq se pajaidiajul ,
¥00) Sj0YM = YM ‘apusIqUIOY = |qH SSewpunall = we) SuoHeIABIqqY
"S}iLL| 83USPIUOI O JB Satjueyadun |y :S8joN

VOFZ0S 9 FLE 201 LFO0S %06 W0 60 ¥V0FI06 UM ajjoAy oye ssod  |-L-9g-v0-19Y
ZF0S 8 FI6T 60  LFOS %00} 690  #/0 60F€0S.  WH ajoep e 614 V€-GE-p0-18Y
IF8Y T FIBZ S0 ZF0§ %00} G660 L0 LFoh IaH sjisepue  BlOOINJOMOT  |-ZYE-H0-IgY
ZF0S  82FGBT 280 EFES %P6 650 80 LF. laH ajoep  yeaupAepuy  gL-9-v2-v0-lgY
VFIS 9 F8W bl ZFIS %P9 100 27 80F 9V wo  aysapue-oneseq ‘uyy deby  g1-pl-9)-40-19Y
(ew)orea v, v, OMSW (Bw) o0  nesjerd ui iy, Miigeqoid aMsh (ew)eieq  reusieW  edfyyooy  uogesor  lejdwes
uoisn4 |ejoy U0IY0S| 3SIaAU| neaje|d

dnoio uojadULg Bt WOIY $HO04 DIUEDIOA 10§ S}NS8L IV, 1Y,

'z 9lqey

58



Pq Pq Pq 04 04 9 Pq Ll (4 £l 6 123 6 Gl ON

6Ge 504 16 06¢ Ge L 9% Y47 c0¢ 9¢e S0v 617 9/¢ 9l 1
g6c €L  ¥eL  90€  ¥0Z L0l 89 €'6e Goe L€l g'se 0ee 98¢ g'ie 03
144 8 001 9zt 1743 19 [4 St Vel ¢l vl ] 1443 vel A
0l 8 6 1 143 0t 9 Gl 43 01 H 143 H b
001 144 8 904 86 8zh i 44 {43 L £6 16 L0} 143 12
08 18 198  CIEL 88§ 086 337 6ivL  CvLL SShl 686 24l 696 LeLl s
8 €L L8 006 Sv.  G¥0L  Z0WL  €€0L  8SLL  Z¥ll 069 008 096 8971 eg
G 143 8 L 0t 6 Si 1 4} 0¢ L 14 8 174 ad
43 86 4 6 43 [4 G 6L} L) A 181 81 i £6 IN
59 69 9 96 4 1 €S 19 L0l 9¢ 14 144 €5 1A ny
Ly66 G986 L066 LC66 9886 YL66 B66 8886 586 6066 6566 8.86 €966 €766 [eoL
Sv'b €T l6C ST 88T 79T 0.0 €t o'l 01¢ 6l 69°€ 9t 960 101
6L0 820 020 S0 L0 620 L0 A €60 620 120 20 L0 €0 ‘0%d
060 4G €90  LL0 M0 v0 R0 G’ 80 S0 80 880 180 £L0 ‘oL
e we €t S0 641 €2 g9t 91 80C  LIT A 8t’l eald (354 o
e 87 0y 6€v 8y v 60V 00y 1 21 98¢ S0y Sby Evy 0%N
09 €y 829 9L €S wav €T v6'L 40 W9 86, €L 968 113 0®d
s 60C e ey 80t 80 290 (4} s  00Y 0.9 00 09°¢ 60y o6
600 S00 S00 0k0O 800 00 €00 W 01’0 900 Lo £l €20 .00 OUN
Sk Sy 8y S99 06 09  00¢ 50°L 91’9 LS 99 869 6s's 20°S 103
696G G661 89'9L 69GL 829 9€L €Lyl 8%l S6%L  /8GL  19GL 8991  ¥¢SL 86 ‘olv
80119 6669 G69¢9 0209 G€€S 0193 L27L 6ESS  plS 08B0  ¥L9S  ¥LBS  $06S 6019 ‘018

pue oep pue pue aep aep Ay pueyq pue) pue pue'q  pue pue  puey  adAyd0y
od id 'L ing a8 a8 18 wby Wby wby wby Wby Wby Wby L
bSLE bG8 BTVE BB ST BOPT BT B9E BELE BT L9 bR9 BELSE BTSE  10bSE
Yorigd  pOrigY  KO-IGY  pORIGY  RORIGY  pORIGY pORIGY  RORIBY  pOHIGY pORIGY ROCIGY p0RIGY OB pO-IGY
dnolis) uojaduld ay) Woi S04 IUBD|OA JO suoljesjuasuod (wdd) yuawala asel) pue (%,IM) apixo Juawajs Joleyy ¢ ajqel

a|dweg

59



9 A p 7l 8 g 0 ] p ol / ba Z oW
y 09h 8 9 8 S 90, b /S 8 € 8 €99 1
! L0z SeL g€l €9 VM v VSh zer Seb €S 68 Vi 09
z Wb 06 8 S8 M. 66 98 S S8  S6 9L 0§ A
g0 T 01 8 8 8 pl 8 ol I 6 o 2 A
y €0 98 o 9% /& 9 Wb 8 S 0Zk S8 1Z
6 0202 ¥ 0/ 089 IS9 66k 629 6L 06 S/9  €50L YOl i
yl S8l 6¥8 20 628  90M  v/6L 96 268 96  L80L  €2LL  Sep ed
y ¢ 9 P p 9 8 y o ng 8 ¢ g ad
z 9 02 6 Sz s € € 09 6 8 & 6 IN
z & ¥ 8 & € W 9% s Sl 9 % W ny
- 9966 €066 8566 9966 €600} VI66 EV66 L66 2066 0666 686 5996 lejoL
- 8 S§T 67 02T b &L SEL WE ML €8 861 681 107
900 850 1Z0 810  8K0 SKO Y50 K0 920 20 20  SZ0 94O S0%d
00 680 950 €50 ¥§0 0 €90 950  0/0 €50 290 990 L0 ‘01l
200 6L 9L ST 002 S9T 89T  WTZ €T T Wz 9T ¥l o™
PO L9 8y 8y  BEV SOV ISV ISV S0%  ¥SY  Shy Y phE o%eN
900 959 €05 €8¢ 6Vy € 09 90V 9 LS €y 8S 1§ 0ed
YOO €05 LT 8% 0T 6¥V  lZv T W 0T  wr 00 096 bW
000 900 00 00 ¥00 200 800 00 600 800 SO0 800 0 oUW
P00 €8S #6€  MEE  18C 887  ¥8%  S9t  #6Y  SSF  96€  ¥OF 809 ,0°4
10 099 28SL 8IS SLSE ZLSH 0§ 1SSh  69SH 669k YSSL S99 ST foy
YO VLS 9/S9 SEU9 w99 0S89 €9 LL99 S8  SLE9  SL99  S§79 €798 2018
loud oy puey oep  9ep oep  oep  pueyl oep  pue 2ep oep pue pueq eadAyooy
dild  d/id  did  did  did  didd did  did dild did did Od KeaoT
I N s A A A L T
SO-IY POOWG POIGH FOIGY pOHGY  PO-IGH  BO-IBY  pOHIEY 018N OGN POIGH  POHIGY

penunuod dnois uojedulld ay) o) S04 DIUBD|OA JO suonesuaosuod (wdd) Juswe|e adesy pue (v,'3M) 8pixo Juswaje Jofey

:¢ e|qel

60



AN L) vl 0Ll vl 191 bE €60 A 20t 680 260 90l XA n
e 16y ob€ 7 17X A4 08 96°¢ £9°¢ (487 IA 1 02¢ 11584 ui
€10 120 €10 810 610 6o S¥0 920 YAl 610 910 110 L0 610 el
8¢ 6¢ ve L't 6¢ 143 8t 9t 0t it ve 97 LT Gt H
710 010 €10 €10 10 610 90°0 610 G0 610 6o G0 610 1] n
660 9.0 180 ¥6°0 Wl 0L} 1241} ve'l G0’} 90} 60} 90l 00} ¥60 qA
evio  LZV0 w0 ZPVO L€T0  2SV0 L9000 20 6SL0 L6L0  93l0  66L0 89L0  1SLO wy
660 160 G660  MOL 65 L0 8F0 091 ) 9l L0} 0Ll 90l 3
£e0 0e0 €0 90 080 ve0 L0 250 AAl 6€0 6E°0 0%'0 L0 8¢e'0 oH
£’ €8'b 281  6LT 8T 88t L0 g0 T €T 827 1744 €2 e fa
660 v¥0 860 6¥0 090 6€0 ¥20  0L0 090 250 0 050 A 250 a
167 G662 967 a9t 80°¢ 6Le I8l s 8 60y Gre A4S ARY 1A% PO
vi60 02} B8E60  6E) vo'l 90V L¥90 16} 861 51 0¢'} o'l A q9’l n3
A ey 14A* £E'G 09°¢ 96 98¢ 09, 5. AR 384 LY 6eY 6¥9 ws
690 8% S9 €L V9 1TSS ooy 00y 892 £z R4 802 90¢ PN
1144 08'G £6'¢ 969 6t £8°G 9ty A £8'6 9 00'S 7AY 184 6l id
6ec 16y 60¢ 07 81lE 96y vOy  L€8 9, 06y  g8e Zoy 0L LSS 89
9L  S¥C 6% 9¢€ P9l 69 8 Olp 99 8%, Ll 14} gLl 9% el
60 80 60 £e 80 L0 8¢ Pq 90 90 Z0 80 60 60 $J
€¢ Gt 6 £t £t 0y 1474 14 9¢ ) 8¢ 0t 0t 6¢ aN
7’61 A1) Gyl GGl 76l 9 LY 24 |8} 8'Gl 6’02 G'0¢ {6l el i)
pue  oep pue pue Jep Jep AW pueyq pue} pue pue‘q  pue pue  puey adfyyI0y
od M BN L 98 9 1@ Why wby wby wby Wby Wby Wby  Aweson
bGLE 68 B TYE LA ST bR BEET b9 €L bEEL L9 B9 BEGE  b2iSE 10bS) aidwes
yOrigd  vOrIGY  pOHIGN  p0-1IY  KOHIGH  YORIGH  pOIY pOHISH ORISH  ROHIGY vOFIY v0FIGY BO-1GY  p0-18Y

panupuod dnoig uojaduULld 3y} WO} SHI0J IIURD|OA JO SUOIRIIUaIUO0D (wdd) JUswa|d 3oel) pue (9, IM) apIXo Juawa(d Jofep

:¢ 9iqel

61



"SUOIJRIABP

piepue)s oM} se pajuasaid aJe siou3 ‘siseq snoJpAyUE UB Uo ¥,0(| 0} PAZI|BULIOU 3Je (SBPIXO % ’JM) Sjuswiala Jole :SIJON

HANAAYAN unian_|
Lt o o ML s

G ‘ep

Al_nii fanan

su=pu 'syisep=3ep ‘siiohuy

Simmmiom fiimm e

=Aiji | HSOPUBAYIE

ojjjeseq=pue’yq ‘ajisepue Jpj{eseq=pue’q ‘ajisapue=pue ‘ajisapueAydei}=pue’} ‘UieJunoy Jadejd pue uejunojy doy je|4=d/14 Hea19
199dsoid=0d ‘uojIuLg=id ‘HLIa|=Ia ‘Usawe|n[=|n] ‘y3a19 Aepung=9S ‘aye ss0g=g ‘uiejunoly ajeby : Wby :suoneiriqqy

200 4 A £V 6’} ve'e 8e'e 86} 42 89') 80 7N 980 (udd)
80°0 L 187 %S G0'¢ 9s'9 106 76 £6°€ 86°C 9¢'s 807 28’} yl
¥0°0 Pq 810 910 810 120 £5°0 810 020 ie0 910 8¢'0 610 Bl
10 14 9t L't L't L't £t A% 0t It £t A% [ H
800 020 20 010 10 b0 810 b0 910 YA} €10 91’0 81’0 LB
¥0°0 7'l @80 290 L0 190 148 ¢L0 v0'} A ¥8°0 20’} 14} qA
¥00°0 20 010 60L0 V0 SOLO U8LO €20 8910 €6L0 SELD €910 Z6LO wj
¥0°0 8t 160 S0 180 £L0 'Y 98’0 60'} £C’) £6°0 0} e’} 3
200 90 €0 520 820 ¥0 Lyo 620 1£0 BE0 (A 120 174" oH
800 ve Wl il 0L} or'l 067 120 01'e N/ 68') 20¢ 9e? fg
200 8'0 L£0 AN} 9c0 0£'0 £L0 £€0 £F0 £¥'0 o o 1240] ql
10 gL A4 aee 4% 8¢ 86°G Ev'e £1E 887 G6C 60°¢ 0,7 PO
800 ¢ v80 /880 8180 080 65C ¢880 601 G860 SO} G} 10} n3
20 9’6 66°C [4°2) L0¢ 4% £l LEE ¥4 4 19°¢ Wy 1744 2e'e wg
90 608 gel  ¥8l 8yl L8} 0L 99 Goc vsl £0¢ Vet 9yl PN
10 91 1t 14°84 go'e ¥0'S {6} vy #0°G 89y 44" £L'G ore id
2t £ gsg 0¢y  ¥8e 41 vii bee 90y L 068 9L ¥ 0
90 £69 L7l 0% A £ ge6 vl 1oz 96! 0%t 6¢ Vel 2]
20 G0 60 60 80 60 60 80 S0 0l 80 Fl 80 L)
20 H 97 gt 8¢ ¥e Syl A4 I'E A% £ 'y 6¢ aN
¥0 pu ¥4} 89 Vil 8. 611 20l £'Sl {6 L) 0t} 66 28
louso7 puey oep dep  dep  dep puey oep pue  dep oep  pue pue'q adAyyooy
dild  dild  did  did  did  dild  dild  did  did  did  diid  9d  AiesoT
320 bb8L BT THAE bHBE BT0E  BET BERE O BTHE TE0T bE6E TELE aidweg

Soigy  vO-NG OGN PO-18Y  P0O1GY  KOHIGY  p0RIGY  r0-IGY  pOHISH  p0-IGY  pO-IGY  pO-IGY

ponunuod dnouc) uoy}adulLld 94} WOoL) SHD04 JIUED|OA JO Suonenuadsuod (wdd) Juawaloe aded) pue (% M) 9pIXo Juawalo Jofey :¢ alqel

62



ajdwes sjeoydnp =,

‘(b861) 1€ 18 UIB}Spjos) Jo japolll ay) buisn soaesas adAr-ajjuetu pajsjdap e woij uoioeixa Joj ey ul ‘abe japow
ayy s1 M7 | ijonsasal opupUOLD B 0} BAEIAI UOJRUOHOBY PNAWS 84} SI PNYS 5 °8£9716°0 = PN ,,, /PN 5, PUE 99610 =PN ,,, MUS ,,, ABp-juasaid
UM JIoAISSal DILPUOYD B QI B (G J8 UoleuBA 0000} Jod ay) St % pN3 b 8jqe] Wou ojje) PN-WS O 7 Je papodal Saljuieyasun Jfy :SajoN

L35 260~ L0F 06 ¥ 1€8215°0 EvEL0  9FG/8215°0 200F 220 ajoeq uejunow doy-eld ,1-1-8L-v0-Wa
¢vs 280 L0F 6% ¥ F€28ZIS0 prEL0  9F /982190 200F2C0 o)oeq uleunop doy-leld  |-1-gl-v0-WQ
ey 9¥0- CO¥ LY v¥2I8CISO L9010 8% /¥82IS0 0F8L0 ooeq ulelunop dol-leld  |-|-Le-v0-18Y
G0v 0€0- LOF¥9 ¥ 0062150 L9610 9FG¥62LS0 200F €2°0 oysepuedljeseg  ¥aai)Joadsold  z-g-/€-10-lEY
695 ¥¥0- L'0F 6T ZFVCLZISO ¥601L'0 ¥ ¥ 092150 L0+ 8L0 ajieq yoaI) Aepud  |-€-€2-v0-18Y
85€ Tv'0- L0F6'G TFL/82160 VL0 LFOPI6EIS0  LO0F6L0 ayoAuy oye7ssogd  |--9E-v0-18Y
bwv G€0- CO0F GG GF [987160 L2V0 0L ¥6682150 L00F 120 Slsopuedijeseg  ulelunop aleby  |-p4-9)-p0-IEY
£S5y G6'0- L0FGS v F 4582160 ¥8ZL'0  LF 96821S0 000 F 242’0 ousapuedyoei] uteyunop aieby  |-0}-G1-p0-18Y

hip PNSy %pN3 PN, /PNgy, PN, WS,

“PNp PNy,  PNWS  adApyooy win o\dues

dnoig) uojasuld 3y} Jo SHO0J JIUEI|OA 10} suoiisodwos a1dojosi pN

‘yo|qel

63



Reference List

Amelin, Y. and Rotenberg, E., 2004. Sm-Nd systematics of chondrites. Earth and
Planetary Science Letters, 223(3-4): 267-282.

Arndt, N. T. and Goldstein, S. L., 1987. Use and abuse of crust-formation ages.
Geology, 15(10): 893-895.

Atherton, M. P. and Petford, N., 1993. Generation of sodium-rich magrnas from
newly underplated basaltic crust. Nature, 362(6416): 144-146.

Bardoux, 1993. The Okanagan Valley normal fault from Penticton to Enderby,
south-central British Columbia. PhD Thesis, Carleton University, Ottawa,
292 pp.

Barker, F., 1979. Trondhjemite: definition, environment and hypotheses of origin.
In: F. Barker (Editor), Trondhjemites, Dacites, and Related Rocks.
Eisevier, New York, pp. 1-12.

Barth, M. G., Foley, S. F. and Horn, I., 2002. Partial melting in Archean
subduction zones: constraints from experimentally determined trace
element partition coefficients between eclogitic minerals and tonalitic melts
under upper mantle conditions. Precambrian Research, 113(3-4): 323-
340.

Beard, J. S. and Lofgren, G. E., 1991. Dehydration melting and water-saturated
melting of basaltic and andesitic greenstones and amphibolites at 1, 3,
and 6.9 kb. Journal of Petrology, 32(2): 365-401.

Bedard, J. H., 2005. Partitioning coefficients between olivine and silicate melts.
Lithos, 83(3-4): 394-419.

Berger, B. R. and Snee, L. W., 1992, Thermochronological constraints on
mylonite and detachment fault development, Kettle Highlands,
northeastern Washington and southern British Columbia., Geological
Society of America, Abstracts with Programs, pp. 65.

Breitsprecher, K., 2002. Volcanic stratigraphy, petrology and tectonic setting of
the eastern margin of the Eocene Kamloops Group, south-central British
Columbia. M.Sc. Thesis, Simon Fraser University, Burnaby, 221 pp.

Breitsprecher, K., Thorkelson, D. J., Groome, W. G. and Dostal, J., 2003.
Geochemical confirmation of the Kula-Farallon slab window beneath the
Pacific Northwest in Eocene time. Geology, 31(4): 351-354.

Brenan, J. M., Shaw, H. F., Ryerson, F. J. and Phinney, D. L., 1995.
Experimental determination of trace-element partitioning between
pargasite and a synthetic hydrous andesitic melt. Earth and Planetary
Science Letters, 135(1-4): 1-11.

64



Burchfiel, B. C., 1993. Tectonostratigraphic map of the Cordileran orogenic belt:
contimerinous United States. Geological Society of America.

Camsell, C., 1913. Geology and mineral deposits of the Tulameen District, B.C.
Geological Survey of Canada Memoir 26, pp. 188.

Canil, D., 2004. Mildly incompatible elements in peridotites and the origins of
mantle lithosphere. Lithos, 77(1-4). 375-393.

Carlson, D. H., Fleck, R., Moye, F. J. and Fox, K. F., 1991. Geology,
geochemistry, and isotopic character of the Colville Igneous Complex,
northeastern Washington. Journal of Geophysical Research-Sclid Earth
and Planets, 96(B8): 13313-13333.

Church, B. N., 1973. Geology of the White Lake Basin. In: Bulletin 61
Department of Mines and Petroleum Resources (Editor), pp. 115.

Church, B. N., 1979. Tertiary stratigraphy and resource potential in south-central
British Columbia (82E, L). In: Mines and Petroleum Resources British
Columbia Ministry of Energy, Geological Fieldwork 1978, Paper 1979-1
(Editor), pp. 7-15.

Church, B. N. and Suesser, U., 1983. Geology and magnetostratigraphy of
Miocene basalts of the Okanagan Highlands, British Columbia (82L/2,3).
In: Mines and Petroleum Resources British Columbia Ministry of Energy,
Geological Fieldwork 1982, Paper 1983-1 (Editor), pp. 32-36.

Clemens, J. D. and Vielzeuf, D., 1987. Constraints on melting and magma
production in the crust. Earth and Planetary Science Letters, 86(2-4): 287-
306.

Clowes, R. M., Zelt, C. A., Amor, J. R. and Ellis, R. M., 1995. Lithospheric
structure in the southern Canadian Cordillera from a network of seismic
refraction lines. Canadian Journal of Earth Sciences, 32(10): 1485-&.

De Paolo, D. J., 1981a. Neodymium isotopes in the Colorado Front Range and
crust-mantle evolution in the Proterozoic. Nature, 291(5812): 193-196.

De Paolo, D. J., 1981b. Trace-element and isotopic effects of combined wallrock
assimilation and fractional crystallization. Earth and Planetary Science
Letters, 53(2): 189-202.

Defant, M. J. and Kepezhinskas, P., 2001. Evidence suggests slab melting in arc
magmas. EOS (Transactions, American Geophysical Union), 82: 65-69.

Defant, Marc J. and Drummond, Mark S., 1990. Derivation of some modern arc
magmas by melting of young subducted lithosphere. Nature, 347(6294):
662-665.

65



Dickinson, W. R., 1991. Tectonic setting of faulted Tertiary strata associated with
the Catalina core complex in southern Arizona; GSA Special paper 264.
Geological Society of America, 106 pp.

Dickinson, W. R., 2004. Evolution of the North American Cordillera. Annual
Review of Earth and Planetary Sciences, 32: 13-45.

Dickinson, W. R. and Snyder, W. S., 1979. Geometry of triple junctions related to
San Andreas transform. Journal of Geophysical Research, 84(NB2): 561-
572.

Dostal, J., Breitsprecher, K., Church, B. N., Thorkelson, D. and Hamilton, T. S.,
2003. Eocene melting of Precambrian lithospheric mantle: Analcime-
bearing volcanic rocks from the Challis-Kamloops belt of south central
British Columbia. Journal of Volcanology and Geothermal Research,
126(3-4): 303-326.

Dostal, J., Church, B. N., Reynolds, P. H. and Hopkinson, L., 2001. Eocene
volcanism in the Buck Creek basin, central British Columbia (Canada):
transition from arc to extensional volcanism. Journal of Volcanology and
Geothermal Research, 107(1-3): 149-170.

Dostal, J., Owen, J. V., Church, B. N. and Hamilton, T. S., 2005. Episcdic
volcanism in the Buck Creek complex (Central British Columbia, Canada):
A history of magmatism and mantle evolution from the Jurassic to the
early Tertiary. International Geology Review, 47(6): 551-572.

Drummond, M. S. and Defant, M. J., 1990. A model for trondhjemite-tonalite-
dacite genesis and crustal growth via slab melting - Archean to modern
comparisons. Journal of Geophysical Research, 95(B13): 21503-21521.

Dudas, F. O., 1991. Geochemistry of igneous rocks from the Crazy Mountains,
Montana, and tectonic models for the Montana Alkalic Province. Journal of
Geophysical Research, 96(B8): 13261-13277.

Eisele, Jurgen, Sharma, Mukul, Galer, Stephen J. G., Blichert-Toft, Janne,
Devey, Colin W. and Hofmann, Albrecht W., 2002. The role of sediment
recycling in EM-1 inferred from Os, Pb, Hf, Nd, Sr isotope and trace
element systematics of the Pitcairn hotspot. Earth and Planetary Science
Letters, 196-212(3-4): 197.

Ewing, Thomas E., 1980. Paleogene tectonic evolution of the Pacific Northwest.
The Journal of Geology, 88(6): 619-638.

Ewing, Thomas E., 1981a. Petrology and geochemistry of the Kamloops Group,
British Columbia. Canadian Journal of Earth Sciences, 18: 1478-1491.

Ewing, Thomas E., 1981b. Regional stratigraphy and structural setting of the
Kamloops Group, south-central British Columbia. Canadian Journal of
Earth Sciences, 18: 1464-1477.

66



Feeley, T. C., 2003. Origin and tectonic implications of across-strike geochemical
variations in the Eocene Absaroka volcanic province, United States.
Journal of Geology, 111(3): 329-346.

Feeley, T. C. and Cosca, M. A., 2003. Time vs. composition trends of
magmatism at Sunlight volcano, Absaroka volcanic province, Wyoming.
Geological Society of America Bulletin, 115(6): 714-728.

Feeley, T. C., Cosca, M. A. and Lindsay, C. R., 2002. Petrogenesis and
implications of calc-alkaline cryptic hybrid magmas from Washburn
volcano, Absaroka Volcanic Province, USA. Journal of Petrology, 43(4):
663-703.

Feeley, T. C. and Hacker, M. D., 1995. Intracrustal derivation of Na-rich andesitic
and dacitic magmas - an example from Volcan Ollague, Andean Central
Volcanic Zone. Journal of Geology, 103(2): 213-225.

Foley, S. F., Barth, M. G. and Jenner, G. A., 2000. Rutile/melt partition
coefficients for trace elements and an assessment of the influence of rutile
on the trace element characteristics of subduction zone magmas.
Geochimica et Cosmochimica Acta, 64(5): 933-938.

Gao, S., Rudnick, R. L., Yuan, H. L., Liu, X. M., Liu, Y. S., Xu, W. L., Ling, W. L.,
Ayers, J., Wang, X. C. and Wang, Q. H., 2004. Recycling lower
continental crust in the North China craton. Nature, 432(7019): 892-897.

Garrison, J. M. and Davidson, J. P., 2003. Dubious case for slab melting in the
Northern volcanic zone of the Andes. Geology, 31(6): 565-568.

Ghosh, D. K., 1995. Nd-Sr isotopic constraints on the interactions of the
Intermontane Superterrane with the western edge of North America in the
southern Canadian Cordillera. Canadian Journal of Earth Sciences,
32(10): 1740-1758.

Gill, J., 1981. Orogenic andesites and plate tectonics. Springer, Berlin, 336 pp.

Goldstein, S. L., Onions, R. K. and Hamilton, P. J., 1984. A Sm-Nd isotopic study
of atmospheric dusts and particulates from major river systems. Earth and
Planetary Science Letters, 70(2): 221-236.

Grainger, N., 2000. Petrogenesis of Middle Jurassic to Miocene magmatism
within the Nechako plateau, central British Columbia: Insight from
petrography, geochemistry, geochronology and tracer isotope studies.
M.Sc. Thesis, University of Alberta, 125 pp.

Grainger, N. C., Villeneuve, M. E., Heaman, L. M. and Anderson, R. G., 2001.
New U-Pb and Ar/Ar isotopic age constraints on the timing of Eocene
magmatism, Fort Fraser and Nechako River map areas, central British
Columbia. Canadian Journal of Earth Sciences, 38(4): 679-696.

67



Grove, T. L., Parman, S. W., Bowring, S. A., Price, R. C. and Baker, M. B., 2002.
The role of an H,O-rich fluid component in the generation of primitive
basaltic andesites and andesites from the Mt. Shasta region, N California.
Contributions to Mineralogy and Petrology, 142(4): 375-396.

Haeussler, P. J., Bradley, D. C., Wells, R. E. and Miller, M. L., 2003. Life and
death of the Resurrection plate: Evidence for its existence and subduction
in the northeastern Pacific in Paleocene-Eocene time. Geological Society
of America Bulletin, 115(7): 867-880.

Harder, Margaret and Russell, J. K., in press. Thermal state of the upper mantle
beneath the Northern Cordilleran Volcanic Province (NCVP), British
Columbia, Canada. Lithos.

Hills, L. V. and Baadsgaard, H., 1967. Potassium-argon dating of some Lower
Tertiary strata in British Columbia. Bulletin of Canadian Petroleum
Geology, 15: 138-149.

Hilyard, M., Nielsen, R. L., Beard, J. S., Patino Douce, Alberto E. and Blencoe,
J., 2000. Experimental determination of the partitioning behavior of rare
earth and high field strength elements between pargasitic amphibole and
natural silicate melts. Geochimica et Cosmochimica Acta, 64(6): 1103-
1120.

Hiza, Margaret, 1999. The geochemistry and geochronology of the Eocene
Absaroka volcanic province, northern Wyoming and southwest Montana,
United States of America. PhD Thesis, Oregon State University, 243 pp.

Hofmann, A. W., 2003. Sampling mantle heterogeneity through oceanic basalts:
isotopes and trace elements. In: Roberta L. Rudnick (Editor), The Crust.
Treatise on Geochemistry. Elsevier, pp. 64-101.

Humphreys, E. D., 1995. Post-Laramide removal of the Farallon slab, western
United-States. Geology, 23(11): 987-990.

Hunt, P. A. and Roddick, J. C., 1990. A compilation of K-Ar ages: report 19.
Radiogenic Age and Isotopic Studies: Report 3. Paper 87-2, Geological
Survey of Canada Paper 89-2.

Hyndman, R. D., Currie, Claire A. and Mazzotti, Stephane P., 2005. Subduction
zone backarcs mobile belts, and orogenic heat. GSA Today, 15(2): 4-10.

Irvine, T. N. and Baragar, W. R. A., 1971. Guide to chemical classification of
common volcanic rocks. Canadian Journal of Earth Sciences, 8(5): 623-&.

Jacobsen, S. B. and Wasserburg, G. J., 1980. Sm-Nd isotopic evolution of
chondrites. Earth and Planetary Science Letters, 50(1): 139-158.

68



Janecke, S. U., Hammond, B. F., Snee, L. W. and Geissman, J. W., 1997. Rapid
extension in an Eocene volcanic arc: Structure and paleogeography of an
intra-arc half graben in central Idaho. Geological Society of America
Bulletin, 109(3): 253-267.

Janecke, S. U. and Snee, L. W., 1993. Timing and episodicity of Middle Eocene
volcanism and onset of conglomerate deposition, Idaho. Journal of
Geology, 101(5): 603-621.

Johnston, S. T. and Thorkelson, D. J., 1997. Cocos-Nazca slab window beneath
Central America. Earth and Planetary Science Letters, 146(3-4): 465-474.

Jull, M. and Kelemen, P. B., 2001. On the conditions for lower crustal convective
instability. Journal of Geophysical Research, 106(B4): 6423-6446.

Kay, R. W., 1978. Aleutian magnesian andesites: Melts from subducted Pacific
Ocean crust. Journal of Volcanology and Geothermal Research, 4: 497-
522.

Kay, R. W. and Kay, S. M., 1993. Delamination and delamination magmétism.
Tectonophysics, 219(1-3): 177-189.

Kay, R. W. and Kay, S. M., 2002. Andean adakites: three ways to make them.
Acta Petrologica Sinica, 18(3): 303-311.

Kelemen, P. B., 1995. Genesis of high Mg-number andesites and the continental-
crust. Contributions to Mineralogy and Petrology, 120(1): 1-19.

Kelemen, P. B., Hanghoj, K. and Greene, A. R., 2003. One view of the
geochemistry of subduction-related magmatic arcs, with an emphasis on
primitive andesite and lower crust. In: Roberta L. Rudnick (Editor), The
Crust. Treatise on Geochemistry. Elsevier, pp. 594-649.

Klemme, Stephan, Blundy, Jonathan D. and Wood, Bernard J., 2002.
Experimental constraints on major and trace element partitioning during
partial melting of eclogite. Geochimica et Cosmochimica Acta, 66(17):
3109-3123.

Le Maitre, R. W. (Editor), 2002. Igneous Rocks, A Classification and Glossary of
Terms. Cambridge University Press, Cambridge, 236 pp.

Lewis, T. J., Hyndman, R. D. and Fluck, P., 2003. Heat flow, heat generation,
and crustal temperatures in the northern Canadian Cordillera: Thermal
control of tectonics. Journal of Geophysical Research, 108(B6).

Lindsay, C. R. and Feeley, T. C., 2003. Magmagenesis at the Eocene Electric
Peak-Sepulcher Mountain complex, Absaroka Volcanic Province, USA.
Lithos, 67(1-2): 53-76.

69



Lopez, S. and Castro, A., 2001. Determination of the fluid-absent solidus and
supersolidus phase relationships of MORB-derived amphibolites in the
range 4-14 kbar. American Mineralogist, 86(11-12): 1396-1403.

Ludwig, K. R., 2003. Isoplot 3.09 A Geochronological toolkit for Microsoft Excel.,
Berkeley Geochronology Center. Special Publication No. 4.

Lustrino, M., 2005. How the delamination and detachment of lower crust can
influence basaltic magmatism. Earth-Science Reviews, 72(1-2): 21-38.

Macpherson, Colin G. and Hall, Robert, 2002. Timing and tectonic controls in the
evolving orogen of SE Asia and the western Pacific and some implications
for ore generation. In: D. J. Blundell, F. Neubauer and A. von Quadt
(Editors), The Timing and Location of Major Ore Deposits in an Evolving
Orogen. Geological Society, London, pp. 49-67.

Madsen, Julianne K., Thorkelson, Derek J., Friedman, R. M. and Marshall, Daniel
D., in press. Cenozoic to Recent plate configurations in the Pacific Basin:
Ridge subduction and slab window magmatism in western North America.
Geosphere.

Martin, H., 1999. Adakitic magmas: modern analogues of Archaean granitoids.
Lithos, 46(3): 411-429.

Massey, N. W. D., Maclntyre, D. G., Desjardins, P. J. and Cooney, R. T., 2005.
Digital Geology Map of British Columbia, Open File 2005-2, DVD. In: B.C.
Ministry of Energy and Mines (Editor).

Mathews, W. H., 1989. Neogene Chilcotin basalts in south-central British
Columbia: geology, ages, and geomorphic history. Canadian Journal of
Earth Sciences, 26: 969-982.

McClaughry, Jason D. and Gaylord, David R., 2005. Middle Eocene sedimentary
and volcanic infilling of an evolving supradetachment basin: White Lake
Basin, south-central British Columbia. Canadian Journal of Earth
Sciences, 42(1): 49-66.

McGetchin, T. R., Settle, M. and Chouet, B. A., 1974. Cinder cone growth
mmodeled after Northeast Crater, Mount-Etna, Sicily. Journal of
Geophysical Research, 79(23): 3257-3272.

McKervey, John Antony, 1998. The petrogenesis of the Eocene Challis Volcanic
Group, Idaho, western United States. PhD Thesis, Open University, Milton
Keynes, 586 pp.

McMechan, R. D., 1983. Geology of the Princeton Basin. British Columbia.
Ministry of Energy, Mines and Petroleum Resources; Paper 1983-3.
British Columbia Ministry of Energy, Mines and Petroleum Resources,
Victoria, 52 pp.

70



Melcher, F. and Meisel, T., 2004. A metamorphosed early Cambrian crust-mantle
transition in the Eastern Alps, Austria. Journal of Petrology, 45(3): 1689-
1723.

Miyashiro, A., 1974. Volcanic rock series in island arcs and active continental
margins. American Journal of Science, 274(4): 321-355.

Monger, J., 1985. Structural evolution of the southwestern Intermontane belt,
Ashcroft and Hope map areas, British Columbia. Current Research, Part
A, Paper 85-1A: 349-358.

Monger, J., 1989. Geology, Hope, British Columbia. Geological Survey of
Canada.

Monger, J. and McMillan, W. J., 1989. Geology, Ashcroft, British Columbia.
Geological Survey of Canada.

Monger, J. and Price, R. A., 2002. The Canadian Cordillera: Geology and
tectonic evolution. CSEG Recorder, 27: 17-36.

Morris, G. A. and Hooper, P. R., 1997. Petrogenesis of the Colville Igneous
Complex, northeast Washington: Implications for Eocene tectonics in the
northern US Cordillera. Geology, 25(9): 831-834.

Morris, G. A., Larson, P. B. and Hooper, P. R., 2000. 'Subduction style'
magmatism in a nonsubduction setting: the Colville Igneous Complex, NE
Washington State, USA. Journal of Petrology, 41(1): 43-67.

Morris, George A. and Creaser, Robert Andrew, 2003. Crustal recycling during
subduction at the Eocene Cordilleran margin of North America: a
petrogenetic study from the southwestern Yukon. Canadian Journal of
Earth Sciences, 40(12): 1805-1821.

Mortimer, N., 1987. The Nicola Group: Late Triassic and Early Jurassic
subduction-related volcanism in British Columbia. Canadian Journal of
Earth Sciences, 24: 2521-2536.

Nagler, T. F. and Kramers, J. D., 1998. Nd isotopic evolution of the upper mantle
during the Precambrian: models, data and the uncertainty of both.
Precambrian Research, 91(3-4): 233-252.

Norman, M. D. and Mertzman, S. A., 1991. Petrogenesis of Challis volcanics
from central and southwestern Idaho - Trace-element and Pb isotopic
evidence. Journal of Geophysical Research, 96(B8): 13279-13293.

Parfitt, E. A., 2004. A discussion of the mechanisms of explosive basaltic
eruptions. Journal of Volcanology and Geothermal Research, 134(1-2):
77-107.

71



Parrish, R. R., Carr, S. D. and Parkinson, D. L., 1988. Eocene extensional
tectonics and geochronology of the southern Omineca Belt, British-
Columbia and Washington. Tectonics, 7(2): 181-212.

Peacock, M. A., 1931. Classification of igneous rock series. Journal of Geology,
39: 54-67.

Pearce, J. A. and Peate, D. W., 1995. Tectonic implications of the composition of
volcanic arc magmas. Annual Review of Earth and Planetary Sciences,
23: 251-285.

Peslier, A. H., Reisberg, L., Ludden, J. and Francis, D., 2000. Os isotopic
systematics in mantle xenoliths; age constraints on the Canadian
Cordillera lithosphere. Chemical Geology, 166(1-2): 85-101.

Petford, N., 2003. Rheology of granitic magmas during ascent and emplacement.
Annual Review of Earth and Planetary Sciences, 31: 399-427.

Poli, S., 1993. The amphibolite-eclogite transformation - an experimental-study
on basalt. American Journal of Science, 293(10): 1061-1107.

Rapp, R. P., 1995. Amphibole-out phase-boundary in partially melted retabasalt,
its control over liquid fraction and composition, and source permeability.
Journal of Geophysical Research, 100(B8): 15601-15610.

Rapp, R. P., Shimizu, N., Norman, M. D. and Applegate, G. S., 1999. Reaction
between slab-derived melts and peridotite in the mantle wedge:
experimental constraints at 3.8 GPa. Chemical Geology, 160(4): 335-356.

Rapp, R. P. and Watson, E. B., 1995. Dehydration melting of metabasalt at 8-32-
Kbar - Implications for continental growth and crust-mantle recycling.
Journal of Petrology, 36(4): 891-931.

Rapp, R. P., Watson, E. B. and Miller, C. F., 1991. Partial melting of amphibolite
eclogite and the origin of Archean trondhjemites and tonalites.
Precambrian Research, 51(1-4): 1-25.

Read, Peter B., 2000. Geology and Industrial Minerals of the Tertiary Basins,
South-central British Columbia. British Columbia. Ministry of Energy,
Mines and Petroleum Resources Geofile 2000-3. British Columbia.
Ministry of Energy, Mines and Petroleum Resources, Victoria, 110 pp.

Renne, P. R., Swisher, C. C., Deino, A. L., Karner, D. B., Owens, T. L. and
DePaolo, D. J., 1998. Intercalibration of standards, absolute ages and
uncertainties in “°Ar/**Ar dating. Chemical Geology, 145(1-2): 117-152.

Rice, H. M. A., 1947. Geology and mineral deposits of the Princeton map-area,
British Columbia. Geological Survey of Canada, Memoir, 243. Geological
Survey of Canada, 136 pp.

72



Riedel, C., Ernst, G. G. J. and Riley, M., 2003. Controls on the growth and
geometry of pyroclastic constructs. Journal of Volcanology and
Geothermal Research, 127(1-2): 121-152.

Roeder, P. and Emslie, R., 1970. Olivine-liquid equilibrium. Contributions to
Mineralogy and Petrology, 29: 275-289.

Rudnick, Roberta L. and Gao, Shan, 2003. Composition of the continental crust.
In: Roberta L. Rudnick (Editor), The Crust. Treatise on Geochemistry.
Elsevier, pp. 1-64.

Rushmer, T., 1991. Partial melting of 2 amphibolites - Contrasting experimental
results under fluid-absent conditions. Contributions to Mineralogy and
Petrology, 107(1): 41-59.

Rutherford, M. J. and Devine, J. D., 2003. Magmatic conditions and magma
ascent as indicated by hornblende phase equilibria and reactions in the
1995-2002 Soufriere Hills magma. Journal of Petrology, 44(8): 1433-1454.

Self, S., Thordarson, T., Keszthelyi, L., Walker, G. P. L., Hon, K., Murphy, M. T,
Long, P. and Finnemore, S., 1996. A new model for the emplacement of
Columbia River Basalts as large, inflated pahoehoe lava flow fields.
Geophysical Research Letters, 23(19): 2689-2692.

Sen, C. and Dunn, T., 1994. Dehydration melting of a basaltic composition
amphibolite at 1.5 and 2.0 GPa - Implications for the origin of adakites.
Contributions to Mineralogy and Petrology, 117(4): 394-409.

Shannon, R. D., 1976. Revised effective ionic-radii and systematic studies of
interatomic distances in halides and chalcogenides. Acta
Crystallographica Section A, 32(SEP1): 751-767.

Shaw, W. S., 1952. The Princeton Coalfield, B.C. Geological Survey of Canada
Paper 52-12, pp. 28.

Sisson, Virginia B., Pavlis, Terry L., Roeske, Sarah M. and Thorkelson, Derek J.,
2003. Introduction: An overview of ridge-trench interactions in modern and
ancient settings. In: Virginia B. Sisson, Sarah M. Roeske and Terry L.
Pavlis (Editors), Special Paper 371: Geology of a Transpressional Orogen
Developed During Ridge-Trench Interaction Along the North Pacific
Margin. Geological Society of America, Boulder, CO, pp. 1-18.

Smith, A. D. and Thorkelson, D., 2002. Geochemical and Nd-Sr-Pb isotopic
evidence on the origin and geodynamic evolution of mid-Cretaceous
continental arc volcanic rocks of the Spences Bridge Group, south-central
British Columbia. Geological Journal, 37(2): 167-186.

Souther, J. G., 1991. Volcanic Regimes. In: H. Gabrielse, Yorath, C. J. (Editor),
Geology of the Cordilleran Orogen in Canada. Geology of Canada.
Geological Survey of Canada, pp. 457-490.

73



Stern, C. R. and Kilian, R., 1996. Role of the subducted slab, mantle wedge and
continental crust in the generation of adakites from the Andean Austral
volcanic zone. Contributions to Mineralogy and Petrology, 123(3): 263-
281.

Sun, S. S. and McDonough, W. F., 1989. Chemical and isotopic systematics of
oceanic basalts: implications for mantle composition and process. In: A.
D. Saunders and M. J. Norry (Editors), Magmatism in the Ocean Basins.
The Geological Society, pp. 313-345.

Thorkelson, D. J., 1989. Eocene sedimentation and volcanism in the Fig Lake
Graben, southwestern British-Columbia. Canadian Journal of Earth
Sciences, 26(7): 1368-1373.

Thorkelson, D. J., 1996. Subduction of diverging plates and the principles of slab
window formation. Tectonophysics, 255(1-2): 47-63.

Thorkelson, D. J. and Taylor, R. P., 1989. Cordilleran slab windows. Geology,
17(9): 833-836.

Thorkelson, Derek J. and Breitsprecher, Katrin, 2005. Partial melting of slab
window margins: genesis of adakitic and non-adakitic magmas. Lithos,
79(1-2): 25-41.

Valentine, Greg A., Krier, Don, Perry, Frank V. and Heiken, Grant, 2005. Scoria
cone construction mechanisms, Lathorp Wells volcano, southern Nevada,
USA. Geology, 33(8): 629-632.

Vesperman, D. and Schmincke, H. U., 2000. Scoria cones and tuff rings. In: H.
Sigurdsson (Editor), Encyclopedia of Volcanoes. Academic Press, San
Diego, California, pp. 683-694.

Vielzeuf, D. and Schmidt, M. W., 2001. Melting relations in hydrous systems
revisited: application to metapelites, metagreywackes and metabasaits.
Contributions to Mineralogy and Petrology, 141(3): 251-267.

Villeneuve, M. E. and Mathewes, R. W., 2005. An Early Eocene age for the
Quilchena fossil locality, southern British Columbia. Geological Survey of
Canada, Current Research, A4: 1-7.

von Huene, R., Ranero, C. R. and Vannucchi, P., 2004. Generic model of
subduction erosion. Geology, 32(10): 913-916.

Weis, D., Kieffer, B., Maerschalk, C., Pretorius, W. and Barling, J., 2005. High-
precision Pb-Sr-Nd-Hf isotopic characterization of USGS BHVO-1 and
BHVO-2 reference materials. Geochemistry Geophysics Geosystems, 6.
DOI:10.1029/2004GC000852

Wheeler, J. O. and McFeeley, P., 1991. Tectonic assemblage map of the
Canadian Cordillera and adjacent parts of the United States of America.
Map 1712A. Geological Survey of Canada.

74



Williams, V. E. and Ross, C. A., 1979. Depositional setting and coal petrology of
Tulameen Coalfield, south-central British-Columbia. AAPG Bulletin-
American Association of Petroleum Geologists, 63(11): 2058-2069.

Wolf, M. B. and Wyllie, P. J., 1994. Dehydration-melting of amphibolite at 10
Kbar - the effects of temperature and time. Contributions to Mineralogy
and Petrology, 115(4): 369-383.

Wood, Bernard J. and Blundy, Jonathan D., 2003. Trace element partitioning
under crustal and uppermost mantle conditions: The influence of ionic
radius, cation charge, pressure, and temperature. In: Roberta L. Rudnick
(Editor), The Crust. Treatise on Geochemistry. Elsevier, pp. 395-424.

Wooden, J. L. and Box, S. E., 1996. Contrasting inherited zircon populations in
an Eocene vs. an early Cretaceous intrusive associated with the eastern
Kettle Metamorphic core complex, NE Washington, Geological Society of
America, Abstracts with Programs, pp. 444.

Xiong, X. L., Adam, J. and Green, T. H., 2005. Rutile stability and rutile/melt
HF SE partitioning during partial melting of hydrous basalt: Implications for
TTG genesis. Chemical Geology, 218-359(3-4): 339.

Xu, J. F., Shinjo, R., Defant, M. J., Wang, Q. A. and Rapp, R. P., 2002. Origin of
Mesozoic adakitic intrusive rocks in the Ningzhen area of east China:
Partial melting of delaminated lower continental crust? Geology, 30(12):
1111-1114,

Yardley, B. W. D. and Valley, J. W., 1997. The petrologic case for a dry lower
crust. Journal of Geophysical Research, 102(B6): 12173-12185.

75



APPENDIX ONE:
OAR/**AR ANALYTICAL METHODS
AND SAMPLE DESCRIPTIONS

“ArP°Ar Analytical Methods

Each sample was crushed and siéved to obtain fragments ranging in size
from 0.125 to 0.600 mm. Crystals or rock fragments were hand-picked from the
sieved fraction under ethanol with a binocular microscope. These separates
were washed with deionized water, then placed in an ultrasonic bath for half an
hour and finally air-dried at room temperature. Mineral separates were wrapped
in aluminium foil and stacked in an irradiation capsule with similar-aged samples,
neutron flux monitors (Fish Canyon Tuff sanidine, 28.03 Ma; Renne et al. 1998),
optical grade CaF, and potassium glass. The samples were irradiated with
cadmium shielding on April 25-27, 2005 at the McMaster Nuclear Reactor in
Hamilton, Ontario, for 84 MWH, with a neutron flux of approximately 3.1016
neutrons/cm?. Total fusion analyses (n=72) of 21 neutron flux monitor positions

produced errors of <0.5% in the J value.

The samples were analyzed on June 2 and 3, 2005, at the Noble Gas
Laboratory, Pacific Centre for Isotopic and Geochemical Research, University of
British Columbia, Vancouver, BC, Canada. The mineral separates were step-
heated at incrementally higher powers in the defocused beam of a 10W CO,
laser (New Wave Research MIR10) until fused. The gas evolved from each step

was analyzed by a VG5400 mass spectrometer equipped with an ion-counting
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electron multiplier. All measurements were corrected for total system blank, mass
spectrometer sensitivity, mass discrimination, and radioactive decay during and
subsequent to irradiation, as well as interfering Ar from atmospheric
contamination and the irradiation of Ca, Cl and K. Reactor induced correction
factors are (“°Ar/*°Ar)k = 0.0302, (Y’ Ar/°Ar)ca = 2242.27, (BArP°Ar)c, == 0.5326,

Ca/K = 1.83(3 Arca/*°Ary).

The plateau and correlation ages were calculated using IsoPlot 3.09
(Ludwig 2003). Errors are quoted at the 2-sigma (95% confidence) level and are
propagated from all sources except mass spectrometer sensitivity and age of the
flux monitor. The best statistically-justified plateau and plateau age were picked
based on the following criteria: 1) Three or more contiguous steps comprising
more than 50% of the **Ar; 2) Probability of fit of the weighted mean age greater
than 5%; 3) Slope of the error-weighted line through the plateau ages equals
zero at 5% confidence; 4) Ages of the two outermost steps on a plateau are not
significantly different from the weighted-mean plateau age (at 1.8 six or more
steps only); 5) Outermost two steps on either side of a plateau must not have

nonzero slopes with the same sign (at 1.8c nine or more steps only).

The presence of significant excess radiogenic Ar was identified in sample
RBI-04-16-14-1B and as a result the crystallization age was determined from an
inverse isochron (calculated using Isoplot 3.09). Analytical data is presented in

Table 6.
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Sample Descriptions

Agate Mountain Basaltic Andesite

Sample RBI-04-16-14-1 is a pyroxene olivine-phyric basaltic andesite lava
flow from Agate Mountain (Fig. 2). The groundmass is holocrystalline, consisting
of microlites of plagioclase + clinopyroxene + magnetite and small amounts of
devitrified glass. Although the olivine is completely altered, the pyroxene
phenocrysts and the groundmass are largely pristine. A groundmass separate
yielded a plateau of 54.6+0.8 Ma, but an inverse isochron of the steps in the
plateau shows imprecision in both the date and initial *Ar/*°Ar, suggesting that
excess radiogenic Ar is influencing the result. An inverse isochron of steps 3-9
yields a date of 51.7+1.6 Ma and a *Ar/*?Ar of 428+36 confirming the existence
of excess Ar. The inverse isochron date of 51.7+1.6 Ma is interpreted as the

crystallization age.

Sunday Creek Dacite
Sample RBI-04-24-6-1 is a strongly porphyritic plagioclase-hornblende

dacite collected from a road-cut near Sunday Creek (Fig. 2). This sample is less
than 5 km from the location where five samples were dated by Hills and
Baadsgaard (1967). The hornblende crystals are green in plane-polarized light
and commonly range in size from 0.15-1.5 mm. They have a thin opacite rim but
are otherwise unaltered. A separate of hornblende crystals yielded a date of
52+1 Ma based on 6 contiguous plateaus containing 93.7 % of the **Ar and is
interpreted as the igneous crystallization age. This date is in agreement with the

53 to 48 Ma range reported by Hills and Baadsgaard (1967).
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Merritt Andesite

Sample RBI-04-34-2-1B is a strongly porphyritic plagioclase-hornblende
dacite collected from an outcrop in the town of Lower Nicola, near Merritt (Fig. 2).
The hornblende occupies ~20 vol. % of the rock and has a wide range in sizes,
from <0.05 to 5 mm. They have a thin opacite rim but are otherwise unaltered. A
separate of hornblende crystals yielded a date of 49+1 Ma based on 10
contiguous steps containing 100 % of the *°Ar and is interpreted as the igneous

crystallization age.

Fig Lake Dacite
Sample RBI-04-35-3-1 is a porphyritic hornblende-plagioclase dacite

collected from an outcrop near Kingsvale, in the Fig Lake graben (Fig. 2;
Thorkelson 1989). The whole rock geochemical analysis for the Princeton Group
reported by Breitsprecher (2002) and the whole rock K-Ar date determined by
Thorkelson (1989) are from the same outcrop. Hornblende crystals occupy ~10
vol. % of the rock, and range widely in size from 0.05 to 4 mm. Due to the
development of thick opacite rims, many small grains are completely altered to
fine grained Fe-Ti oxides, however larger grains are intact. A separate of
hornblende yielded a date of 50.3+0.9 based on 11 contiguous heating steps

containing 100% of the *°Ar and is interpreted as the igneous crystallization age.

Boss Lake Rhyolite
Sample RBI-04-36-1-1 is an aphyric rhyolite collected near Boss Lake

(Fig. 2). Small crystals of K-feldspar, plagioclase and quartz are abundant.
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Biotite is too low in abundance and altered to yield a mineral separate. A
separate of groundmass picked clean of phenocrysts yielded a date of 50.2+0.4
Ma based 11 contiguous heating steps containing 89.7% of the *Ar. This date is
interpreted as the minimum age of crystallization; however, because it is

consistent with other analysis it is probably close to the crystallization age.
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APPENDIX TWO:
PHOTOMICROGRAPHS AND PETROGRAPHIC DATA

Table 6: Volume % modal abundances of phenocrysts in volcanic rocks of the Princeton

Group
Sample ID Location Si0, Total Ol Plag Hbl Bio Cpx Opx Opq Qtz Kfs Ap Zre
RBI-04-17-03-1 Agate Min 5564 25 15 0" - - - - - -
RBI-04-16-14-1 Agate Min 57 3 3 - - - - - - - - . .
RBI-04-12-01-1 Agate Mtn 574 26 10 - 15 - 1
RBI-04-15-13-1 Agate Mtn 587 10 10 - - - - -
RBI-04-15-12-1 Agate Mtn 500 16 5 - 10 1
RBI-04-16-17-1 Agate Mtn 608 6 - - 5 1 -
RBI-04-15-10-1 Agate Min 611 28 8 10 10 - - -
RBI-04-36-01-1 Boss Lake 723 13 3 - - - 2 3 -
RBI-04-35-03-1 Fig Lake 66.7 15 3 10 T - - 2 tr
RBI-04-30-02-1 Flat Top/Placer 614 9 - - 1 7 1 - -
RBI-04-21-03-1 Flat Top/Placer 61.8 40 5 35 - - tr
RBI-04-19-03-1 Flat Top/Placer 626 22 -2 1 1 - - -
RBI-04-21-02-1 Flat Top/Placer 638 7 4 2 - -1 -
DM-04-18-01-1  Flat Top/Placer 658 53 30 2 - - 3 - tr fr
RBI-04-20-03-2 Flat Top/Placer 66.1 41 30 1 7 3 - - -
RBI-04-31-01-2 Flat Top/Placer 664 50 25 20 - - 3 2 r
RBI-04-22-01-1 Flat Top/Placer 66.8 42 30 10 T 1 - - -t
RBI-04-3202-1 Flat Top/Placer 674 28 15 10 T - 1 1 -
RBI-04-31-01-1 Flat Top/Placer 685 12 5 2 4 T - - -
RBI-04-34-02-1 Merritt 626 50 25 20 - - 5 - fr
RBI-04-38-01-1  Princeton 656 10 - - - 8 2 - - - -
RBI-04-37-08-2 Prospect Creek 56.2 25 10 8§ 7
RBI-04-37-05-1 ProspectCreek 611 2 - - - 1T 1 - -
RBI-04-24-06-1 SundayCreek 634 53 30 20 - -3 -t
RBI-04-23-03-1 SundayCreek 661 18 - 1 10 7 - -
RBI-04-25-01-1 Tulameen 602 13 3 - 10 - - - -

Abbreviations: OI=Olivine; Plag=Plagioclase; Hbl=Homblende; Bio=Biotite; Cpx = Clinopyroxene;
Opx=Orthopyroxene; Opq = Opaque; Kfs=K-feldspar; Ap=Apatite; Zrc=Zircon; tr=trace; "-"=not noted

Notes: SiQ, is in wt.%. All other numbers are phenocryst abundances in vol.% of the total rock deterrnined by
visual estimation. For most rocks, groundmass assembliages consist of plag+cpx+opq+glass
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Figure 17: Representative and illustra’“re photomicrographs of Princeton Group igneous
rocks. The scale bar is 0.5 mm for eacn photomicrograph. A) Representative plagioclase-
hornblende porphyritic dacite from Sunday Creek. RBI-04-24-6-1, plane polarized light; B)
Representative olivine-clinopyroxene b isaltic andesite from near Agate Mountain. There
is only one grain of olivine in the field o view. RBI-04-12-1-1, cross polarized light; C)
Representative plagioclase-hornblende dacite from Flat Top Mountain. Note the nultiple
plagioclase and hornblende growth events evident from phenocryst textures. Dn.-04-18-
01-1, cross polarized light; D) Representative sparsely porphyritic clinopyroxene dacite
from near the town of Princeton in the Tulameen River valley. RBI-04-39-1-1; plane
polarized light. E) Reaction between xenocrystic quartz and groundmass to form
clinopyroxene at the margins of the quertz grain in a plagioclase-hornblende porphyritic
dacite from Flat Top Mountain. Note sieve-textured plagioclase at the top of the
photomicrograph. RBI-04-32-2-1, plane polarized light. F) Growth of hornblende on a
possibly xenocrystic grain of orthopyroxene. RBI-04-31-3-1, plane polarized light.
Abbreviations: Pl=plagioclase; Hbl=hornblende; Op=opaque mineral; Cpx=clinopyroxene;
Opx=orthopyroxene; Qtz=quartz; Fsp=fzldspar (undifferentiated),

85



(v

- - ‘\‘b
) Pl
HE* ¢ - &
Al v + ! A »
’ 1 .4,'c
|
] N 3
__ m . _ L :
r
4
1
w afl -
¢ 3 g .
iPl Py b PI PI
d a - ~ ' ~ . "y .
. o % - *
'4! . - EM
)
34
r |“ N . ! .
' ! * Hbl -~
r.
1‘1. - i . 3
y ' \ 1 ;
Fl "
PI !

11_Jre 18: Rep sentative i adili * v g ~ot- ‘srographs of Princeton Gr-'p
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APPENDIX THREE:
TRACE ELEMENT MODELLING

C, Final concentration in melt ' ppm
Initial concentration in melt ppm

Ratio of melt mass to total mass

D! Mineral/melt partition coefficient of mineral x for
element y
R Gas constant kJ/mol-K 0.00814
T Temperature K
X, Molar fraction of anorthite in plagioclase
r, lonic radius of iony A

Batch crystallization and melting is modelled by the equation

Cl‘()
" f+Da-1)

Mineral-melt partition coefficients are from the literature (Table A2.1).
Partition coefficients for Ba, Sr, Th, and the REE+Y in plagioclase were:
calculated using the predictive models of Wood and Blundy (2003) and Th was
assumed to be equivalent to U. The anorthite content of plagioclase was taken
at a typical level from experimental work (X4, = 0.60) and the temperature was

taken to be 950°C. lonic radii are from Shannon (1976).

RT In D = -38.2(X ,,)+10.2
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RTIn D2 = 26.7(X , ) +26.8
RTInDF =—-10.8(X ,,)-12.4
RTIn D™ = -48.4(X , )-7.45
RTIn D =-90.4(X ,,)-15.3

Dyt = D xexp] ek - 7 Uit )

where z=1.228-0.057(X,,)

Partition coefficients are listed in Table 7 and starting compositions for
melting model are listed in Table 9. An analysis of the sensitivity of the melting

model to changes in mode is in Fig. 19.
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Table 7: Partition coefficients for melting model

Hornblende  Garnet Rutile  Clinopyroxene Plagioclase
D®™* 0.12B95  0.00041 B02 0.0043 F20  0.073 B02 0.29 WB03
D™ 0.1 GERM  0.0015 K02 05F2 0082B02  0.028* WB03
D™ 05H20  00045B02  102F20  0.017 B2 0.01 GERM
D' 064 H20  0.0041 B02 0.0055F20 0.0875 B02  0.092 WB03
D¥ 05894  00072B02 006F20  0.08 B02 2.89 WB03
D* 05 H20 0.67 B02 4F20  023B02 00011 WBO03
DS  3.58 H20 061B02 0001 F20  059B02  0.024 WB03

DM 22H20 199802 0001 F20 0861 B02  0.012 WB03
D' 13 H20 731802 0007 F20 147802  0.0038 WB03
D™  22H20 78B02  001F20  1.31 Boz 0. 0010 WBO3

B02=Barth et al. 2002 K02= KIemme et al. 2002 F20= Foley et aI 2000 WB03 =
Blundy and Waod 2003; GERM: estimated from the Earthref database:
http://earthref.org

*Assumed equal to D

Table 8: Partition coefficients for fractional crystallization model

Plagioclase Hornblende Apatite Zircon Cpx Olivine Magnetite
p™ 0.03 0.1 10 22 003 0.01 0.1
M 04 9 04 01 10 2 10
Notes: All partition coefficients are fram the Geochemical Earth Reference
Model database (http://www.earthref.org/) except for olivine, which is from
Bedard (2005)

Table 9: Starting compositions for melting model

Ba Th Nb La S Zr Sm Gd Y Yb
Average Pacific NMORB 85 012 28 32 119 107 37 51 43 35
Nicola Group Lava 1127 198 58 96 626 81 43 37 24 726
Spences Bridge GroupLava 289 124 6 955 580 91 359 349 15 1.25

Notes; Data from: PetDB (http://www.petdb.org/), Mortimer (1987), Smith and Thorkelson (2002)
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Table 10: Trace element model results

F Ba Th NbLa St Zr Sm Gd Y Yb
Spences Bridge Group ~ 0.15 1597 6.5 58 51 3098 162 55 259 4.0 0.31
Spences Bridge Group ~ 0.25 1042 44 59 34 2051 148 52 267 44 034

EPR MORB 015 47 06 27 17 636 190 57 3.80 11.6 0.88
EPR MORB 025 31 04 27 11 421 174 54 392 127 097
Nicola Group 0.15 6229 105 57 51 3344 144 66 274 6.7 065
Nicola Group 0.25 4064 7.0 57 34 2213 132 6.2 283 7.3 072

Notes: F=ratio of melt to solid
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Figure 19: Sensitivity of the partial melting model to different mineral modes. A)
The preferred melting model referred to in the main text. B), C), D) Melting
models with amounts of garnet, clinopyroxene, and hornbiende, note that large
changes in the modal amount of garnet and clinopyroxene effect very little
change on the model concentrations. E) Melting model with 9% plagioclase.
Note the effect that adding plagioclase has on buffering Sr concentrations and
fractionating Sr relative to other trace elements, such as La. F) Melting model
with more and less rutile than the model depicted in A. The modal amount cf
rutile has a large effect on the calculated Nb abundances.
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APPENDIX FOUR:
EQUATIONS FOR ND ISOTOPIC COMPOSITIONS

Basic Systematics

A total of seven separate whole rock samples were measured for Nd
isotopic compositions, and a number of values are derived from these
measurements (Table 4). This appendix lists the equations used to calculate
these values from the measured '**Nd/'**Nd. The following are some important
variables and constants used. The subscript “m” in an isotopic ratio always
refers to a present-day ratio either directly measured (as in the case of
3Nd/"**Ndy,) or inferred from another isotopic system and from chemical
analyses (as in the case of “/Sm/"*Nd,,). A “t” subscript on an isotopic ratio
refers to a ratio which has been recalculated to a time in the past, in this case

generally 50 Ma.

43 N d Measured isotopic ratio atomic As measured

144 Nd

Sm Measured concentration ppm As measured

Nd Measured concentration ppm As measured

at.wt.Sm Atomic weight of Sm g/mol 150.3656

atwt.Nd Atomic weight of Nd g/mol 144.2397

47 om Fractional abundance of atomic 0.149957
"“7Sm relative to total Sm

144 A1 Fractional abundance of atomic As defined
"*“Nd relative to total Nd below

A Decay constant for alpha y" 6.54-10™

decay of "’Sm to "**Nd
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The calculation of the present day "’ Sm/"*Nd,, from Sm and Nd

concentrations and "*Nd/"**Nd,, is as follows:

YSm | Smx'Sm | /| Ndx'*'Nd
“Nd { at. wt.Sm jl/ { at.wt.Nd ]
where

1

143
3.69014 + Nd
Nd

144

144Nd —

The Sm-Nd isotopic evolution of a closed system through time, and hence

calculation of initial "**Nd/"**Nd is given by

]43Nd ]43Nd ]47Sn2 0
N = 144 1 - 144 7 (e =1).

Similarly, the isotopic evolution of the bulk earth is given by

]43Nd ]43Nd ]47Sm ( @) 1)
- = —_— [ e —
144 144 144

Nd 1, CHUR Nd m . CHUR Nd m,CHUR
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where the subscript CHUR (CHondritic Uniform Reservoir) denotes the
values for the bulk earth and have present day values of
"SNA/"** N, crur=0.512638 and "“’Sm/'“Nd,, cur=0.1966 (Jacobsen and

Wasserburg 1980; Amelin and Rotenberg 2004).

Initial Nd isotopic ratios are commonly expressed in terms of epsilon
notation, which is the variation of an initial **Nd/"**Nd from CHUR in parts per

10* and is defined as:

]43Nd
]44Nd’ 1

4
gN(/ = 10 _]43 Nd

144
: Nd crur

The fractional variation of the *’Sm/'**Nd of a sample from CHUR (fsmna)

expresses how “fast” it evolves to higher or lower values of eng and is defined as:

147 147
) Sm Sm 1
SmiNd T | 144 144 -
‘ i Nd » Nd o cHuR

or

[ 147
me/Nd = S /0~1966}—1

144
L Nd n

The “depleted mantle” is a hypothetical upper mantle reservoir that
evolves along a more radiogenic (higher Sm/Nd) trajectory than the bulk earth.

There are currently several formulations of the isotopic history of the depleted
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mantle, the two most common being phenomenological derivations from
compilations of the "*Nd/'*“Nd; in ancient rocks that are presumed to have a
simple history after being extracted from the mantle. These curves are given by
De Paolo (1981a) and Goldstein et al. (1984) and a more recent formulation,
similar to the Goldstein et al. curve is provided by Nagler and Kramers (1998).

These curves are all expressed in epsilon notation and are as follows:

D81 25 2 3

Nd =1—191 —10——ISt +8.5

M _20

veog _ 0.164 5 0.566 , 2.79

Nd,DM = 107 - 10 10°

t +10.4

Model ages are calculated by determining the time that a rock would have
had the same isotopic composition as a mantie reservoir (usually either the
depleted mantle or CHUR), assuming that it has had the same or similar Sm/Nd
throughout its history. This can be visualized by plotting a diagram of '“*Nd/'**Nd
vs. time (or equivalently eNd vs. time) and determining the time at which the
intersection of the DM curve and the curve determined by the evolution of a
sample intersect. This provides a first-order constraint on the crustal residence

time of a particular igneous rock, although in detail it is much more complex (e.g.
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Arndt and Goldstein 1987). Uncertainties on these calculations are typically very

large, in part because the intersections of the two curves are very oblique.

Several of the above equations (including one of the DM curves) must be
combined to determine the model age of a sample. These combinaticns form
implicit equations and cannot be solved in closed form, therefore they are
determined by numerical techniques. First, the eng evolution of a rock sample is
equated to the eng evolution of a mantle model, in this case the model of

Goldstein et al. (1984) is used:

143Nd 147Sm
144 57 - T4z (e -1) . . ~90
L m 10" +10° = t+10.
S Nd 47 Sm [9 x10° J

(4r)
_Na oMy
YNd ey ™ Nd crur ( )

Rearranging,

]43Nd _ 147Sm (e(,u) _
"““Ndw "MNdn
P .

144 T 44
Nd crur Nd chor

1)

10° +9990+|: 20 :It=0

9
(e -1 9x10

Iteratively solving for time using Newton’s method by setting the above

equation equal to f(t):
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k+] - k _M
£ 10

Solving for g iteratively should lead to a very precise model age in <10

iterations.

The derivative f(t) is as

9 =10" € - De® + D)= BAe™ )|-|(4 = Be™ + B)- Dﬂe“’)ﬂ_{ 20 )

(C - De™ + DY 9x10°
where
143Nd

- 144Ndm

147Sm

- 144Ndm
|43Nd

= T4
Nd m,CHUR
147
Sm

144
Nd wcrur

D=

A somewhat simpler technique (not used here) can be employed to

determine model ages by assuming e*-1=At.

Propagation of Error in Isotopic Data

Propagating the standard deviation, o, through a linear function f(x,y,z...)
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o, =\/(z) o] +(g) o) +(1) o’..
ox oy 0z

Propagation of error in "’ Sm/"**Ndm, 0" sm/"**na, from "**Nd/'**Nd,,,, and

Sm/Nd is therefore:

143
"“1.Sm x at. wt.Nd x ,:3.69014 + %}:{% :l

and

at. wt.Sm

Smx' Smx at. wt.Nd)

F=|ol,
( “%wd)( Nd x at. wt.Sm

Similarly, the propagation of error into the "**Na/"**Nd, is (assuming e-

1=At) is:

_ 2 2 2
o-mNy =40y, + o-msy (/1 ’)
V44 Ny ' Nidm " g

The propagation of error into the eng notation:

2
13
o, =.ll ok 10| ——
i \/( N%‘Nd:)l: "M Nd crun
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APPENDIX FIVE:
WHOLE ROCK GEOCHEMISTRY TECHNIQUES AND
UNCERTAINTIES

Whole Rock Geochemistry Analytical Techniques

Whole rock geochemical analyses for all samples except for RBI-05-02-2-
1 were determined at the commercial laboratory Actlabs (Ontario, Canada).
Major element oxide and select trace element concentrations were analyzed by
fusing a small amount of powder with lithium metaborate/lithium tetraborate, and
the molten mixture was dissolved in 5% nitric acid. Samples were run on a
Thermo Jarrell-Ash Enviro Il ICP-OES (inductively coupled plasma optical
emission spectrometry). Some trace elements were analyzed by INAA
(instrumental neutron activation analysis), by irradiation at the McMaster Nuclear
Reactor and after a seven day decay measured on an Ortec high purity Ge
detector linked to a Canberra series 95 multichannel. Other trace elements were
determined by sample digestion with acid followed by measurement on a Perkin

Elmer Optima 3000 ICP-MS (inductively coupled plasma mass spectrometry).

Calculation of Uncertainties

Along with the set of unknown samples sent to Actlabs for analysis,
several of these samples were sent in duplicate to assess the analytical precision
of the data. Either eight or four duplicates were run, depending on the analysis,

and the results are presented in Table 10,11,12, and 13. The results from each
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duplicate were treated as if they were symmetrically distributed measurements of
a “true” value, the mean of the two analyses. The difference between each of the
two measured values and the mean of the two values were compiled for each
element (resulting in, for example 16 values for 8 duplicates, half positive and
half negative). The standard deviation was calculated on these values and is
used for an estimate of precision. This is somewhat equivalent to using 16
duplicate analy‘ses of the same rock, although it requires that there be no or very

little dependence of error on the absolute concentration of an element.

Table 11: Results of duplicate whole rock major element oxide (wt. %) and trace element
(ppm) geochemical analyses.

Si02 Al203 Fe203 MnO MgO Ca0 Na20 K20 TiO2 P205 Ba Sr Y Zr Be V
RBI-04-15-10-1B (A) 59.710 1542 545 0069 400 600 433 226 0713 033 1468 1731 11 125 2 124
RBI-04-15-10-1B (B) 5965 1524 540 0088 397 594 427 225 0711 032 1448 1710 1) 115 2 120
RBI-04-23-3-1B (A) 6355 1669 385 0038 081 406 466 214 0452 028 1045 980 10 128 2 61
RBI-04-23-3-1B (B) 6366 1672 389 0038 080 409 468 210 0454 043 1055 986 10 131 2 64
RBI-04-24-6-1B (A) 6046 1554 535 0058 294 499 399 171 0674 026 746 588 14 98 1 124
RBI-04-24-6-1B (B) 6140 1576 545 0059 299 506 403 173 0684 021 759 594 14 96 1 123
CS-04-2-5-1b (A) 5265 1566 7.93 0109 769 886 325 073 1243 027 188 560 11 93 2 110
CS-04-2-5-1b (B) 5279 1569 796 0109 764 884 328 076 1258 028 191 564 11 95 2 113
RF-4-11-1b (A) 4915 1503 943 0134 739 907 386 176 2434 067 344 1061 16 193 3 180
RF-4-11-1b (B) 4917 1498 946 0132 731 897 383 177 2410 066 341 1053 16 190 3 182
CS-04-31-1b (A) 5000 1646 871 0120 552 844 474 205 2338 073 330 1127 15 208 3 154
CS-04-3-1-1b (B) 4999 1646 870 0119 552 846 474 206 2350 073 331 1126 15 206 3 154
CS-04-12-1-1b (A) 4804 139 1211 0163 863 900 326 087 1795 033 219 461 18 120 2 192
CS-04-121-1b (B) 4914 1399 1214 0164 864 902 326 091 1790 033 220 461 186 124 2 193
CS-04-24-1-1b (A) 4678 1465 1086 0145 682 962 239 069 1608 028 361 502 18 102 1 208
CS-04-241-1b (B) 4687 1470 1084 0145 681 962 240 068 1609 028 361 504 16 105 1 211
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Table 12: Results of duplicate trace element (ppm) geochemical analyses.

Cu Ni Pb
RBI-04-15-10-1B (A) 2% 93 24
RBI-04-15-10-1B (B) 2% 94 2

RBI-04-246-1B (A) % 12 10
RBI-04-24-6-1B (B) % 11 9
RBI04-311-28 (A) N 5 3
RBI-04-31-1-28 (B) 9 2% 7
CS-04-2-26-1b (A) 55 79 5
CS-04-2-26-1b (B) 54 71 9
€5-04-31-1b (A) 8 5 6
€S-04-31-1b (B) % 53 7
CS-04-84-1b (A) 8 214 3
CS-0484-1b (B) 49 215 4
CS-04-12-1-1b (A) 5 178 5
CS-04-12-1-1b (B) 5 175 6

Table 13: Results of duplicate trace element (ppm) geochemical analyses.

Co Cr Mo Sc
RBI04-1510-1B(A) 218 146 15 13.1
RBI-04-15-10-1B(B) 208 142 16 128
RBI-04-24-6-1B (A) 204 3 10 152
RBI-04-24-6-1B (B) 181 37 -2 153
CS-04-3-1-1b (A) 349 114 18 152
€S-04-3-1-1b (B) 351 107 23 146
CS-04-12-1-1b (A) 527 31 -2 236
CS-04-12-1-1b (B) 535 321 -2 238
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APPENDIX SIX:
SAMPLE LOCATIONS

Table 15: Sample locations

NAD 83 NAD 27
Sample Location ZONE Easting Northing Easting Northing  Lat Lon
RBI-04-15-10-1B  Agate Mtn 10U 688194 5473307 688200 5473088 N49° 23.0' W120°24.4'
RBI-04-15-12-1B  Agate Mtn 10U 688194 5473307 688200 5473088 N49°23.0' W120° 24.4'
RBI-04-15-13-1B  Agate Mtn 10U 688194 5473307 688200 5473088 N49°23.0' W120°24.4'
RBI-04-16-14-1B  Agate Min 10U 688194 5473307 688200 5473088 N49° 23.0' W120° 24 4'
RBI-04-16-17-1B  Agate Mtn 10U 688115 5473319 688121 5473100 N49°23.0' W120° 24.5'
RBI-04-12-1-1B  Agate Mtn 10U 690764 5473223 690770 5473004 N4S°23.0' W120° 22.3'
RBI-04-17-3-1B  Agate Min 10U 693023 5466414 693029 5466195 N49°19.2' W120° 20.6'
RBI-04-36-1-1B  Boss Lake 10U 659096 5529038 659101 5528819 NA49°53.6' W120°47.1'
RBI-04-23-3-1B  Sunday Creek 10U 673718 5462027 673724 5461808 N49°17.2' W120° 36.7'
RBI-04-24-6-1B  Sunday Creek 10U 676746 5451250 676752 5451031 N49°11.3' W120° 34.5'
RBI-04-25-1-1B  Tulameen 10U 661517 5488888 661522 5488669 N49°31.9 W120°46.1'
RBI-04-34-21B  Meritt 10U 651195 5557219 651200 5557000 N49°08.9° W120°53.0°
RBI-04-39-1-1B  Princeton 10U 676194 5480219 676200 5480000 N49°26.9' W120°34.1'
RBI-04-37-5-1B  Prospect Creek 10U 633665 5550218 633669 5549999 N49°05.4' W120°07.9'
RBI-04-37-8-2B  Prospect Creek 10U 633275 5548812 633279 5548593 N49°04.6' W120° 08.2
RBI-04-19-3-1B  Flat Top/Placer Min 10U 686509 5451715 686515 5451496 NA9°11.4' W120° 26.4'
RBI-04-20-3-2B  Flat Top/Placer Mtin 10U 687941 5447811 687947 5447592 N49°09.3' W120° 25.3'
RBI-04-21-2-1B  Flat Top/Placer Mtn 10U 689777 5448622 689783 5448403 N49%°09.7’ W120° 23.8'
RBI-04-21-3-1B  Flat Top/Placer Mtn 10U 680079 5449259 680085 5449040 N49°10.2' W120°31.8'
RBI-04-22-1-1B  Flat Top/Placer Mtn 10U 689868 5446440 689874 5446221 NA49°08.5' W120° 23.8'
RBI-04-30-2-1B  Flat Top/Placer Min 10U 687241 5439345 687247 5439126 N49°04.7' W120° 26.2'
RBI-04-31-1-1B  Flat Top/Placer Min 10U 686499 5439182 686505 5438963 N49°04.6' W120°26.8'
RBI-04-31-1-2B  Flat Top/PlacerMin 10U 686499 5439182 686505 5438963 N49°04.6' W120°26.8'
RBI-04-32-2-1B  Flat Top/Placer Mtn 10U 688077 5441677 688083 5441458 NA49°05.9' W120° 25.4'
DM-04-18-1-1B  Flat Top/PlacerMin 10U 689894 5439919 689900 5439700 N49°05.0' W120°24.0'
RBI-05-02-2-1  Flat Top/Placer Min 10U 688194 5439319 688200 5439100 N49°04.7' W120° 25.4'
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APPENDIX SEVEN:
BELT-WIDE GEOCHEMICAL COMPARISON
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Figure 20: La/Yb vs. Sr/Y for select volcanic fields in the Challis-Kamloogs Belt.
These plots compare the important adakite "indices” of La/Yb and Sr/Y and
suggest that an adakitic trace element signature is present in most volcanic
packages in the belt. A)La/Yb vs. Sr/Y with all data plotted, the Princetorn Group
is enclosed in grey. B) A close up on the high density area of A. C) Same as B,
but with fields enclosing each voicanic field. Data sources are as follows. Challis
Group, McKervey (1998), Kamloops Group, Breitsprecher (2002), Yellow lLake
Member of the Penticton Group, Dostal et al. (2003), Washburn Volcano,
Absaroka Volcanic Province, Feeley et al. (2002), Sunlight Volcano, Absaroka
Volcanic Province, Feeley and Cosca (2003), Nechako (Ootsa Lake Group),
Grainger (2000) and Thorkelson (unpublished)



