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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. 

4 0 ~ r / 3 9 ~ r  dating indicates that magrnatism occurred during the Early to Middle- 

Eocene, from 53-47 Ma. 1 4 3 ~ d / 1 4 4 ~ d  measurements indicate that the f3G is 

primarily juvenile, with  EN^^^ = 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 mantle during Mesozoic magmatism. 

These dykes subsequently melted during lithospheric heating in the Eocene, 

probably caused by upwelling asthenosphere related to a slab-window or slab- 

tear. 
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ADAKlTlC 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 4- 

clinopyroxene), andesite and dacite (hornblende + plagioclase + clinopyroxene), 

and rhyolite (biotite + quartz + K-feldspar), with calc-alkaline affinity. New 

4 0 ~ r / 3 9 ~ r  dates on hornblende and groundrnass separates, and whole lrock 

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  EN^^^ = 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 normal 



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 Tertia~y 

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 bell: have 

been the focus of numerous studies (Ewing 1981 b; Ewing 1981 a; 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 2OO3), 

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 varie1:y 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), 



Figure 1 : Map of Eocene volcanic fields in the Challis-Kamloops Belt and related 
geological features. After Burchfiel (1993), Dickinson (1 991 ), Wheeler and 
McFeely (I 991 ), and Breitsprecher (2002). 



decompression melting (Dudas 1991 ; Norrnan 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; Clostal et al. 

2003; Haeussler et al. 2003). The differences in interpreted tectonic sletting 

commonly diverge near the United States-Canada border, with arc processes 

commonly appealed to in the north, and intraplate processes typically tnvoked to 

the south. 

The presence of adakites (Defant and Drummond 1990) and adakitic high 

Mg# andesites (Kelemen et al. 2003; Mg# = molar 1 0 0 x ~ g / [ ~ g + ~ e ~ ' ] )  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 S rN  and 

LaNb 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 ( SiOz > 63 wt0/0, 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 subductetl 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 F'rinceton 

Group, the most southwestern part of the Challis-Kamloops belt in Canada. 

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 transterisional 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 SmINd or RbISr, 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 1981 b; 

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 1981 b). 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 

Complex in Washington (Church 1973; Morris et al. 2000; Dostal et al. 

McClaughry and Gaylord 2005). 

Igneous 

2003; 
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Figure 2: Map of the Princeton Group and related Eocene units and features. The 
approximate positions of important sampling locations (as discussed in text) are indicated by a 
triangle, but for accurate positions refer to co-ordinates given in the appendices. Features are 
adapted from Massey et al. (2005), Monger (1989), and Monger and McMillan (1989). 



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 19'13; Rice 

1947; Shaw 1952; McMechan 1983; Read 2000) and divided into two formations: 

a lower, primarily volcanic unit named the Cedar Formation (Camsell 191 3) and 

an upper, sedimentary and volcanic succession named the Allenby Formation 

(Shaw 1952). Although the formations are well-defined near the town c4 

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. S~econd, 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 not 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, ~mplying that the Fig Lake depositio~nal system 

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



McMechan (1 983) 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 tcl 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 
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Figure 3: Stratigraphy and geology of Agate 
Mountain, see Fig. 2 for location. A) Stratigraphic 
section from Agate Mountain. The locations of 
sarr~ples for geochemistry, Nd isotopic analysis and 
40Ar-39Ar geochronology are displayed. B,C) 
Photograph and interpretive sketch of prominent 
west-facing cliff at Agate Mountain. D) Blocks of 
scoriaceous andesite of the coarse tephra facies. 
Hammer for scale. E) Red weathering well bedded 
lapillistone/tuff between accumulations of scoria. 
The bed in the centre is approximately 75 cm thick. 
F) Easaltic andesite lava flow. Hammer (circled) for 
st ale. 



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 strat~graphic 

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 



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 > I  m to 10 cm. Tuff and lapilli-tuff 



Light grey hornblende-plagioclasf 
porphyritic dacite 

Yellow to red, massive to well 
bedded coarse to fine tephra 

0 Dark grey clinopyroxene 
plagioclase hornblende dacite 

+ Geochemical Sample 
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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 km2. The trachyandesite 

has crude vertical columnar joints, 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 crystalliz.ation (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 



deposits resulting from nearby stromboliarl 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 relationship 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 4 0 ~ r / 3 9 ~ r  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 52k1 Ma, 49k1 Ma, and 50.3k0.9 

Ma, the groundmass separate yielded a date of 52+2 Ma, and the whole rock 

yielded a date of 50.2k0.4 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 4 0 ~ r / 3 9 ~ r  geochronological results presented here, in c~onjunction 

with other recent 4 0 ~ r / 3 9 ~ r  (Villeneuve and Mathewes 2005) and U-Pb results 

(Archibald and Mortensen unpublished; Friedman and Thorkelson unpublished), 
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Figure 5: 'OArPgAr degassing spectra of five Princeton Group samples. The 
data was processed and plotted using lsoplot 3.09 (Ludwig 2003). The date 
determined from the plateau is the interpreted cooling age (the cooling age is 
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Figure 6: Compilation of select geochronological information the Challis-Kamloops belt. 
Error bars represent uncertainties at 20, where error bars are not present the uncertainties 
are smaller than the symbol. A) Graphical representation of all available geochronological 
information for volcanic rocks of the Princeton Group, Kamloops Group, and Penticton 
Group in south central British Columbia. The grey band represents duration of volcanic 
activity in the Princeton Group, as determined in this study. B) Representation of precise 
geochronology for the Princeton Group (K-Ar dates excluded), and volcanic fields of the 
Challis-Kamloops belt to the north (Ootsa Lake Group) and to the south (Challis Group 
and Absaroka Supergroup). Note the substantial synchronicity. Dates are compiled from 
Church 1979; Church and Suesser 1983; Mathews 1989; Hunt and Roddick 1990 Carlson 
et al. 1991 ; Berger and Snee 1992; Bardoux 1993; Janecke and Snee 1993; Woo'den and 
Box 1996; Janecke et al. 1997; Hiza 1999; Grainger et al. 2001; Breitsprecher 2002; 
Feeley et al. 2002; Dostal et al. 2003; Feeley and Cosca 2003; and Church 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 < I 0  Ma. 

The interval of volcanism in central and northern British Columb~a 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 



Mount Skukum Volcanic Complexes; Morris and Creaser 2003) suggest a slightly 

older history of 56-53 Ma. 

To the south, precise 4 0 ~ r / 3 9 ~ r  age determinations from the Challis 

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 - I 0  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. % SiOz generally have a phenocryst assemblage of 

clinopyroxene k olivine k orthopyroxene k 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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although generally cpx>>op:<. 



+ 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 k magnetite. The only rhyolite sampled in this study (72 wt. % 

SiOz) 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. It is 

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 



conditions of magma storage or eruption (eg. 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 rnagnetite 

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 andesiteldacite are not simply disaggregated xenolithic grains as they 

commonly have complex zoning patterns, whereas the xenolithic crystals do not. 



Geochemistry and Neodymium Isotopes 

Analytical Techniques and Uncertainties 

Twenty-six rock samples were selected for chemical analysis arid a subset 

of seven was selected for Nd isotopic analysis. Samples that were fre'e 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 frorn 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=l]) 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 < I0  % (relative) and 

most are <3% (Table 3). Relative uncertainties for TI, Ge, Ta, Cs, Bi, L.u, Pb, and 

Mo are >lo%. Concentrations of elements and oxides (including K20, Ba and 

Sr) do not correlate with loss-on-ignition (LOI), strongly suggesting that low- 



temperature alteration has not significantly affected the chemistry of these 

samples. 

Neodymium isotopic compositions were determined at the Paci,fic 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 spectrorneter, following the methodology of 

Weis et al. (2005). The average 1 4 3 ~ d / 1 4 4 ~ d  of the La Jolla standard run during 

the analytical session was 0.51 1853k6 (n=:l I ) .  

Results 

Major Elements 

Volcanic rocks from the Princeton Group exhibit a wide and continuous 

range in major element chemistry (Fig. 9). The Si02 contents range from 55-72 

wt. % and MgO contents range from 0.62-9.50 wt. %. On a total-alkali vs. Si02 

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-)<, and four samples are high-K (Fig. 9; Le Maitre 2002). The 

whole suite exhibits relatively constant and low FeOIMgO, 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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They form a calc-alkalic to calcic suite (variation in the alkali-lime index is due to 

scatter in Na20 and K20) according to the definition of Peacock (1931). 

Some major oxides that partition strongly into or are essential constituents 

of mafic minerals (including MnO, MgO, arrd FeO) have strong negative 

correlations with Si02 content. Additionally, Ti02, which is incompatible in olivine 

and clinopyroxene (but moderately compatible in hornblende and very 

compatible in magnetite), also has a strong negative correlation with Si02. No 

obvious inflections in the patterns are present. Other major elements (e.g., K20, 

Na20, and AI2O3) correlate poorly with Si02, both within individual suites and 

within the Princeton Group as a whole. 

The Mg# (molar ~ g / ( ~ g + ~ e ~ ' ) . 1 0 0 ) ;  FeO recalculated based on 

Fe2O3/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 Enislie 

1970), ranging from Foag to Fo6, (excluding a very high MgO sample that has 

accumulated orthopyroxene) although most are in Fe-Mg equilibrium with olivine 

of Foa9 to Fo8@ If calculations are performed assuming all Fe as ~ e ~ ' ,  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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andesite from Mount Shasta (sample 82-94a of Grove et al. 2002; Ta calculated 
assuming a chondritic NblTa of 17.6). See Fig. 2 for locations. 



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., hli, Cr, V, 

and Sc) have strong negative correlations with Si02 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 ~ 5 0  ppm in silicic andesites and dacites from elsewhere in the Princ,eton 

Group. Most trends have inflections at about 60 wt. % 302 ,  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 902.  The large ion-lithophile elements Sr and Rb 

show weak negative and positive correlations respectively with Si02 arid Ba 

have no correlation with 9 0 2 .  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 LlLE are highly elevated resulting in suprachondritic 

LaINb, UINb, and BaINb, 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 elerments 



(HREE) are particularly low and relatively constant at about 0.2-0.5 times 

NMORB, resulting in relatively high ratios of light to heavy REE (LaNb = 9-82). 

4 

Adakite and high-Mg# Andesite 

The Princeton Group contains abundant adakite and high-Mg# andesite. 

Adakites are defined as rocks with Si02 >56 wt.%, AI2O3 > I5  wt.%, Na20 >3.5 

wt. %, Sr >400 ppm, Y < I  8 ppm, S r N  > 40, Yb < 1.9 ppm, and LaNb :> 20 

(Defant and Kepezhinskas 2001). High-Mg# andesites (also referred to as high- 

Mg andesites) are defined as rocks with Si02 > 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 &Nd at 50Ma (~Nd~~) ranges  from 1.2 to 6.4. 

Correlations of  EN^^^ with major element abundances or trace element ratios are 

not evident: For example, the lowest &Nd5,, 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 &Nd50 of 5.9, greater than a primitive olivine-bearing basaltic 

andesite at Agate Mountain  EN^^^ = 5.5). In addition, where multiple analyses 

are available from the same suite (Agate Mountain and Flat Top Mountain, two 

analyses each) the  EN^^^ 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 b'ulk earth, 

similar to the source of most oceanic basalts. Although the relatively high  EN^^^ 

values rule out a significant contribution from typical ancient continentad 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 

 EN^^^ 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 



has a range of  EN^^^ 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 assimila~tion 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 strongly 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 Si02, Ni 

concentrations drop rapidly (from >170pprn to <70ppm) while olivine and 

clinopyroxene dominate the phenocryst assemblages. However, at about 60 wt. 

Oh 902,  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 Si02 by fractionation of observed phenocryst 

assemblages, where the fractionating assemblage varies with bulk cornposition 

(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 Si02 or compatible elements are generally scattered or show a 

weak increase (e.g., Th in 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 



are maintained over a large degree of fractional crystallization. Therefore, the 

scattered trends in incompatible element ratios against indices of differentiation, 

such as Si02 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 plutoriic 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 pla~gioclase 

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. Si02) 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 1981 b) produces trends similar to 



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;  EN^^^ = 2.7-2.9; Ghosh 1995; this study) it is not true for the highly 

evolved rhyolite from Boss Lake (Mg# = 41;  EN^^^ = 5.9). The importance of 

assimilation relative to fractional crystallization, therefore, remains unclertain. 

Heterogeneity of the highest Mg#, or most "primitive" magmas of the 

Princeton Group is an important factor in the variability of trace elemen~t 

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 Pri~nceton 

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 composil:ions of 



melts of subducted oceanic crust (Kay 1978; Defant and Drummond 1 !390; 

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. 1891 ; 

Rushmer 1991; Sen and Dunn 1994; Wolf and Wyllie 1994; Rapp and Watson 

1995; Lopez and Castro 2001). Broad distinguishing characteristics include 

Si02>56 wt. % and "trondhjemitic" affinities (high NaIK, Barker 1979), which 

serve to distinguish amphibolite melts from peridotite melts (which typically have 

Sio2<50%), and melts of pelites (which are "granitic," i.e., higher in K20). The 

adakitic trace element signature is defined by a high Sr, SrN, LaNb, and low Y 

and Yb, consistent with the presence of garnet (to account for low Y, Yb and high 

LaNb values) and the absence of plagioclase (to account for the high :Sr 

contents and S r N  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 



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 Lofg ren 1991 ; 

Yardley and Valley 1997). 

Other work has demonstrated that adakitic magmas can be generated by 

means other than slab melting. Atherton and Petford (1 993) 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 



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 blest 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 F0~8-8~ olivine (Roeder and Emslie 1970), a composition near to 

that of typical mantle olivine (rFogO). Although they are not adakites sensu-strict0 

(because of slightly lower Si02 or A1203 than permitted in the definition) they 

have "adakitic" trace element signatures such as fractionated REE (LaNb = 16- 

34), fractionated HREE (GdNb = 3.2-4.6) and high S rN  (90-145). In addition 

they have very high LlLE contents, including Ba > 690 ppm and Sr > 9i35 pm. 

Two hypotheses are explored below using trace element modelling. One 

is the mainstream adakite hypothesis, i.e., that the adakitic high Mg# andesites 



formed by the melting of subducted and metamorphosed oceanic crust and 

evolved by melt-rock reaction with mantle peridotite. For this model, an average 

NMORB 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 aburidances. 

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 i3s the 

Princeton Group. 

Trace Element Modelling 

The model concentrations of Ba, Th, Nb, La, Sr, Zr, Sm, Gd, Y, and Yb 

were calculated at l5-25% batch partial melting, with 49.5% garnet ar~d 

clinopyroxene and 1 Oh rutile, with and without the addition of small amounts 

(-4%) of plagioclase and hornblende, followed by reaction with peridotite. The 

modes were estimated from the experimental studies of Rapp and Walson 

(1 995) 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 SrN, LaNb, or La/rBa (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 SrN or LaIBa) are not affected by this process 



(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 equilibriurn with 

mantle olivine (-FogO) is 10-1 5% (e.g., Stern and Kilian 1996). 

Internally consistent sets of mineral/melt partition coefficients at relevant 

pressures, temperatures, and compositions are used. Partitioning data for 

hydrous, tonalitic melts at 18 kb and 1000-1 040•‹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 coeflicients 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. (1 995) and 

Th, estimated from the GERM database (Geochemical Earth Reference Model; 

http://www.earthref.org/). Rutile partition coefficients are currently poo~rly 

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 Ane0 and 950•‹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 LlLE and LREE, and ratios of LaNb and SrN, which are well 
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Fig. 13: The results of modeling trace element behavior during partial melting of garnet- 
amphibolite in the upper mantle. Two different model melt composition were calculated 
for two different starting compositions, one resembling Pacific NMORB and the other 
resembling an arc basalt. The results of both models are depicted here. A) Ba vs. La 
diagram illustrating that an NMORB starting composition poorly reproduces both the Ba 
and La abundances and the Ba-La ratio (all sarnples from the Princeton Group are 
depicted), whereas an arc-like starting composition provides a much better fit to the 
data. Barium and La abundances are poorly fractionated during partial melting and Ba- 
La ratios largely retain the value of their source. Line dividing arc-like LaIBa from 
MORB-like LaIBa from Gill (1981). Tics are 5% partial melting. B) The results of the 
model using a Pacific NMORB starting composition. The starting compositior~ is dashed 
and the preferred range of modeled values are in grey. For comparison, the range of 
values in two adakitic, primitive, Princeton Group lavas are shown. C) The results of the 
model using an arc-basalt starting composition. NMORB normalizing values '?om Sun 
and McDonough (1989). 



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 LlLE 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 S rN  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 arnounts 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 tP~e 

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 



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 1987) 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 1-ILE, 

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 Lamb and S rN  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 arle invoked 

(i.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 



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 PAg# 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 melt 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 ma~ntle 

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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Figure 14: Depiction of important phase 
relations in the generation of adakites in the 
lithospheric mantle. Phase relationships are 
after Vielzeuf and Schmidt (2001 ), with 
additions to the hornblende-out curve after 
Rapp (1995) and Sen and Dunn (1994). A) 
Region of stability of solid basalt 
(amphibolite) in P-T space for the upper 
mantle. The shaded areas are the 
geothermal gradients for the crust and upper 
mantle of high-heat flow orogens (after Lewis 
et al. 2003, as discussed in text). B) Possible 
P-T-t path that would form adakitic magmas 
from amphibolite in the upper mantle (arrow). 
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Figure 15: Diagram illustrating the chemical evolution of a silicic partial melt in the 
mantle. A) A partial melt of garnet amphibolite interacts with peridotite, dissolving olivine 
and precipitating a small amount of pyroxene (e.g., Rapp et al. 1999; Stern and Kilian 
1996). The primary effect is to increase the Mg# of the melt and increase cor~centrations 
of compatible elements (e.g., Ni and Cr). The maximum Mg# that the melt can likely 
reach is defined by Mg-Fe equilibria between high-Mg, mantle olivine and melt (e.g., 
Roeder and Emslie 1970), shown by horizontal lines. B) Subsequent differentiation of 
the primitive, mantle equilibrated magma in the crust leads to more evolved 
compositions of andesite and dacite seen in the Princeton Group. Experimental 
compositions from Rapp and Watson ( 1  995) and Sen and Dunn (1 994). 



A second mechanism is subduction erosion (Kay and Kay 2002; von 

Huene et al. 2004) in which a subducting slab drags ancient arc volcariic 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 niodern 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 OC (Fig. 14), the temperature of the lithospheric 

mantle would be cold enough to induce crystallization in dykes of arc basalt at 



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 Enclako 

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). 



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 seerns 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, 



Kula, Resurrection and possibly Eshamy plates beneath the northern Cordillera 

during the early Tertiary. These complex patterns would have had a la~rge 

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 lJnited 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 >I000 krn, i.e., 

from beneath the western United States through central British Columblia, 

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 subtlucting 

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 magmlatic 

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 episode:; 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 irace 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. 



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-Karnloops 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 S i 0 p  

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 elerrlent 

abundances of the most primitive lavas are consistent with genesis by high- 

pressure anatexis of metabasalt with arc-like trace element  systematic,^, 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 LlLE abundances in the Princeton Group. As well, 

anatexis of lower crustal rocks of the North American plate is not viable because 



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 founderinlg of low- 

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



Table 1: Compilation of isotopic dates for the Princeton Group 

Age Method Material Location Lat (N) Long (W) Reference 
49 k 3  KAr  Hbl Tulameen 49.50 120.77 C83 

K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 

4 0 ~ r 1 3 9 ~ r  
U-Pb 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 
K-Ar 

Bt 
Hbl 
WR 
WR 
Bt 

WR 
WR 
WR 
Bt 

Hbl 
Hbl 
Hbl 
B t 

WR 
WR 
Sa 
Zrc 
Bt 
Bt 

Plag 
Plag 
Hbl 
Hbl 
Kfs 

Nicola River 
North of Flat.-Top Mtn. 

Prospect Creek 
Cathederal Ridge 

Tulameen 
Placer Creek 
Placer Creek 
Placer Creek 
Nicola River 
Nicola River 

North of Menitt 
North of Merritt 

North of Princeton 
North of Princeton 

Kingsvale 
Quilchina 
Princeton 
Tulameen 
Princeton 
Princeton 

Sunday Creek 
Sunday Creek 
Sunday Creek 
Sunday Creek 

5 1 K-Ar Kfs Sunday Creek 

121 .05 HR87 
120.46 HR87 
121.15 HR87 
120.21 HR87 
120.53 M64 
120.53 IdaUP 
120.53 IdaUP 
120.54 MaUP 
121.03 IdcUP 
121.03 I~CUP 
120.94 I~CUP 
120.88 lacup 
120.50 ROO 
120.48 ROO 
120.92 'TH89 
120.51 VM05 
120.51 AMUP 
120.75 1-1867 
120.53 1-1867 
120.53 IiB67 
120.55 1-1867 
120.55 1-1867 
120.55 ti867 
120.57 14867 
120.57 ti867 

Notes: C83 = Church (1983); HR87 = Hunt and Roddick (1987); M64 = Mathews (1964); MaUp = W.H. 
Mathews (unpublished data); WcUP = W. J. McMillan (unpublished data); ROO = Read (2000); TH89 = 
Thorkelson (1989); VM05 = Villeneuve and Mathewes (2005); AMUP = Archibald and Modensen (unoublished 
data); HB67 = Hills and Baadsgaard (1967) 
Unpublished data of W. H. Mathews and W. J. McMillan are compiled in Breitsprecher and Modensen (2004) 
from lab sheets at the Geochronology Facility in the Department of Eadh and Ocean Sciences, University of 
British Columbia. 
All uncertainties repoded at 2 o confidence limits. 
Where appropriate, dates have been recalculated using the decay constants of Steiger and Jager (1977). 
Abbreviations: Hbl = hornblende; Bt = biotite; WR = whole rock; Sa = sanidine; Zrc = zircon; Plag = 
plagioclase: Kfs = K-feldspar 
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APPENDIX ONE: 
4 0 ~ ~ 1 3 9 ~ ~  ANALYTICAL METHODS 
AND SAMPLE DESCRIPTIONS 

4 0 ~ r / 3 9 ~ r  Analytical Methods 

Each sample was crushed and sieved 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 CaF2 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/cm2. 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 1 OVV C02 

laser (New Wave Research MIRI 0) until fused. The gas evolved from each step 

was analyzed by a VG5400 mass spectrometer equipped with an ion-counting 



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, CI and K. Reactor induced correction 

factors are ( 4 0 ~ r / 3 9 ~ r ) ~  = 0.0302, (37~r139~r)Ca = 2242.27, (36~r139~r)Ca =: 0.5326, 

CalK = 1 . 8 3 ( 3 7 ~ r ~ a ~ 3 9 ~ r ~ ) .  

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 3 9 ~ r ;  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 1.80 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 1.80 nine or more steps only). 

The presence of significant excess radiogenic Ar was identified in sample 

RBI-04-16-14-1 B and as a result the crystallization age was determined from an 

inverse isochron (calculated using lsoplot 3.09). Analytical data is presented in 

Table 6. 



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 54.6k0.8 Ma, but an inverse isochron of the steps in the 

plateau shows imprecision in both the date and initial 3 6 ~ r ? 0 ~ r ,  suggesting that 

excess radiogenic Ar is influencing the result. An inverse isochron of steps 3-9 

yields a date of 51.7k1.6 Ma and a 3 6 ~ r ? 0 ~ r  of 428k36 confirming the L axistence 

of excess Ar. The inverse isochron date of 51.7k1.6 Ma is interpreted as the 

crystallization age. 

Sunday Creek Dacite 

Sample RBI-04-24-6-1 is a strongly porphyritic plagioclase-horn blende 

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-polari.zed 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 

52k1 Ma based on 6 contiguous plateaus containing 93.7 % of the 3 9 ~ r  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). 



Merritt Andesite 

Sample RBI-04-34-2-1 B 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 . 0 5  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 : 3 9 ~ r  and is interpreted as the igneous 

crystallization age. 

Fig Lake Dacite 

Sample RBI-04-35-3-1 is a porphyritic hornblende-plagioclase clacite 

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 (1 989) are from the same outcrop. Hornblende crystals occupy -1 0 

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 50.3k0.9 based on 11 contiguous heating steps 

containing 100% of the 3 9 ~ r  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. 



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 50.2k0.4 

Ma based 11 contiguous heating steps containing 89.7% of the 3 9 ~ r .  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 SiOz Total 01 Plag Hbl Bio Cpx Opx Opq Qtz Kfs Ap Zrc 
RBI-04-17-03-1 Agate Mtn 55.4 25 15 - - - 10 - - - - - -  

Agate Mtn 
Agate Mtn 
Agate Mtn 
Agate Mtn 
Agate Mtn 
Agate Mtn 
Boss Lake 
Fig Lake 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Flat ToplPlacer 
Merriti 
Princeton 
Prospect Creek 
Prospect Creek 
Sunday Creek 
Sunday Creek 

1381-04-25-01 -1 ~ulameen 60.2 13 3 - - - 10 - - - - - -  - 
Abbreviations: OI=OIivine; Plag=Plagioclase; Hbl=Homblende; Bio=Biotite; Cpx = Clinopyroxene; 
Opx=Orthopyroxene; Opq = Opaque; Kfs=K-feldspar; Ap=Apatite; Zrc=Zirwn; tr=trace; "-"=not noted 
Notes: SiOt is in wt.%. All other numbers are phenocryst abundances in vol.% of the total rock deterrnined by 
visual estimation. For most rocks, groundmass assemblages consist of plag+cpx+opq+glass 



Figure 17: Representative and illustrative photomicrographs of Princeton Group igneous 
rocks. The scale bar is 0.5 mm for each photomicrograph. A) Representative plagioclase- 
hornblende porphyritic dacite from Sunday Creek. RBI-04-24-6-1, plane polarized light; B) 
Representative olivine-clinopyroxene basaltic andesite from near Agate Mountain. There 
is only one grain of olivine in the field of view RBI-04-12-1-1, cross polarized light; C) 
Representative plagioclase-hornblende dscite from Flat Top Mountain. Note the multiple 
plagioclase and hornblende growth events evident from phenocryst textures. DM-04-1 8- 
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 xeiocrystic quartz and groundmass to form 
clinopyroxene at the margins of the q u ~  rt.r grain in a plagioclase-hornblende porphyritic 
dacite from Flat Top Mountain. Note sic!ve-textured plagioclase at the top of the 
photomicrograph. RBI-04-32-2-1, plane ~olarized light. F) Growth of hornblende on a 
possibly xenocrystic grain of orthopyroxene. RBI-04-31-3-1, plane polarized light. 
Abbreviations. PI=plagioclase; Hbl=hornblende; Op=opaque mineral; Cpx=clinopyroxene; 
Opx=orthopyroxene; Qtz=quartz; Fsp=faldspar (undifferentiated); 





APPENDIX THREE: 
TRACE ELEMENT MODELLING 

C", Final concentration in melt PPm 

C O  
Initial concentration in melt PPm 

f Ratio of melt mass to total mass 

D; Minerallmelt partition coefficient of mineral x for 
element y 

R Gas constant kJ1mol.K 0.00814 

T Temperature K 

X A n  Molar fraction of anorthite in plagioclase 

'"Y 
Ionic radius of ion y A 

Batch crystallization and melting is modelled by the equation 

Mineral-melt partition coefficients are from the literature (Table 142.1). 

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 (XAn = 0.60) and the temperature was 

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



where z = 1.228 - 0.057(~,,,) 

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. 



Table 7: Partition coefficients for melting model 

Hornblende Garnet Rutile Clinopyroxene Plagioclase 

0.1 GERM 
0.5 H20 

0.64 H20 
0.5 S94 
0.5 H20 

3.58 H20 
2.2 H20 
1.3 H20 

0.028' WB03 
0.01 GERM 

0.092 WB03 
2.89 WB03 

0.0011 WB03 
0.024 WB03 
0.012 WB03 

0.0038 WB03 
DYb 2.2 H20 7.8 802 0.01 F20 1.31 802 0.0010 WB03 
Abbreviations: B95=Brenan et al. 1995; H20=Hilyard et al. 2000; S94=Sisson 1994; 
BO2=Barth et al. 2002; K02;Klemme et al. 2002 ; -~20=~o le~  et al. 2000; WB03 = 
Blundy and Wood 2003; GERM: estimated from the Earthref database: 
http:llearthref.org 
'Assumed equal to D" 

Table 8: Partition coefficients for fractional crystallization model 

Plagioclase Hornblende Apatite Zircon Cpx Olivine Magnetite 
DTh 0.03 0.1 10 22 0.03 0.01 0.1 
DN' 0.1 9 0.1 0.1 10 20 10 

Notes: All partition coefficients are from the Geochemical Earth Reference 
Model database (http:llwww.earthref.orgI) except for olivine, which is from 
Bedard (2005) 

Table 9: Starting compositions for melting model 

Ba Th Nb La Sr Zr Srn Gd Y Yb - 
Average Pacific NMORB 8.5 0.12 2.8 3.2 119 107 3.7 5.1 43 3.5 
Nicola Group Lava 1127 1.98 5.8 9.6 626 81 4.3 3.7 24 21.6 
spences ~ r i d ~ e  ~ r o u ~  ~ a v a  289 1.24 6 9.55 580 91 3.59 3.49 15 1.125 - 
Notes: Data from: PetDB (http:llwww.petdb.orgl), Mortimer (1987), Smith and Thorkelson (2002r  



Table 10: Trace element model results 

F Ba Th Nb La Sr Zr Srn Gd Y Yb 
Spences Bridge Group 0.15 1597 6.5 5.8 51 3098 162 5.5 2.59 4.0 0.3'i 
Spences Bridge Group 0.25 1042 4.4 5.9 34 2051 148 5.2 2.67 4.4 0.51 
EPR MORB 0.15 47 0.6 2.7 17 636 190 5.7 3.80 11.6 0.88 
EPR MORB 0.25 31 0.4 2.7 11 421 174 5.4 3.92 12.7 0.97 
Nicola Group 0.15 6229 10.5 5.7 51 3344 144 6.6 2.74 6.7 0.6!i 
Nicola Group 0.25 4064 7.0 5.7 34 2213 132 6.2 2.83 7.3 0.72 
Notes: F=ratio of melt to solid 



49.5% Garnet 
49.5% Clinopyroxene 
1 .O% Rutile 
0% Hornblende 

Preferred model O%Plagioclase 

t 
NMORB startlng composition 

42.0% Garnet 
42.0% Clinopyroxene 
1 .O% Rutile 
15.0% Hc'rnblende 
O%Plagioclase 

25.0% Garnet 
74.0% Clinopyroxene 
1 .O% Rutile 
0% Hornblende 
O%Plagioclase 

45.0% Garnet 
45.0% Clinopyroxene 
1 .O% Rutile 
0% Hornblende 
9.O%Plag1oclase 

74.0% Garnet 
25.0% Clinopyroxene 
1 .OOh Rutile 
0% Hornblende 
O%Plagioclase 

45.0% Garnet 
45.0% Clinopyroxene 
0.0 % - 5 0% Rutile 

0% Rutile 0% Hornblende 

1 OO/~Plagioclase 

''d -5% Rutile 

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) Meltins 
models with amounts of garnet, clinopyroxene, and hornblende, 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 arid 
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 of 
rutile has a large effect on the calculated Nb abundances. 



APPENDIX FOUR: 
EQUATIONS FOR ND ISOTOPIC COMPOSITIONS 

Basic Systematics 

A total of seven separate whole rock samples were measured flor 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 ' 4 3 ~ d / ' 4 4 ~ d .  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 

'43~d/'44~d,) or inferred from another isotopic system and from chemical 

analyses (as in the case of '47~ml'44~d,). 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. 

Measured isotopic ratio 

Measured concentration 

Measured concentration 

Atomic weight of Sm 

Atomic weight of Nd 

Fractional abundance of 
' 4 7 ~ m  relative to total Sm 

Fractional abundance of 
' 4 4 ~ d  relative to total Nd 

Decay constant for alpha 
decay of 14'sm to 1 4 3 ~ d  

atomic 

PPm 

PPm 

glmol 

glmol 

atomic 

atomic 

As measured 

As measured 

As measured 

1 50.3656 

144.2397 

0.149957 

As defined 
below 



The calculation of the present day " 4 7 ~ m / 1 4 4 ~ d  ,,, f rom Sm and Nd 

concentrations and 143~d /144~d , , ,  is as follows: 

1 4 7 ~ m  - [s~x"~s~]/[~J&~'NN] - - -- 
1 4 4  Nd ,,, at .  wt.Sm 

where 

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

calculation of initial 1 4 3 ~ d / 1 4 4 ~ d t  is given by 

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



where the subscript CHUR (CHondritic Uniform Reservoir) denotes the 

values for the bulk earth and have present day values of 

143~d/144~dm,cHuR=~.5~2638  and 147~m/144~dm,cHuR=~. 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 143~d/144~d from CHUR in parts per 

l o4  and is defined as: 

The fractional variation of the 1 4 7 ~ m / 1 4 4 ~ d  of a sample from CHUR (fSmlNd) 

expresses how "fast" it evolves to higher or lower values of  EN^ and is defined as: 

The "depleted mantle" is a hypothetical upper mantle reservoir that 

evolves along a more radiogenic (higher SrnINd) trajectory than the bulk earth. 

There are currently several formulations of the isotopic history of the depleted 



mantle, the two most common being phenomenological derivations from 

compilations of the ' 4 3 ~ d / 1 4 4 ~ d t  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. (1 984) 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: 

Model ages are calculated by determining the time that a rock would have 

had the same isotopic composition as a mantle 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 ' 4 3 ~ d / ' 4 4 ~ d  

vs. time (or equivalently &Nd 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 corriplex (e.g. 



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 curve!;) must be 

combined to determine the model age of a sample. These combinaticlns form 

implicit equations and cannot be solved in closed form, therefore they are 

determined by numerical techniques. First, the  EN^ evolution of a rock sample is 

equated to the  EN^ evolution of a mantle model, in this case the model of 

Goldstein et al. (1 984) is used: 

Rearranging, 

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

equation equal to f(t): 



Solving for g iteratively should lead to a very precise model age in < I 0  

iterations. 

The derivative f(t) is as 

where 

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

determine model ages by assuming eAt-?=At. 

Propagation of Error in Isotopic Data 

Propagating the standard deviation, o, through a linear function f(x,y,z.. .) 

is: 



Propagation of error in 7 4 7 ~ m / 7 4 4 ~ d m ,  o ~ ~ ~ ~ ~ / ~ ~ ~ N ~ ,  from 1 4 3 ~ d / ' 4 " ~ d m ,  and 

SmINd is therefore: 

u147si,l = J E + F  h4 Nd 

where 

~ r n x ' ~ " ~ r n  x  at. wt.Nd 

= ( N N d ) (  a .  wi.srn --I 
Similarly, the propagation of error into the " 3 ~ d / 7 4 4 ~ d t  is (assuming eAt- 

1 4 t )  is: 

The propagation of error into the  EN^ notation: 



APPENDIX FIVE: 
WHOLE ROCK GEOCHEMISTRY TECHNIQUES AlND 
UNCERTAINTIES 

Whole Rock Geochemistry Analytical Techniques 

Whole rock geochemical analyses for all samples except for REll-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 metaboratellithium tetraborate, and 

the molten mixture was dissolved in 5% nitric acid. Samples were run on a 

Thermo Jarrell-Ash Enviro II 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 elerrlents 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 



duplicate were treated as if they were symmetrically distributed measilrements 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 analyses 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 A1203 Fe203 MnO MgO Ca0 Na20 K2O Ti02 P2OS 8a Sr Y Zr Be V 

RB1-04-1MO-10 (A) 59.70 15.42 5.45 0.069 4.00 6.00 4.33 2.26 0.713 0.33 1468 1731 11 125 2 124 

RBI44-1510-10 (0) 59.65 15.24 5.40 0.068 3.97 5.94 4.27 2.25 0.711 0.32 1448 1710 111 115 2 120 

RB1-04-23-3-10 (A) 63.55 16.69 3.85 0.038 0.81 4.06 4.66 2.14 0.452 0.28 1045 980 111 128 2 61 

RB1-04-23-3-1B(B) 63.66 16.72 3.89 0.038 0.80 4.09 4.68 2.10 0.454 0.43 1055 986 10 131 2 64 
RB1-04-24-6-16 (A) 60.46 15.54 5.35 0.058 2.94 4.99 3.99 1.71 0.674 0.26 746 588 14 98 1 124 

RB1-04-24-6-1B(B) 61.40 15.76 5.45 0.059 2.99 5.06 4.03 1.73 0.684 0.21 759 594 14 96 1 123 

CS-04-2-5-1 b (A) 52.65 15.66 7.93 0.109 7.69 8.86 3.25 0.73 1.249 0.27 188 560 1'1 93 2 110 

CS44-2-5-1 b (0) 52.79 15.69 7.96 0.109 7.64 8.84 3.28 0.76 1.258 0.28 191 564 1'1 95 2 113 

RF411-1 b (A) 49.15 15.03 9.43 0.134 7.39 9.07 3.86 1.76 2.434 0.67 344 1061 lli 193 3 180 

RF411- lb  (0) 49.17 14.98 9.46 0.132 7.31 8.97 3.83 1.77 2.410 0.66 341 1053 lli 190 3 182 

CS-04-3-1-1 b (A) 50.00 16.46 8.71 0.120 5.52 8.44 4.74 2.05 2.338 0.73 330 1127 l!i 208 3 154 

CS-043-1-1 b (0) 49.99 16.46 8.70 0.119 5.52 8.46 4.74 2.06 2.350 0.73 331 1126 l!i 206 3 154 

CS4442-1-lb(A) 49.04 13.96 12.11 0.163 8.63 9.00 3.26 0.87 1.795 0.33 219 461 l t l  120 2 192 

CS-04-12-1-lb(B) 49.14 13.99 12.14 0.164 8.64 9.02 3.26 0.91 1.790 0.33 220 461 lt1 124 2 193 

CS44-24-1-lb(A) 46.78 14.65 10.96 0.145 6.82 9.62 2.39 0.69 1.608 0.28 361 502 l t l  102 1 208 

CS-04-24-1-lb(B) 46.87 14.70 10.94 0.145 6.81 9.62 2.40 0.68 1.609 0.28 361 504 1(i 105 1 211 



Table 12: Results of duplicate trace element (ppm) geochemical analyses. 

Cu Ni Pb 

RB164-15lOdB (A) 25 93 24 

RB164-1510-10 (0) 25 94 22 

RB164-24-6-16 (A) 26 12 10 

RB164-24-6-10 (0) 25 11 9 

RB164-31-1-26 (A) 31 25 -3 

RBIQ4-31-1-26 (0) 29 25 7 

CS-04-2-26.1 b (A) 55 79 5 

C S64-2.26-1 b (0) 54 77 9 

CS64-3-1 I b (A) 48 51 6 

CS64-3-1-1 b (0) 46 53 7 

CS668-4-1 b (A) 48 214 3 

C S W - 4 - 1  b (0) 4 9 2 1 5  4 

CS64-12-ldb (A) 5 0 1 7 8  5 

CS64-12-1-1 b (0) 50 175 6 

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

Co Cr Mo Sc 

RB164-1510-10 (A) 21.8 146 15 13.1 

RB164-1510-10 (0) 20.8 142 16 12.8 

RB164-24-6-18 (A) 20.4 35 10 15.2 

RB164-24-6-18 (0) 18.1 37 -2 15.3 

CS64-3-1-lb(A) 34 .9114  18 15.2 

CS64-3-1-lb (0) 35.1 107 23 14.6 

CS64-124-lb (A) 52.7 321 -2 23.6 

CS64-12-l lb (0) 53.5 321 -2 23.8 
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APPENDIX SIX: 
SAMPLE LOCATIONS 

T a b l e  15: S a m p l e  locat ions 

NAD 83 NAD 27 
Sample Location ZONE Easting Northing Easting Northing Lat Long 

RBI-04-15-10-1B Agate Mtn IOU 688194 5473307 688200 5473088 N4g0 23.0' W120•‹ 24.4' 
RBI-04-15-1 2-1 B   gate Mtn 
RBI-04-1 5-13-1 B Agate Mtn 
RBI-04-16-14-48 Agate Mtn 
RBI-04-16-17-1 B Agate Mtn 
RBI-04-12-1-1B Agate Mtn 
RBI-04-17-3-1 B Agate Mtn 
RBI-04-36-1-1 B Boss Lake 
RBI-04-23-3-18 Sunday Creek 
RBI-04-24-6-1 B Sunday Creek 
RBI-04-25-1-1B Tulameen 
RBI-04-34-2-1 B Merritt 
RBI-04-39-1 -1 B Princeton 
RBI-04-37-5-1 B Prospect Creek 
RBI-04-37-8-28 Prospect Creek 
RBI-04-19-3-18 Flat ToplPlacer Mtn 
RBI-04-20-3-28 Flat ToplPlacer Mtn 
RBI-04-21-2-1 B Flat ToplPlacer Mtn 
RBI-04-21 -3-1 B Flat ToplPlacer Mtn 
RBI-04-22-1 -1 B Flat ToplPlacer Mtn 
RBI-04-30-2-lB Flat ToplPlacer Mtn 
RBI-04-31 -1 -1 B Flat ToplPlacer Mtn 
RBI-04-31-1-28 Flat ToplPlacer Mtn 
RBI-04-32-2-1 B Flat ToplPlacer Mtn 
DM-04-18-1-1 B Flat ToplPlacer Mtn 
RBI-05-02-2-1 Flat ToplPlacer Mtn 

IOU 688194 
IOU 688194 
IOU 688194 
IOU 688115 
IOU 690764 
IOU 693023 
IOU 659096 
IOU 673718 
IOU 676746 
IOU 661517 
IOU 651195 
IOU 676194 
IOU 633665 
IOU 633275 
IOU 686509 
IOU 687941 
IOU 689777 
IOU 680079 
IOU 689868 
IOU 687241 
IOU 686499 
IOU 686499 
IOU 688077 
IOU 689894 
IOU 688194 



APPENDIX SEVEN: 
BELT-WIDE GEOCHEMICAL COMPARISON 
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Figure 20: LaIYb vs. SrIY for select volcanic fields in the Challis-Kamloops Belt. 
These plots compare the important adakite "indices" of LaIYb and SrIY a r~d  
suggest that an adakitic trace element signature is present in most volcanic 
packages in the belt. A) LaIYb vs. SrIY with all data plotted, the Princetor1 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 volcanic field. Data sources are as follows. Challis 
Group, McKervey (1998), Kamloops Group, Breitsprecher (2002), Yellow Lake 
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 Groua), 
Grainger (2000) and Thorkelson (unpublished) 


