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ABSTRACT

The Eocene Okanagan Valley shear zone (OVSZ) is a major extensional detachment
within the southern Canadian Cordillera in British Columbia. The OVSZ delineates the western
margin of the Shuswap metamorphic complex juxtaposing mid-crustal, sillimanite-grade
crystalline rocks against dominantly non-metamorphosed sedimentary and volcanic rocks. The
OVSZ is a 1.5 km-thick, shallowly-west-dipping ductile shear zone with an upper brittle
detachment fault; the shear zone grades upward from mylonitic amphibolite-facies gneiss (the
Okanagan gneiss) to cataclasite. Extension across the OVSZ is estimated at 32-90 km; however,
this has recently been challenged in adjacent areas where the presence of a major, crustal-scale
detachment is questioned. Based on data from this study, extension across the southern OVSZ is
now estimated at 29-86 km.

The Okanagan gneiss is the dominant lithological unit within the footwall of the OVSZ,
and is composed of felsic orthogneiss and amphibolite-facies paragneiss and migmatite. The
gneiss and cross-cutting Eocene felsic intrusions have undergone polyphase, non-coaxial
deformation and significant flattening (general shear). Ductile deformation and migmatization of
the gneiss continued until at latest ca. 48 Ma. High-precision in situ U-Pb dating of zircon

demonstrates that metabasic rocks within the paragneiss were intruded into marine sedimentary
rocks at ca. 160 Ma (Jurassic). Contrary to previous studies, the Okanagan gneiss is demonstrably
Eocene in age and genetically-related to the OVSZ; therefore, not an exposed slice of
Precambrian cratonic basement, and is unlike other gneisses exposed east and northeast of the
Okanagan Valley within the Shuswap metamorphic complex.

During motion on the OVSZ a series of E-W trending corrugations were developed that
resulted in preservation of semi-continuous belts of hanging wall rocks in synformal keels
interspersed with antiformal domes of footwall crystalline rocks well east of the present exposure
of the OVSZ. Recognition of these corrugations can be used to reconcile the apparent absence of
major extension along portions of the OVSZ with the available geological mapping and
structural, petrological, and thermobarometric data. Therefore, the importance of the OVSZ as a
major crustal-scale detachment that exhumed mid-crustal rocks is confirmed.

Keywords: Canadian Cordillera; Shuswap complex; detachment fault; U-Pb
geochronology; Okanagan Valley fault; metamorphic core complex.
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1: INTRODUCTION

1.1 Controversy over extension within the Shuswap metamorphic
complex

Models and seismic profiles infer that the Okanagan Valley fault (OVF; Fig. 1.1)
penetrates the crust and served as a crustal-scale detachment that exhumed mid-crustal rock
(Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988; Bardoux, 1993; Cook et aI., 1992;
Cook, 1995; Johnson and Brown, 1996). Estimates of horizontal extension across the Okanagan
fault system vary considerably along strike. For example, in the southern Okanagan Valley
Tempelman-Kluit and Parkinson (1986) estimated between 60-90 km of horizontal extension
across the OVF; restored palinspastic cross-sections to the north (Fig. 1.1; Bardoux, 1993;
Johnson and Brown, 1996) have determined 45-70 km and 32 km of displacement, respectively
(Fig. 1.2) However, in the Vernon area of the northern Okanagan Valley recent workers have
inferred minimal extension (0-12 km; Table 1) where apparently uninterrupted upper plate
stratigraphy crosses the OVF (Fig. 1.1;Thompson and Unterschutz, 2004; Glombick et aI., 2004;
Glombick et aI., 2006). The mapping in the Vernon area has brought into question the presence
and the significance of the OVF as a crustal penetrating, major through-going detachment. In
addition to the estimate of extension, the age of the Okanagan gneiss and its relationship to other
gneissic rocks in the region was not well constrained.

The impetus of this research has been to re-examine the southern section of the fault in
light of newer studies, especially those at Vernon, and to:

(1) examine and characterize the architecture of the Okanagan Valley shear zone
(structural analysis using geological mapping and examination of thin sections, kinematic
analysis of deformational fabrics, and examination of previous work including mineral
exploration reports);

(2) provide constraints on timing of extensional deformation using high precision in situ
U-Pb zircon geochronology (using Laser Ablation Inductively Coupled Plasma Mass
Spectrometry and Sensitive High Resolution Ion Microprobe);

(3) date the gneiss, leucosome and migmatite formation (using high precision in situ U
Pb zircon geochronology);

(4) determine possible protoliths for the gneiss (using field work, geochronology, major
and trace-element geochemistry); and



(5) attempt to rectify the apparent along-strike discrepancies for the estimates of
extension along the OVF (using field work and estimating (peak) pressure temperature (P-D

conditions using thermobarometry).
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Figure 1-1. Simplified geological map showing the distribution of high-grade metamorphic
and granitic rocks of the Shuswap metamorphic complex, and adjacent
Paleozoic-Mesozoic tectono-stratigraphic belts and Eocene rocks.

Abbreviations: K - Kettle River-Grand Forks dome, M - Malton gneiss, Mo 
Monashee culmination, Ok - Okanagan complex, OkD - Okanogan Dome, P - Priest
River complex, V - Valhalla dome, RG - Republic Graben; CRF - Columbia River
fault, FF - Fraser fault, MD - Monashee decollement, OVF - Okanagan Valley fault,
SRMT - Southern Rocky Mountain Trench. Inset: Position of the Shuswap
metamorphic complex (SMC) within the Omineca belt of the southern Canadian
Cordillera; S - Seattle, V - Vancouver. Adapted from Johnson (2006) and
Kruckenberg et al. (2008). Dashed lines show locations of cross-sections in Fig. 1.2.
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Figure 1-2. Cross-sections through the northern end of the Okanagan Valley fault.

(a) Crustal cross section through the present-day Omineca belt, and (b) palinspastic
restoration of Tertiary normal faults, which indicates >30 kIn extension on OVF.
Abbreviations include: MD - Monashee Decollment, OVF - Okanagan Valley fault,
CRF- Columbia River Fault, and SRMT - southern Rocky Mountain trench. Solid
lines show current fault locations, dashed lines are where the faults are inferred to
have been during the Paleocene, and dotted lines show approximate position of
major stratigraphy and rock units. Locations of lines of section are identified in
Fig. 1.1 by dashed lines. Modified from Johnson and Brown (1996).
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Table 1. Estimates of extension across the OVF from north to south.

Study area Extension (km) Authors

Shuswap Lake -30 Johnson, 1994

Sicamous 32 Johnson & Brown, 1996

Vernon 0-<<12 Glombick et al., 2006

Kelowna 45 -75 Bardoux, 1993

Southern Okanagan 10 - 60 Parkinson, 1985

Southern Okanagan 60 - 90 Tempelman-Kluit &

Parkinson, 1986

Southern Okanagan 29 - 86 This study

The layout of this thesis has been organized in a paper-based format which consists of
three stand-alone chapters (2-4); as such, certain chapters contain redundant information. The

papers are supplemented by an introductory chapter (Chapter 1) and a summary and conclusions

chapter (Chapter 5) that places the data from the current study into a tectonic framework.

Chapter 2 examines the age and origin of the Okanagan gneiss within the OVF shear
zone. In addition to inherited Proterozoic to Mesozoic zircon crystals in the leucocratic layers, the
protolith of the amphibolite in the gneisses appears to be Jurassic. The Okanagan gneisses have

undergone a complex history that includes Mesozoic and Paleogene magmatism and
metamorphism and intense deformation, transposition and uplift facilitated by the OVF and shear
zone. The results of this study show that the protolith age for the amphibolite component of the
gneisses is definitely not Proterozoic, i.e., does not have an affinity with North American
basement.

Chapter 3 examines the timing and scale of extensional deformation through the dating of
cross-cutting intrusions and P-T estimates. The structure and architecture of the shear zone is

described in detail. This chapter demonstrates and reasserts the regional importance of the OVF
as a major crustal-scale detachment through high-precision dating of syn-tectonic intrusions and
integration of thermombarometry data indicating rapid exhumation from the mid-crust along the
OVF.

Chapter 4 presents evidence for extension parallel corrugations/folds that were mapped in

the study area at the outcrop- to map-scale, and identified along the strike of the OVF. These

structures provide a plausible mechanism to account for the mapping of semi-continuous outliers

of hanging wall strata that appear to straddle a crustal scale extensional detachment, the OVF,

most notably in the Vernon and Greenwood areas (north and south of the present study,

respectively). Where these semi-continuous belts have been interpreted to signify no or minimal

7



extension (autochthonous), they are here interpreted to be synformal keels of an allochthonous
upper plate on top of a corrugated OVF shear zone. This inference is compatible with field
mapping, thermobarometry, and knowledge of corrugated detachments from other orogenic belts.

1.2 Canadian Cordillera

In order to understand the importance of the OVF, placement of the shear zone within the

geologic framework of the Canadian Cordillera is key. The southern Canadian Cordillera is
dominated by a series on NNW-trending physiographic and tectono-stratigraphic belts; the OVF

separates two such belts, the Intermontane and Omineca (see inset map in Fig. 1.1), and plays a
major role in the Cordillera during the Paleocene and Eocene. The Late Paleozoic to Cenozoic

evolution of the Canadian Cordillera is controlled by the interactions between the western margin

of the stable North American continent and the outboard oceanic lithosphere (Monger and Price,
2002; Dickinson, 2004); the convergent plate boundary was originally located well offshore until
the Jurassic when the North American continent converged with the offshore subduction zone.
The continental margin expanded westward due to the progressive accretion of back-arc basins
and offshore arc rocks concurrent with the formation of new continental arcs (Monger et aI.,
1982; Monger and Price, 2002; Dickinson, 2004; Colpron et aI., 2007).

The most recent phase of orogenesis in the Canadian Cordillera was associated with the
accretion of the allochthonous exotic and pericratonic terranes (Fig. 1.3) from at least the Early

Jurassic (-185 Ma) to the Late Paleocene (-58 Ma) (Monger et aI., 1982; Murphy et aI., 1995;
Colpron et aI., 2007 and references therein). During this time there was significant tectonic

thickening of the Omineca belt causing medium- to high-grade regional metamorphism, crustal

melting and intrusion of granitic plutons that was partly coeval with the development of a major
foreland-verging fold-thrust belt to the east (Price and Mountjoy, 1970; Brown, 1978; Coney,
1980; Armstrong, 1982; Okulitch, 1984; Brown and Journey, 1987). These conditions were

followed by a period of extension that led to the formation of the OVF.

8



Figure 1-3. Terrane map of the western margin of North America.

Abbreviations for major post-accretionary faults: BSF - Big Salmon fault; CSF 
Chatham Strait fault; CSZ - Coast shear zone; FRF - Fraser River fault; KF 
Kechika fault; NFF - Nixon Fork-Iditarod fault; PF - Pinchi fault; SRMT - southern
Rocky Mountain trench; TkF - Takla-Finlay-Ingenika fault system; YK - Yalakom
fault. Other abbreviations: AB - Alberta; AK - Alaska; BC - British Columbia;
N.W.T. - Northwest Territories; YT - Yukon. White box and arrow indicate
approximate study location. Adapted from Colpron et al. (2007).

9
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The Okanagan Valley is a ca. 300 kIn long, ca. 1 kIn deep, north-trending topographic
depression extending from the Interior Plateau region of south-central British Columbia into
northern Washington State. Typically the valley is strongly asymmetrical in east-west cross
section, with a prominent west-dipping, 10° to 30° dip-slope of resistant rocks on the east side,
and steep slopes in both resistant and recessive rocks on the west side.

The Okanagan Valley typically separates very different geological units and features. The
east side of the valley and the adjacent plateau are characterized by aerially-extensive domains of

crystalline rocks, amphibolite gneiss and granitoids, locally overlain by small areas of volcanic,

volcaniclastic, and sedimentary rocks (Tempelman-Kluit, 1989; Wheeler and McFeeley, 1991). In
contrast, the western side is characterized by extensive domains of volcanic, volcaniclastic, and

sedimentary rocks overlying poorly-exposed, low-grade metasedimentary and metavolcanic rocks
and associated granitoids. Separating these geological domains is a 10° to 30° west-dipping, 1.5-2
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km thick, brittle to ductile shear zone, the OVF of Tempelman-Kluit and Parkinson (1986) that is
roughly coincident with the axis of the valley. A discrete, unambiguous fault surface cannot be
identified, and given the thickness of the fault zone and predominance of ductile fabrics in the
gneiss it is perhaps better to describe the OVF as the Okanagan Valley shear zone (OVSZ). This
thesis will use the term OVSZ predominantly. The fault trace is not exposed along most of the
Okanagan Valley as it lies beneath Lake Okanagan, Skaha Lake, other water features, and
surficial materials.

West of the trace of the OVSZ, portions of the Intermontane belt assigned to the Quesnel
terrane (Fig. 1.3) consist of Devonian to Cretaceous island arcs, continental arcs, accretionary
complexes, and marine and non-marine sedimentary packages that include sub-greenschist facies
metavolcanic, metasedimentary and granitic rocks overlain by Cenozoic volcanic and
sedimentary cover. The two main deformation events recorded in this part of the Intermontane
belt are the result of compression (terrane accretion) during the Mesozoic and a combination of
extension and transtension during the Early Cenozoic (Price and Mountjoy, 1970; Monger et aI.,
1982; Parrish et aI., 1988; Murphy et aI., 1995; Monger and Price, 2002). To the east of the
OVSZ, is the pericratonic Kootenay terrane of the southern Omineca belt which consists of
Proterozoic and Phanerozoic metavolcanic, metasedimentary and granitic rocks of relatively high
metamorphic grade (greenschist - upper amphibolite-facies) situated in the core zone of the
Canadian Cordillera. These terranes were intruded by numerous Paleozoic to Early Cenozoic
granitoids, and were complexly deformed during Mesozoic compression and Early Cenozoic
extension (Parrish et aI., 1988; Monger and Price, 2002). The southern Omineca belt also includes
exposures of Paleoproterozoic continental basement of North American affinity overlain by rift 
oceanic basin clastic successions (Armstrong et aI., 1991; Gabrielse and Campbell, 1991;
Parkinson, 1991; Scammell and Brown, 1991; Crowley, 1999). The Late Paleozoic to Early
Mesozoic closure of a back-arc ocean basin (the Slide Mountain terrane) thought to separate
western North America (including the Kootenay terrane in the south) from an outboard
intraoceanic arc (the Quesnel terrane), was recorded by the accretion of island arcs and marginal
basin successions in the Early Jurassic, which were latterly covered by continent-derived
sedimentary and volcanic rocks in the Early Cenozoic (Monger et aI., 1982; Murphy et aI., 1995;
Colpron et aI., 2007).

1.3 Original Contribution

This project involved three and a half months of field work doing reconnaissance and
detailed geological mapping. Zircon were separated for 19 samples of gneiss, granitoids and
cross-cutting intrusions. These samples were dated using a combination of U-Pb SHRIMP (at
GSC Ottawa) and LA-ICPMS (at Washington State University). I performed all stages of rock
crushing and grinding, mineral separation and mineral selection for all samples. I performed

geochronological analyses with the aid of Jeff Vervoort and Charles Knaak (at WSU) and Nicole

Rayner (GSC Ottawa). Data reduction for the SHRIMP analyses was performed by Nicole

Rayner; data reduction and PblPb corrections for LA-ICPMS was performed by the author.

Whole rock geochemistry on 26 samples was performed by staff at the GeoAnalytical Lab at

Washington State University. I spent one day doing microprobe work at the Electron

MicrobeamlX-ray Diffraction Facility at the University of British Columbia examining garnet,
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feldspar, biotite, and muscovite compositions on two samples. Thin sections were examined in
order to investigate mineral assemblages, perform kinematic analysis of deformational fabrics,
and analyze strain gradients.
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2: NEW AGE CONSTRAINTS ON THE PROTOLITHS AND
FORMATION OF THE OKANAGAN GNEISS:

IMPLICATIONS FOR THE OKANAGAN VALLEY SHEAR
ZONE AND THE WESTERN EXTENT OF NORTH

AMERICAN BASEMENT IN THE SOUTHERN CANADIAN
CORDILLERA

2.1 Abstract

The Eocene Okanagan gneiss is the dominant lithological unit within the footwall of the
Okanagan Valley fault in south-central British Columbia. The gneiss occurs only within the shear
zone where it is folded, stretched, and mylonitized. The gneiss is composed of orthogneiss and
amphibolite-facies (sillimanite-grade) paragneiss domains; the paragneiss domain is mainly
composed of metasedimentary rocks, but does include some intercalation of metaigneous rocks,
and locally, migmatite. The orthogneiss domain grades structurally downwards into undeformed,
Mesozoic plutonic rocks in the footwall. High-precision in situ V-Pb dating of zircon from the
paragneiss domain demonstrates that the protolith for the interspersed metaigneous rocks was
emplaced at ca. 160 Ma (Jurassic) into sedimentary rocks with diverse ages possibly ranging from
Paleoproterozoic to Early Jurassic. Footwall intrusions as young as ca. 106 Ma (Albian) are
entrained in the shear zone, and locally intercalated with the paragneiss. Contrary to previous
studies, the development of the Okanagan gneiss is demonstrably Eocene in age and genetically
related to the OVF; the gneiss is not an exposed slice of Precambrian cratonic basement, unlike
other gneisses exposed to the northeast and east within the Shuswap metamorphic complex.
Instead, the gneiss is part of a tectonically exhumed ductile shear zone developed along the
margin between Paleozoic and Lower Mesozoic metasedimentary and metaigneous rocks and a

Mesozoic granitoid batholith. Ductile deformation and migmatization of the Okanagan gneiss
continued until at latest ca. 48 Ma.

2.2 Introduction

The OVSZ (Okanagan Valley shear zone) is characterized by a thin sequence (1-2 km
thick) of strongly prolate, transposed gneisses (the Okanagan gneiss) and associated felsic
intrusions. Regional-scale stratigraphic and isotopic studies proposed that the Okanagan gneiss is

correlative with other gneisses in the Shuswap metamorphic complex (Fig. 2.1; e.g., Armstrong et
aI., 1991) inferred to be parts of the ancestral North American crust. If this hypothesis is correct,

then the Okanagan gneiss may represent the most westerly (outboard) segment of exposed North

American basement in the southern Canadian Cordillera. If incorrect, the Okanagan gneiss is
younger, composed of sedimentary rocks derived from Precambrian North American crust and

the igneous rocks that intruded into it; and it was deformed, metamorphosed, and exhumed in the
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Eocene (e.g., Tempelman-Kluit, 1989). The present chapter reports field observations and
lithological descriptions, and new high-precision in situ U-Pb zircon dates collected from several
of the lithological units within the Okanagan gneiss and the footwall demonstrate that the
Okanagan gneiss is genetically-linked to deformation and metamorphism of sedimentary and
igneous rocks within the OVSZ, and that the Okanagan gneiss does not represent North American
cratonic basement.
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Figure 2-1. Simplified geological map showing the distribution of high-grade metamorphic
and granitic rocks of the Shuswap metamorphic complex, and adjacent
Paleozoic-Mesozoic tectono-stratigraphic belts and Eocene rocks.

Abbreviations: K - Kettle River-Grand Forks dome, M - Malton gneiss, Mo 
Monashee culmination, Ok - Okanagan complex, OkD - Okanogan Dome, P - Priest
River complex, V - Valhalla dome, RG - Republic Graben; CRF - Columbia River
fault, FF - Fraser fault, MD - Monashee decollement, OVF - Okanagan Valley fault,
SRMT - Southern Rocky Mountain Trench. Inset: Position of the Shuswap
metamorphic complex (SMC) within the Omineca belt of the southern Canadian
Cordillera; S - Seattle, V - Vancouver. Adapted from Johnson (2006) and
Kruckenberg et al. (2008).
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2.2.1 Geological setting

Foliated amphibolite-facies gneiss and migmatite intruded by granitic and pegmatite
sheets are exposed in a semi-continuous belt along the eastern flank of the Okanagan Valley in
southern British Columbia and northern Washington State (Fig. 2.1). Gneisses are juxtaposed
against non-metamorphosed Eocene volcanic and volcaniclastic rocks, and a weakly- to
moderately-metamorphosed sequence of metasedimentary and metavolcanic rocks intruded by
granitic plutons (Fig. 2.2; Tempelman-Kluit, 1989; Wheeler and McFeeley, 1991). Primarily, on
the basis of the metamorphic contrast observed across the Okanagan Valley and the deformation
recorded within the gneisses, a major detachment fault is inferred (Tempelman-Kluit and
Parkinson, 1986; Parrish et aI., 1988).
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Figure 2-2. Geological map of field area.

The base map used was constructed by Tempelman-Kluit (1989); new mapping
conducted during this study adjusted contacts in the footwall. The poorly defined
granitoids of assumed Jurassic through Eocene age have been mapped as one unit.
The units are separated on the legend by location in the upper or lower plates;
question marks indicate uncertainity of placement of the unit into one or the other.
The legend follows the map.
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The trace of OVSZ is well-defined by the distribution of the Okanagan (or Vaseux)
gneiss, the sequence of orthogneiss and paragneiss rocks described here. Very little was known in
detail about the Okanagan gneiss, for example: (1) the proportion of paragneiss to orthogneiss;
(2) the age of its protolith(s); (3) the age and duration of gneiss formation, including
metamorphism and deformation; and (4) how these factors relate to the formation of the enclosing
OVSZ. By comparison, age constraints for the orthogneissic basement of the Monashee Complex
(Fig. 2.1) and other parts of the Shuswap metamorphic complex (SMC) are well-established,
ranging from ca. 2.08 - 1.86 Ga based on high-precision V-Pb dating of igneous zircon
(Armstrong et aI., 1991; Parkinson, 1991; Crowley, 1999).

2.2.1.1 The Shuswap metamorphic complex

The OVF is inferred to be the southernmost section of a larger (450 km long), north-south
trending, Paleogene detachment system, the Okanagan-Eagle River-North Thompson-Adams
Lake fault system (Fig. 2.1; Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988; Bardoux,
1993; Johnson and Brown, 1996; Glombick et aI., 2006a; Johnson, 2006), forming the western
margin of the Shuswap metamorphic complex (SMC) (Brown, 1978; Coney, 1980; Armstrong,
1982; Okulitch, 1984; Brown and Journey, 1987). The Shuswap metamorphic complex is a region
of extended and thinned crust within the Omineca belt of the Canadian Cordillera (Fig. 2.1 inset;
Armstrong, 1982; Monger and Price, 2002). The SMC is one feature in a much larger province of
transtensional deformation (Price and Carmichael, 1986; Struick, 1993) that includes core
complexes (Wolverine, Skeena, Skagit, Priest River), strike-slip faults (Straight Creek, Pasayten,
Fraser fault zone, Pinchi fault zone, Rocky Mountain Trench, Tintina Trench) and pull-apart
basins (Quesnel basin, Tranquille basin, White Lake basin; Ewing, 1980). Several of the
northwest- to north-trending dextral strike-slip faults are part of an en echelon transform system
that are connected by Late Cretaceous to Eocene extensional pull-aparts (Struick, 1993). The
rocks of the SMC are characterized by: (1) the presence of sillimanite in upper amphibolite
facies, poly-deformed, Paleoproterozoic to Mesozoic metasedimentary and metavolcanic rocks
intruded by Mesozoic and Cenozoic granitoid plutons (Monger and Price, 2002); and (2) the
widespread occurrence of Eocene cooling ages (e.g., Lorencak et aI., 2001; Vanderhaeghe et aI.,
2003, and references therein). The SMC is composed of two suites of metamorphic rocks: (1)
basal, Paleoproterozoic rocks that underpin the SMC and are inferred to represent the exposed
cratonic basement of the Omineca belt (e.g., the Monashee complex; Armstrong et al., 1991;
Parkinson, 1991; Crowley. 1999); and (2) an enveloping belt of deformed and metamorphosed
allochthonous to parautochthonous rocks inferred to have been deposited onto, and adjacent to the
western cratonic margin (Scammell and Brown, 1990; Johnston and Brown, 1996). The belt of
gneisses, schists and migmatites, pegmatites, and granitoid plutons between the Okanagan-Eagle
River-North Thompson-Adams Lake fault system and the Monashee decollement (Fig. 2.1) has

also been termed the "Middle Crustal Zone" by Carr (1991, 1992) to indicate their inferred

structural position between the suprastructure of the orogen (i.e., includes hanging wall of the
OVF) and the cratonic basement of the Monashee complex.

The rocks of the SMC are typically exposed in the footwalls of major north-striking
detachment faults, which include the Columbia River fault on the eastern side (Read and Brown,

1981; Parrish et aI., 1988), and the OVSZ on the western side (Tempelman-Kluit and Parkinson,
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1986; Fig. 2.1). The detachments that flank the western margin of the SMC are thought to have
been actively extending in the Early and Middle Eocene (Parrish et ai., 1988) in response to the
orogenic collapse of the Mesozoic Cordilleran orogenic belt (Coney and Harms, 1984; Brown and
Journeay, 1987). The timing of extension was inferred chiefly from: (1) thermochronological
studies (e.g., apatite fission track, K-Ar and 4°Ar_39Ar; Bardoux, 1993; Lorencak et ai., 2001;

Vanderhaeghe et ai., 2003) constraining the exhumation of the high-grade metamorphic rocks in
the lower plate; (2) V-Pb and 40Ar_39Ar dating of syn- and post-tectonic intrusions (Parkinson,
1985; Parrish et ai. 1988, and references therein; Chapter 3); and (3) Ar-system dating of volcanic
and sedimentary strata in Eocene syn-extensional basins (e.g., the White Lake Basin; Church,
1973; 1981; 1982).

2.2.1.2 Previous studies of the Okanagan gneiss

The Okanagan gneiss has been worked on sporadically over the years, with much of the
attention focused on the difference in cooling ages compared with the overlying volcanic and
granitic rocks in the hanging wall, rather than the geology of the gneiss itself. The gneiss
consistently gave K-Ar and Ar-Ar ages of between 60-50 Ma (mainly 51 Ma) for hornblende and
53-45 Ma (mainly between 50-48 Ma) for biotite (Baadsgaard et ai., 1961; Ross, 1974; Medford,
1975; Wanless et ai., 1978; Mathews, 1981; Stevens et aI, 1982; Archibald et ai., 1984;
Armstrong et ai., 1991) that have been interpreted to represent amphibolite-facies metamorphism
and significant anatexis (Parrish et ai., 1988; Johnson and Brown, 1996; Carr, 1992; Bardoux,
1993). These values imply exhumation of the gneisses to a depth between 3-5 km by ca. 50 Ma.
However, use of the K-Ar and Ar-Ar-systems cannot definitively provide igneous or
metamorphic crystallization ages, rather some or all of these ages will be cooling ages; therefore
it was deemed essential to conduct a detailed V-Pb zircon study to identify the true crystallization
age(s).

One of the only studies to work on the protolith and age of the gneiss was conducted by
Armstrong et ai. (1991); they analyzed some of the micaeous paragneisses using a combination of
V-Pb, Rb-Sr, and Sm-Nd analyses that indicated a Paleoproterozoic source (detrital zircon cores
and crustal residence age, respectively). They concluded that the Vaseux gneiss has a similar age
to the basement of the Monashee complex and is probably older than most of the sedimentary
rocks of the southern Canadian Cordillera; however, all the hornblende bearing rocks and
orthogneisses yielded a much younger Nd model age that cannot be related to the Monashee
basement. On the basis of the Armstrong et ai. (1991) results, the Vaseux Formation protolith has
been assigned to the Proterozoic in several studies and has been described as such (e.g., Wheeler
and McFeely, 1991, Massey et ai., 2005; Glombick et ai., 2006a; Cui and Erdmer, 2009).
Conversely, the Okanagan gneiss has been mapped as Eocene (units Eg and Egn) in a compilation
by Tempelman-Kluit (1989), based largely on data produced by Parkinson (1985; Tempelman
Kluit and Parkinson, 1986) that established the principal deformation age.

The structural complexity, poor exposure, and the abundance of similar-looking granitoid

plutons in the southern Okanagan Valley makes it difficult to map the trace of the OVSZ. The

complexity is compounded by a lack of high-precision V-Pb zircon ages, in particular within the
granitoid plutons. There is an abundance of K-Ar and Ar-Ar geochronology throughout the area,

24



but interpretation of the timing of the formation of the Okanagan gneiss and the emplacement of
plutons is questionable without corroborating U-Pb age constraints. Notwithstanding, there is a
general pattern of older Mesozoic Ar-system cooling ages to the west of the Okanagan Valley,
commonly corresponding with units mapped in the hanging-wall; conversely, Ar-system ages
within the OVSZ (e.g., the Okanagan gneiss), and the footwall to the east, are predominantly
Cenozoic (ca. <60 Ma). The spatial association of younger Ar-system ages with the OVSZ and
lower plate rocks has been inferred to represent rapid Cenozoic exhumation and cooling. The
assertion that the young ages represent exhumation and cooling can only be tested by establishing
the age of the OVSZ and tectonism of the lower plate rocks by methods not sensitive to thermal
resetting, most specifically U-Pb zircon analyses. If there is a significant discrepancy between U
Pb and Ar-system ages for the same units, that is strong evidence for thermal resetting or
protracted cooling, and therefore the Ar-system ages cannot be used to date the rocks themselves.
If however, Ar-system and U-Pb ages are similar, then the Ar-system ages likely represent the
crystallization age; or crystallization and thermal resetting were more or less contemporaneous.

Given the paucity of U-Pb zircon ages for the protolith of the Okanagan gneiss,
especially the paragneissic domain, the age is largely unconstrained. Understanding of the origin
and age of these rocks is essential to understanding the geology of the broader SMC and assessing
the nature and western extent of North American basement in the southern Canadian Cordillera.

2.3 Geology of the OVSZ

The OVSZ is composed of three lithodemic zones; in ascending order they are: (1)

weakly- to moderately-foliated plutonic rocks (Zone 1) that are gradational with undeformed
rocks in the footwall; (2) intensely-deformed and mylonitized orthogneiss and paragneiss (the
Okanagan gneiss; Zone 2; e.g. Fig. 2.3), pervasively intruded by felsic sheets; and (3) an upper
zone of ultramylonite, cataclasite and breccia (Zone 3) passing into largely undeformed volcanic
rocks. The footwall of the OVSZ (the lower plate) is composed of undeformed granitoid plutons
that grade upwards into the base of the OVSZ where they become progressively more foliated
and gneissic. The hanging wall (the upper plate) is composed of subgreenschist to greenschist
facies metasedimentary rocks consisting predominantly of phyllite and schist (e.g., the Kobau

Group), granitoid plutons, and non-metamorphosed Eocene volcanic and volcaniclastic rocks.
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Figure 2-3. Schematic lithodemic log through the paragneiss domain.

Log shows the different compositions and their approximate thickness in Zone 2.
Strain increases upwards. Not to scale.

/

pelites

Diffuse transitional zone

-320 m
amphibolite
migmatite
domain

, granitic dykes

pegmatite

lower contact with intercalated
,/ granodiorite

>900 m
mix of para- and orthogneiss

amphibolites

psammites and quartzofeldpathic layers

leucosomes

------------_.

------------_.

26



2.3.1 Plutonic rocks in the OVSZ footwall

Granitoid rocks are abundant throughout the southern Okanagan region; in general, they
are all very similar in appearance, composition (typically granodiorite), and have received very
little geochemical and geochronological study; specifically there is a lack of high-precision U-Pb
zircon crystallization ages. Granitoid rocks in the study area (e.g., MzEgd; Fig. 2.2) are typical of
the wider region and have various names and proposed correlations (e.g., Okanagan composite
batholith, Nelson Suite). These plutonic intrusions, which are commonly grouped together and
assigned as batholiths, are thought to vary in age from Early Jurassic to Eocene. Several small
plutons are relatively well-dated, however the age of other, commonly huge batholiths are only
approximated or completely unknown.

Granitoid plutons in the footwall of the OVSZ are particularly poorly-studied and have
been mapped as part of the 'Okanagan batholith' and the Nelson suite (sensu Tempelman-Kluit,
1989); however, nearly all are described as "age poorly constrained", highlighting the necessity to
better understand their occurence in relation to the OVSZ. The application of the term 'Okanagan
batholith' is potentially misleading in the lower plate because the Early to Middle Jurassic
'Okanagan composite batholith' (Woodsworth et ai., 1991) is defined as being restricted to the
west of the Okanagan Valley (i.e., in the upper plate exclusively). Granitoids to the east of the
Okanagan Valley are typically assigned to the Middle Jurassic and the "age poorly constrained"
Nelson suite (Woodsworth et ai., 1991). Prior to this study there were no definitive U-Pb zircon
crystallization ages of the granitoid plutons in the OVF footwall of the study area.

Since the ages of the plutonic rocks in the footwall were unconstrained, four samples
(SB-07-68, SB-24-6, SB-II-15b, SB-08-17) have been dated to: (1) characterize their zircon age
populations; (2) help assess whether they predate or post-date (i.e., intrude) the OVF shear zone,
in conjunction with their field relationships; and (3) to allow comparison with the overlying
orthogneiss and sheet-like intrusions. The ages will also allow for comparison and possible
correlation with other granitoid suites in adjacent parts of southern British Columbia (e.g., the
Nelson suite and the Okanagan composite batholith). The lack of mylonitization and deformation
within some of these plutonic rocks suggests that they are situated outside of the shear zone. An
increase in the penetrative nature of the foliation is inferred to reflect an increase in the total finite
strain experienced by the rock (Le., strain gradient), which is correlated with proximity to the
shear zone. Unfortunately, the transition between the undeformed granitoids rocks in the footwall
and the base of the shear zone is typically difficult to constrain because the strain gradient is low
characterized by weak and diffuse fabrics.

2.3.1.1 'Okanagan batholith' ofTempelman-Kluit (1989)

East of the OVF there is an extensive area of massive, weakly- to non-foliated,

hornblende- and/or biotite-phyric granodiorite (MzEgd; Fig. 2.2, Fig. 2.4), inferred to be broadly
Mesozoic in age. These rocks have been assigned to the 'Okanagan batholith' and Nelson suites

(JKg and rnJg, respectively; Tempelman-Kluit, 1989); although there is little lithological,
geochemical, or geochronological evidence to support these correlations.
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2.3.1.2 Bighorn Sheep pluton

The informally-named Bighorn Sheep pluton (Kbs, Fig. 2.2; unit Eg of Tempelman
Kluit, 1989; BHS in text) is a small (-84 km2

), composite pluton well-exposed along the eastern
shore of Skaha Lake and adjacent west-facing slopes. The pluton forms a prominent point jutting
into Skaha Lake (Fig. 2.2) where it separates otherwise laterally-extensive belts of the Okanagan
gneiss along the lake shore. The pluton is mapped as abutting the 'Okanagan batholith' of
Tempelman-Kluit (1989) to the east. The BHS pluton is observed to grade from undeformed,
massive diorite and granodiorite to foliated granodiorite intercalated with the base of the adjacent
and overlying Okanagan gneiss. The pluton appears to be compositionally zoned (Si02 =50 - 65
wt. %; Fig. 2.4) from its lowest exposed level upwards, of non-foliated hornblende 'metagabbro'
(SB-08-17), to coarse-grained, non-foliated hornblende granodiorite (SB-II-15b) intruded by
very coarse-grained dioritic dikes, to progressively more strongly foliated, hornblende-phyric
granodiorite (SB-07-68) intercalated with the Okanagan gneiss. There are abundant and complex
internal contact relationships near the base of the pluton, especially between the 'metagabbro',
the non-foliated granodiorite, and the dioritic dikes, making relative age constraints impossible to
define. The BHS pluton is also cross-cut by pegmatite and granite dikes (see Chapter 3). Sections
have been epidotized; pyrite and chalcopyrite mineralization is common.
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Figure 2-4. Total alkali silica diagram (based on LeBas et aI., 1986) for geochronology and
geochemistry samples of the amphibolite in the gneiss, leucocratic layers, the
BHS pluton and the 'Okanagan batholith.'

Sample numbers are located next to the points. The dashed line is the Irvine and
Baragar (1971) reference line for discrimination between alkaline (above the line)
and subalkaline or tholeiite series (below the line).
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The BHS pluton has a relatively distinctive lithology compared to the surrounding
granodiorite plutons and batholiths, where gabbroic and dioritic compositions appear rare; the

distinctiveness of the BHS was sufficient for it to be mapped as a separate pluton (Tempelman
Kluit, 1989). Moreover, the pluton crops out significantly farther west (Le., closer to Skaha and

Okanagan Lakes) and is more clearly intercalated with the Okanagan gneiss than other

granodiorite plutons, suggesting that this distinct pluton is not related to the batholith farther to

the east. The BHS pluton was previously dated at 99.5 ± 1.2 Ma (V-Pb zircon; Parkinson, 1985);

however, it was subsequently mapped as an Eocene pluton by Tempelman-Kluit (1989).

Therefore it does not neatly sit within the Jurassic-Cretaceous Okanagan batholith of

Tempelman-Kluit (1989), the Okanagan composite batholith, or the Nelson suite. Three samples
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were collected to establish the age or ages of crystallization for the BHS pluton; these allow
comparison with the overlying and intercalated Okanagan gneiss and other granitoid plutons.

2.3.2 Zone 1 - Foliated plutonic rocks

Strongly-foliated granodiorite (Fig. 2.5a) grading into mylonitizied gneissic granodiorite
and granodiorite augen-gneiss (Fig. 2.5b) is characteristic of much of the lower parts of the
OVSZ. Commonly, there seems to be a gradation structurally upwards from non-foliated
granodiorite (MzEgd) in the footwall to foliated and gneissic granodiorite (Zone 1), into true
orthogneiss (Zone 2). The foliation typically dips -180 to the north. Farther north, in the Kelowna
area, the transition from granite to orthogneiss commonly coincides with the occurrence of
pegmatites and partial migmatization (Bardoux, 1993).
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Figure 2-5. Photo plate of transition from footwall to shear zone showing gradational
shearing and intercalated contacts.

(a) and (b) show the highly sheared felsic material and augens that define gneissic
granite or granitic gneiss; (c) and (d) show folded and/or transposed apophyses of
diorite in gneiss within the Bighorn Sheep pluton; (e) shows intercalated layers of
amphibolite and diorite SE of Oliver, British Columbia (see Fig. 2.2), near this
locality sheets of granite and amphibolite gneiss are interleaved with the layers
averaging O.5-2m in thickness; (f) shows a schematic cross-section of the Bighorn
Sheep pluton showing how the screens of gneiss found in the pluton may join up. A
greater concentration of gneiss is located structurally upwards through the shear
zone as the amount of observable strain increases.
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However, at a few localities, including the upper parts of the BHS pluton, the margin of
the shear zone is better defined where moderately foliated granodiorite is intercalated and folded
with layers of transposed amphibolite gneiss (e.g., Fig. 2.Sc and d), displaying a different type of
contact with the shear zone than with other plutons. The foliation within the granodiorite is
defined by aligned hornblende crystals and becomes stronger upwards as the relative proportions
of intercalated granodiorite and amphibolite gneiss become equal. Boudins of amphibolite gneiss
are also common in the upper parts of the BHS pluton and vice versa. The same relationship
exists east of Oliver where the gneiss is intercalated with Nelson plutonic rocks (MzEgd; Fig.
2.Se). In the BHS pluton, the transition from Zone 1 to Zone 2 is manifested by intercalation of
foliated granodiorite and amphibolite gneiss (Fig. 2.Sf). This intercalation is inferred to be
primarily tectonic in origin, and likely related to shearing of an originally irregular intrusive
contact, because of: (l) the observed increase in foliation upwards within the BHS pluton; (2) the
intercalated screens of amphibolite gneiss and granodiorite have the same dip and strike as the
foliation in the adjacent gneiss; (3) inter-folding of small sheets of one lithology in the other; and
(4) the contact surfaces between granodiorite and gneissic screens are sub-planar, i.e., neither
dikes nor apophyses of granodiorite intrude the gneiss. These observations suggest that the
foliated and non-foliated plutonic rocks of the footwall and Zone 1 largely predate the formation
of the OVSZ, although some components may be syn-tectonic.

2.3.3 Zone 2 - The Okanagan gneiss

Gneissic rocks are repeatedly exposed along the OVSZ between Kelowna and northern
Washington State (Fig. 2.1; Tempelman-Kluit, 1989), perhaps best in the study area between
Penticton and Oliver (Fig. 2.2). These gneisses were the subject of several studies in the 1970s
and 1980s. More recent studies have been focused to the north around Vernon (e.g., Glombick et
aI., 2006a; b) and Kelowna (e.g., Bardoux, 1993), and to the south in the Okanogan Dome of

Washington State (e.g., Kruckenburg et aI., 2008), whereas the portion between Penticton and
Oliver was not closely re-examined until the present study. The gneisses have been ascribed
various names in different studies, and were commonly correlated on the basis of lithology with
gneisses elsewhere in the SMC; for the purposes of the present study the gneissic rocks of the
OVSZ between Penticton and Oliver will be referred to as the 'Okanagan gneiss'.

The Okanagan gneiss occurs with a diverse suite of co-deformed plutonic rocks,
pegmatite sheets, and syn- and post-tectonic medium to fine-grained granite dikes; these intrusive
rocks are of demonstrably different ages. The Okanagan gneiss (unit Egn, Fig. 2.2; units Egn and
Egng of Tempelman-Kluit, 1989) is a heterogeneous lithodemic map-unit composed of three
different gneissic domains (Fig. 2.3): (l) a massive granodiorite orthogneiss domain; (2) a
paragneiss domain characterized by alternating, laterally-extensive layers, with sporadic
orthogneiss layers and cross-cutting leucocratic sheets; and (3) a localized, migmatitic

amphibolite domain pervasively injected by several generations of leucocratic sheets. All three

gneiss domains have been intruded, ductily deformed (i.e., folded, stretched, and layering
transposed) and mylonitized.
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2.3.3.1 Orthogneiss domain

The orthogneiss domain is widespread and characteristic of much of the Okanagan
gneiss. The orthogneiss occurs throughout the area, particularly east of Penticton (Fig. 2.2), where
it gradually grades downward into foliated granodiorite. Around Kelowna, quartzofeldspathic
orthogneiss makes up -80% of the Okanagan complex exposed in that region (Bardoux, 1993).
Throughout the OVSZ the orthogneiss has a complex and poorly-defined contact with
amphibolite facies paragneiss, commonly occurring as inclusions within each other. These
orthogneisses are similar to those reported in the Okanagan Mountain area south of Kelowna
(Medford, 1976) and the Okanogan Dome of Washington State (Kruckenburg et aI., 2008),
indicating that they form part of an extensive N-S trending belt along the OVF.

The light- to medium-grey orthogneiss is composed of massive, foliated, dynamically
recrystallized, and commonly pervasively-mylonitized, orthoclase-quartz-hornblende (+biotite)
groundmass and occasional orthoclase porphyroclasts (augen-gneiss) (Fig. 2.5b). Color-banding
characterized by hornblende-rich (mafic) and hornblende-poor (granitic) layers is exhibited at cm
to dm-scale, where it defines a penetrative foliation. Intercalated, foliation-parallel screens of
amphibolite gneiss are common (e.g., Fig. 2.5e).

The foliation dips (5°-30°) from the west to northeast as defined by both gneissic banding
and a pervasive mylonitic fabric. A weak to moderate mineral lineation developed on foliation
surfaces, commonly defined by aligned hornblende crystals, is typically moderately to shallowly
plunging towards 291°. Asymmetric, feldspar augen and microscopic hornblende and biotite
crystals define shear bands and CIS microfabric with a top-down-to-the-west (Le., extensional)
shear sense.

The observation that the orthogneiss grades into foliated granodiorite, and then non
foliated granodiorite of the same bulk composition strongly suggests that the orthogneiss
represents the highly-strained margin of the 'Okanagan batholith' entrained within the OVSZ (see
also Tempelman-Kluit and Parkinson, 1986). There is an increase in strain of the orthogneiss

marked by a greater pervasiveness of foliation and shear-sense indicators and development of a
stretching lineation within the middle of the OVSZ (Zone 2). The increase in strain is
corroborated by evidence for increased dynamic recrystallization and grain size reduction of the
orthogneiss groundmass, which led to the development of a pervasive mylonitic fabric.

2.3.3.2 Paragneiss domain

The paragneiss domain is widespread in the study area, but not along the entire strike of
the OVSZ, and is well exposed in the eastern cliffs at the northern end of Vaseux Lake and along
Shuttleworth Creek, east of Okanagan Falls (Fig. 2.2). The paragneiss domain has a complex,

poorly-defined contact with the orthogneiss domain and appears to grade down or laterally into

the migmatite domain. The paragneiss domain is predominately composed of layers of paragneiss
intercalated with layers of amphibolite orthogneiss (inferred to be mafic or intermediate
igneous/volcanic protolith(s)). The paragneiss domain (Fig. 2.6a and b) is characterized by

alternating, laterally-discontinuous, sub-parallel cm- to m-scale layers of: (1) pale-grey or cream

quartzofeldspathic layers (Fig. 2.6c); (2) infrequent layers of garnet-biotite metapelitic schist,
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calc-silicate marble, metaquartzite (Fig. 2.6d), and meta-ultramafic lenses and (3) intercalated
dark-grey amphibolite orthogneiss (Fig. 2.6c). The rocks in the paragneiss domain are pervasively
folded, faulted, and in many places mylonitized (proto- to ultramylonite), and are locally intruded
by granitic and pegmatitic dykes (Chapter 3), and leucosome sheets at the gradational contact
with the migmatite domain (Fig. 2.6e). They are similar to paragneisses described near Kelowna,
which are tentatively correlated to the Vaseux Formation (Bardoux, 1993), composed of
amphibolites, diopside marble, and calc-silicate schists, interiayered with semi-pelites.
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Figure 2-6. Photo plate of paragneiss.

(a) Typical outcrop view oflayering in paragneiss, (b) recessive part of cliff
contains pelite and schist, (c) amphibolite layers that are infolded and transposed
within the paragneiss, (d) quartzite layers with relict clasts and (e) base of paragneiss
domain where intrusions of granite and pegmatite are common.

Based on the compositional layering described above, and in particular the presence of
metapelites, the the paragneiss domain can be inferred to represent a protolith of metasedimentary

rocks (paragneissic) intruded by mafic or intermediate igneous rocks (orthogneissic). Intercalated

metapelite and feldspar-quartz-hornblende amphibolite gneiss layers likely originated as pelitic
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shales and mudstones, and greywackes, perhaps deposited as part of a marine turbidite sequence,
interlayered with lenses of clinozoisite-hornblende orthogneiss. Transposition and deformation of
the layers prevents any detailed assessment of original sedimentary context. Quartzite and calc
silicate layers are likely the metamorphosed equivalent of sandstone to calcareous sandstone
deposited in a marine setting. The amphibolite gneiss layers contain the mineral assemblage K
feldspar, microcline, quartz and hornblende, (± biotite and garnet). The assemblage is
characteristic of an amphibolite facies rock with intermediate composition.

2.3.3.3 Migmatite domain

The migmatite domain appears to be structurally below the paragneissic domain; in
contrast to the wide spread orthogneiss and paragneiss, the migmatite domain occurs only in the
cliffs and road-cuts at the southern-end of Vaseux Lake, McIntrye Bluff and along Vaseux Creek
(Fig. 2.2). The domain is composed of complexly-folded, variably mylonitized and migmatized
amphibolite with pervasive, peraluminous leucosome sheets (Fig. 2.4), and intruded by abundant
syn-tectonic (foliated) peraluminous granitic and pegmatitic sheets. There appears to be a
gradational zone between the paragneiss domain and the migmatized zone. The migmatite
domain (Fig. 2.7a) is distinguished from the other gneissic domains by: (1) the presence of

pervasive melt features (e.g., leucosome injections; Fig. 2.7b); (2) the greater degree of folding
and shear strain (Fig. 2.7c); (3) the presence of abundant pegmatites and granitic intrusions
(Chapter 3; Fig. 2.6e); (4) greater attenuation of the layering (Fig. 2.7b and d); and (5) the lack of

pelite and psammite layers preserved. The domain also includes an intense transposed fabric with
visible recumbent, sheath-like folds of dark amphibolite layering and leucosome sheets.
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Figure 2-7. Photo plate of migmatites.

(a) McIntyre Bluff, migmatized paragneiss and orthogneiss made up of amphibolite
sheets that have been intruded by numerous discordant to concordant leucocratic
dykes and sills including felsic pegmatites and foliated, peraluminous, S-type
granitic bodies. From a distance, the leucosomes defIne two distinct fabrics, one
presently sub-horizontal and the other dipping at -45 0 to the south; the pattern
resembles CIS fabric. (b) and (c) are close-ups of the face of McIntrye Bluff - fIeld
of view ~20 metres. In (b), (c) and (d) multiple melt features can be seen as well as
the two different fabrics, listric shear bands and evidence of semi-solidified
amphibolite deforming. (e) shows the folding of leucosome and amphibolite layes.
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Many of the gneissic layers are not "true" amphibolite as they contain abundant biotite
and quartz, and <80% hornblende. The migmatite domain exhibits multiple generations of cross
cutting, syn-tectonic leucosome and igneous intrusions between amphibolite layers (e.g., Fig.
2.7b). In several locations there are two different generations of leucocratic layers that intruded
the migmatite gneiss; a sub-horizontal set parallel to the gneissic layering cross-cuts an earlier
moderately inclined set (30-45°; Fig. 2.7a and d).

The above observations suggest that the migmatites represent a localized domain of the
gneiss that underwent anatectic melting leading to abundant leucosome production and intrusion
of pegmatite and granite. Why this one localized section has been migmatized is unknown, it may
be due to: (1) additional heat input; (2) compositional control; and/or (3) presence of
hydrothermal fluids lowering the melting point. By contrast, to the south along strike, a large
amount of migmatite occurs in the Okanogan Dome (Kruckenburg et aI, 2008).

2.3.3.4 Felsic intrusions

Pegmatite and granitic dikes cross-cut the migmatite domain, the paragneissic domain,
and the Bighorn Sheep pluton, where they are exposed along several road outcrops of highway 97
and along Vaseux Creek (Fig. 2.2). The peraluminous pegmatites (typically :::;1.5 m thick) are

laterally-extensive for up to 10 metres, coarse-grained, and composed of muscovite, quartz,
orthoclase, hornblende, almandine, chloritized biotite and plagioclase. Many of the intrusions
have been emplaced oblique to the gneissic foliation and have undergone some ductile
deformation that includes variable degrees of folding, and development of a foliation parallel to
the foliation in the host gneiss. These intrusions and their ages are discussed in more detail in
Chapter 3.

2.3.4 Zone 3 - The upper margin and hanging wall of the OVF

The shear zone in the Penticton to Oliver area (Fig. 2.2) grades upward from weakly
mylonitized orthogneiss and paragneiss to mylonitic gneiss, ultramylonite, micro-faulted and
brecciated (chlorite-breccia) mylonite, cataclasite and finally brecciated, silicified and chloritized
hanging wall rocks.

To the west, rocks in the hanging wall of the OVSZ consist of zeolite to lower
greenschist-facies rocks of the Intermontane belt. These rocks are predominately Paleozoic to
Lower Jurassic metasedimentary and metavolcanic rocks of oceanic and oceanic-arc affinity that
have been intruded multiple times by pre-Triassic through Middle Eocene intrusive rocks
(Okulitch, 1979; Parkinson, 1985). This assemblage is overlain by Paleogene sedimentary and
volcanic rocks, commonly deposited into small, fault-controlled basins (Church, 1973; Matthews
1981) that formed as the hanging wall itself extended during displacement on the OVSZ. The K

Ar and Ar-Ar cooling ages (58-48 Ma; Baadsgaard et aI., 1961; Ross, 1974; Medford, 1975;

Wanless et aI., 1979; Mathews, 1981; Stevens et aI, 1982; Archibald et aI., 1984; Armstrong et

aI., 1991) of the Okanagan gneiss overlap in age with the Paleogene volcanics in the upper plate,
suggesting that the Okanagan gneiss was exhumed from relatively deep crustal levels at the same

time as volcanism and basin formation in the hanging wall. There is vitrinite reflectance data that
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implies that the base of the White Lake Basin was buied to 3 km in the Eocene (personnal
communication Kirk Osadetz, 2008).

2.4 Geochemistry

2.4.1 Amphibolite within the Okanagan gneiss

Geochemical analyses (major, trace and REE) of nine samples of amphibolite, including

the three samples dated, were performed in an attempt to constrain the protolith (see Appendix A
for analyses). The majority of amphibolite gneiss samples range from mafic to intermediate (Fig.
2.4), and are subalkaline to moderately alkaline. In contrast, a single sample of more felsic
amphibolite gneiss (08-24) plots in the granodiorite field along with many of the lower-plate
plutonic rocks; this composition is likely due to transposition with felsic orthogneiss. All
amphibolite samples are metaluminous. Tectonic trace element discriminate plots were
inconsistent and ambiguous, and will not be presented or discussed further.

The amphibolite gneiss samples can be divided into four groups using a multivariate trace
element plot or spidergram (Fig. 2.8) to better understand how the amphibolite composition
varies. All samples are elevated in LILE (Large Ion Lithophile Elements) relative to N-MORB; in
contrast high field strength elements (HFSE) and compatible elements are equal to or depleted
relative to N-MORB. All samples show similar enrichment in Zn and Mn. Trace element ratio
plots (CelPb vs. Nb/K and Zr vs. Ta; Fig. 2.9) replicate the same four divisible groups.
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Multi-variant trace element plot of amphibolite samples
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Figure 2-9. Trace element plots displaying clustering within the amphibolite samples.

Group A (samples 08-15b, 08-21, 09-07) is strongly alkaline and is ultramafic to mafic

(Fig. 2.4) basanitic or alkaline-basaltic, and shows a distinct MgO fractionation trend (Fig. 2.10).

Group A is the most enriched relative to N-MORB and forms a consistently sloping trend with
only one consistent depletion at Sr (Fig. 2.8); LILE are highly enriched (10 to 100 times),

whereas the other incompatible elements are similar to N-MORB. There is no signal of Nb, Ta,

Zr, or Hf depletion. Three out of four Group B samples (07-21, 08-03, 09-05) are tholeiitic
basaltic or basaltic-andesitic (Fig. 2.4), again forming a distinct MgO fractionation trend (Fig.
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2.10). Group B is more similar to N-MORB, especially in the HFSE but still with significant

LILE enrichment. Group B is characterized by prominent Nb-Ta, Zr-Hf, and Th troughs, and
enrichment in Sr and Pb (Fig. 2.8). Group C (07-15a) is a single sample of migmatized alkaline

basalt that shares many characteristics of Group A, for example high Zrffa ratio (Fig. 2.9) and
MgO fractionation trend (Fig. 2.10), but it has the same prominent Nb-Ta trough as Group B (Fig.

2.8). Group D (08-24) is a single sample that is significantly different from the others; it is felsic,
calc-alkaline (Fig. 2.4), and enriched in LILE but strongly depleted in HFSE and compatible

elements (Fig. 2.8; e.g., REEs, V, Cr). Group D has a strong Zr and Hf enrichment.

Figure 2-10. Si02 versus MgO plot.

The graph indicates a protolith partly- or wholly-derived from a basaltic to basaltic
andesite source, for example, a volcanic arc. A basaltic protolith is expected to have
a greater concentration of MgO (>4 wt. %).
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Three amphibolite samples were dated to be between 162-157 Ma (07-15a, 08-15b, and

08-21), unfortunately, they only represent Groups A and C; Groups Band D remain undated.

However, there are reasons (see below) to infer that at least Groups A, B, and C are similar in

age, ca. 160 Ma. Group D may have been influenced by addition of continental (felsic) material,

as a possible result of physical mixing (i.e., during ductile deformation and gneiss fabric

development) with granodioritic orthogneiss, and will not be considered further. Group B shows

strong affinity with volcanic arc basalts (e.g., Nb-Ta and Zr-Hr depletion, LILE enrichment,
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tholeiitic trend); Sr and Pb enrichment probably reflect involvement of subducted sediment and
slab-derived fluids (Gill, 1981). In contrast, Group A samples, without prominent Nb-Ta and Zr
Hf depletion, are more like intraplate alkaline basalts; partial melting of anhydrous asthenosphere

(as opposed to hydrated mantle wedge) is implied by the MORB-like concentration of compatible
elements, and depletion in Sr, presumably due to melting of Sr-depleted peridotite. That Group C

is intermediate between Groups A and B, and has the same age as Group A, suggests a broad

range of compositions at 160 Ma; this range could be explained by a paired oceanic arc - back
arc system (Gill and Whelan, 1989), or an arc-slab window scenario (Thorkelson, 1996). In such

a scenario, the Group B represents the arc rocks and Group A represents the contemporaneous
back-arc or slab window (intraplate) rocks; Group C exhibits elements of both and is probably

transitional. However, as only three of the nine samples were dated, there could be a difference in

the ages between these groups and there is the possibility that genetically unrelated amphibolite
groups could have been interfoliated with each other and are now lithologically indistinguishable.

Further dating and a larger geochemical sample set is required to test these assertions.

2.4.2 Bighorn Sheep pluton

Whole rock analyses (trace element and rare earth element) of the three samples collected

from the BHS pluton reveal an arc signature (Fig. 2.11), compatible with the mafic to
intermediate (gabbro to granodiorite), calc-alkaline, metaluminous, whole rock composition (Fig.
2.4). The BHS pluton analyses are plotted (Fig. 2.11) against the Pimanus Formation of the

Albian Spences Bridge Group (Thorkelson and Smith, 1989; Irving and Thorkelson, 1990) due to
their similar Cretaceous ages (99.5 ± 1.2 Ma, V-Pb zircon; Parkinson, 1985). The trace element

profiles of the two more felsic rocks are similar to those of the Pimainus Formation, a continental

margin arc (Thorkelson and Smith, 1989). Sample 08-17, the 'metagabbro', which occurs at the
proposed base of the unit (and has a cumulate appearance), has a notably flatter pattern, akin to

some oceanic volcanic arcs.
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Figure 2-11. Bighorn Sheep pluton trace and REE geochemistry plotted against the
Pimanus Formation of Spences Bridge Group.
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2.5 Thermobarometry

Garnet-biotite schists intercalated within the paragneiss domain were analyzed to assess
their equilibrium temperature and pressure conditions in order to estimate the depth of the gneiss
during the latest metamorphic event experienced. Electron microprobe analyses of co-existing
garnet, muscovite, and biotite conducted at the Electron-MicrobeamIX-ray Diffraction Facility at
the University of British Columbia are presented in Appendix B. These analyses were applied to
the garnet-biotite thermometer (Ferry and Spear, 1978), and the garnet-muscovite-annite
plagioclase barometer (GMAP; Hoisch, 1990; 1991) using the TWQ (v. 2.3,2007) database of
Berman (1991). Analyses of garnet cores (Fig. 2. 12a) produced an excellent intersection of all
reactions and is consistent with equilibrium condition of 670°C ±50°C and 6.2 ±1.0 kbars. The
garnet rim compositions show some evidence of retrogression, but yield consistent (Fig. 2. 12b)
values of 660°C ±50°C and 6.0 ±1.0 kbars.
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Figure 2-12. Pressure· Temperature plots.

(a) Analyses of garnet cores are consistant with equilibrium conditions of 670°C
±50°C and 6.2 ±1.0 kbars (ca. 20 km depth). (b) Garnet rims indicate values of
660°C ±50°C and 6.0 ±1.0 kbars (ca. 20 km depth). Pressures (GMAP barometer of
Roisch, 1990; 1991) and temperatures (garnet-biotite thermometer of Ferry and
Spear, 1978) calculated using TWQ (v. 2.3) database of Berman (1991,2007).
Circles in (a) and (b) indicate preferred Pressure and Temperature estimates from the
reactions. Metamorphic facies appear in grey in the background as well as the wet
solidus line.
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a

Figure 2-13. Garnet profile and thin section

a) Rim to rim profile across garnet. b)Thin sections of garnet in cross polarized light
(xpl) and (c) plane polarized light (Ppl). Probe traverse indicated by white line,
dominant minerals labeled after Kretz (1983).
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Thermobarometric data from pelitic layers within the paragneiss succession also indicate
that amphibolite facies conditions were reached during metamorphism (Fig. 2.12). Moreover,

upper amphibolite conditions close to the wet granite solidus are indicated by these data, helping
to explain the occurrence of migrnatite and leucosome sheets immediately adjacent to the
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paragneiss domain (see below). The results indicate that parts of the paragneiss domain
equilibrated at -20 kIn depth (upper amphibolite facies), and do not record subsequent retrograde
metamorphism during exhumation to the surface. The absence of features consistent with
retrograde metamorphism, such as rimward emichment in Mn and FeI(Fe+Mg) (Fig. 2.13a) due
to garnet dissolution and Fe-Mg exchange with biotite (Kohn and Spear, 2000), and

disequilibrium between biotite inclusions in the garnet versus the groundmass, suggest that the
paragneiss was exhumed more rapidly than re-equilibration could proceed during ascent. Thin
section images of garnet traverse and dominant minerals are shown in figure 2.13 band c.

The pressure estimates obtained are similar to those from sillimanite-grade metapelites in
the Kelowna area (6.0 kbar and 750°C; Bardoux, 1993), and the nearby Grand Forks gneiss (5.8 ±

0.6 kbar and 800 ± 35°C; Laberge and Pattison, 2007). In contrast to the metapelites described
above, those in the Kelowna area are locally retrograded to chlorite, muscovite, albite, epidote,
quartz, and calcite yielding P-T estimates of 4.5 kbar (ca. 13 kIn) and 600°C (Bardoux, 1993).

2.6 Geochronology

The present study undertook high-precision in situ U-Pb dating on zircon crystals
collected from a suite of samples that have well-constrained geologic relationships in order to
better understand the history of the gneiss and how it is related to the OVSZ. The sample suite
includes "basement" samples of gneissic country rock, including amphibolite and leucosome
sheets, and surrounding granitoids. A summary of previous geochronological work conducted in
the field area is presented in Appendix D.

2.6.1 Analytical Procedures LA-ICPMS

U-Pb dating of zircon by laser ablation-inductively coupled plasma mass spectrometry
(LA-ICPMS) was conducted at the GeoAnalytical Lab at Washington State University following
the methods of Chang et al. (2006). See Appendix E for a description of the analytical methods.

Weighted average ages, U-Pb concordia plots and histograms, and Tera-Wasserburg
(TW) concordia plots were calculated using IsoPlot 3.0 (Ludwig, 2003). A problem in U-Th-Pb
geochronology is the occurrence of common (non-radiogenic) Pb, which can lead to erroneous

ages and discordance when plotted. For young zircon, the isotopic composition of common Pb
can reasonably be assumed to be that of present-day common Pb e07pbp06pb). Analyses that lie
off the TW concordia line in the direction of common Pb indicate the presence of common Pb in
an analysis; a fixed common Pb value of 0.86 ± 0.06 was used to calculate for the corrected
206PbP38U age, which follows the procedure in DeGraaf-Surpless (2002). Common Pb corrections
were done on analyses where the 207PbP06Pb age exceeds the 206Pbp38U age by more than the

error on the 207PbPo6Pb age, but typically the correction at this age level is very low (0.1 Ma for

Late Cretaceous zircon).
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2.6.2 Analytical Procedures SHRIMP

Sensitive High Resolution Ion Microprobe (SHRIMP) analytical procedures followed
those described by Stern (1997), with standards and U-Pb calibration methods following Stern

and Amelin (2003). See Appendix E for a description of the analytical methods.

Unless otherwise stated the 207Pb corrected 2°6pbP38U weighted mean ages are given in

Table 2. The Pb correction was made using the common Pb composition of the surface Au
coating on top of the zircon puck (Au 207PbP06Pb common Pb ratio is 0.895, error 0.1 %). TW
plots that include the 206Pbp38U were used since the ages of most zircon crystals are younger than
1000 Ma, otherwise the 207Pb corrected 207PbP06Pb age is used. Plots and calculations were

carried out using Isoplot 3.0 of Ludwig (2003).

Ages are interpreted using weighted means of 206PbP38U ages at the 95% confidence level

(2cr error) unless otherwise noted (Table 2). The ages of the single data points are also given with
2cr errors. In all cases, the intercept ages determined using anchored regression lines in TW plots
are within error of the weighted mean. Also, the ThIU values were used as a first order means to

differentiate igneous versus metamorphic zircon. Although it is recognized that there could be

great variance in the Th/U ratio, values 20.5 are considered more typical of igneous zircon and

less than 0.07 more typical of metamorphic zircon (Hoskin and Schaltegger, 2003).
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Table 2. Geochronology sample details

Sample Lithology/structure/fabric/texture Interpreted age Dating Zircon morphology
(UTM Wtdavg method
Zone and prominent # spots &
lIN) populations grains
08-15b Melanocratic (amphibolite) 159.1 ±3.9 SHRIMP Euhedral to anhedral,
E316150 layer; coarse-grained MSWD=3.2 15 spots oscillatory-zoned in the
N546399I 13 grains younger Creataceous

98.2 ± 1.1 and Eocene events, rim
MSWD=0.69 overgrowths

50.10 ±0.83
MSWD=O.OO

08-21 Laminated orthogneiss 157.7 ± 2.9 SHRIMP Subhedral to anhedral,
E317795 amphibolite, mylonitized, with MSWD=4.7 14 spots sector and oscillatory-
N5466461 transposition foliation, 14 grains zoning, older cores and

penetrative lineation 93.7 ± 3.6 overgrowths
MSWD=4.2

07-15a Laminated orthogneiss 161.8 ± 1.2 LA- Subhedral, mainly
E316524 amphibolite, mylonitized, with MSWD = 1.7 ICPMS sector zoning, some
N5462379 transposition foliation, 51 spots overgrowths

penetrative lineation 23 grains
07-15b Leucosomes sheet infolded with 53.22 ±0.89 LA- Subhedral, sub-equant,
E316524 the amphibolite, undergoing the MSWD=4.5 ICPMS oscillatory-zoned, older
N5462379 same late stages of deformation 25 spots cores

together 14 grains
08-22 Quartzofeldspathic gneiss is 50.4 ± 2.8 SHRIMP Euhedral to subhedral,
E317795 foliated and lineated with MSWD=8.5 11 spots some prismatic,
N5466461 abundant rotated porphroclasts 9 grains oscillatory to sector

Also inherited zoning
zircons

08-20 Leucocratic layer within the 52.9 ±1.0 SHRIMP 2 populations; younger
E316524 Okanagan gneiss, foliated and 14 spots ones are euhedral with
N5462379 lineated 181 ± 12 13 grains oscillatory-zoning and

MSWD= 17 radiation damaged
cores, older ones

200.2 ± 2.3 anhedral with little
MSWD =1.00 zoning

The ages III bold are the Illterpreted formatIOn/crystallization ages
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Table 2 continued
Sample Lithology/structure/ Interpreted Dating Zircon morphology
(UTMZone fabridtexture age method
llN) Wtdavg # spots &

grains
07·68 Foliated diorite- 159.7 ± 9.8 LA- Euhedral to subhedral,
E327082 granodiorite MSWD=20 ICPMS oscillatory-zoned, some older
N5476747 43 spots cores, younger overgrowths

106.3± 1.0 17 grains
MSWD=2.9

52.64 ± 0.66
MSWD =0.18

11-15b Hornblende granodiorite, 104.51 ± 0.94 LA- Euhedral to subhedral,
E313134 no apparent fabric MSWD=2.1 ICPMS oscillatory-zoned, a few
N5470817 31 spots cores and overgrowths

15 grains
08-17 Massive, coarse-grained, 108.0 ± 1.7 SHRIMP Euhedral to anhedral, sector
E313336 metagabbro MSWD= 2.3 10 spots and oscillatory-zoning
N5476606 10 grains
24-6 Okanagan batholith (of 50.79 ±0.62 LA- Euhedral to subhedral,
E 342909 Tempelman-Kluit, MSWD = 1.7 ICPMS oscillatory-zoned, inclusion
N5455902 1989), equigranular 21 spots rich

granite with no apparent 12 grains
foliation

The ages III bold are the Illterpreted formatiOn/crystallizatiOn ages

2.6.3 Amphibolite gneiss

2.6.3.1 Sample SB-07-15a

Sample SB-07-15a (Fig. 2.14) is a melanocratic, K-feldspar-microcline-hornblende
quartz amphibolite gneiss (Fig. 2.4) within the migmatite domain of the 0 VSZ from a highway

97 road-cut along Vaseux Lake. The gneiss is strongly mylonitized and exhibits a folded,
penetrative transposition foliation defined by melanocratic and leucocratic layering, and an
elongation lineation trending towards 285 0

• The sample was collected along with co-deformed
leucosome sheets (SB-07-15b and SB-08-20) and a later, cross-cutting felsic intrusion (SB-7-6b).
Sample SB-07-15a was collected because it is representative of the amphibolite layers within the
migmatite domain, and to establish the age of the protolith, and the timing of rnigmatization / and
metamorphism.
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Figure 2-14. SB-07-15a outcrop photo showing contact relationships
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Figure 2-15. SB-07-15a zircon CL images

Location and age of spot analysis with 20 errors (scale bar in 11m).
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Figure 2-16. SB-07-15a V-Pb age plots

a) Calibrated total 238UP06Pb ratios versus the total 207PbP06Pb ratio. (b) Weighted
average age plot. Analyses plotted as 2cr error ellipses. The mean ages are weighted
means at the 95% confidence level.
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The sample was analyzed using LA-ICPMS. The zircon crystals are subhedral, with

mainly sector zoning and exhibit simple, broad zoning with a thin metamorphic rim present on
some crystals (Fig. 2.15). A few zircon crystals have longitudinal cracks or defects that were

avoided when choosing spots. Rims with a relatively strong luminescence surround cores with

weaker luminescence. The rims are unzoned or only weakly zoned. The ThIU values from the

interiors and rims range from 0.08 to 0.61, suggesting a mix of igneous signatures. Analyses

within the interior domains yield a TW inrercept age of 162.2 ±1.5 Ma, MSWD =1.7 (Fig. 2.16a),

which agrees well with the weighted mean age for 51 analyses is 161.8 ± 1.2, with a MSWD of

1.7 (Fig. 2.16b), which is interpreted to represent the igneous crystallization event.
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2.6.3.2 Sample SB-08-21

Sample SB-08-21 (Fig. 2.17a) is from a sheet of foliated K-feldspar -microcline
hornblende-quartz amphibolite. The sample is from the paragneiss domain, taken from a cliff
outcrop along a logging road above the Shuttleworth Creek. The amphibolite gneiss contains
abundant streaks or 'stringers' of felsic material, but only the purest amphibolite parts were
sampled. The sample was collected because it is representative of the amphibolite layers within
the paragneiss domain and to establish the age of the protolith, and any metamorphic events.
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Figure 2-17. Sample SB-08-21.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 20- errors (scale bar in ~m).
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Figure 2-18. SB-08-21 U-Ph age plots

(a) Classical Wetherill (1956) concordia plot of the calibrated totaI 207Pb/235U ratios
versus the total 206Pb /238U ratio for zircon sample. (b) TW concordia diagram of the
calibrated total 238UP06Pb ratios versus the total 207PbP06Pb ratio, with calculated
intercepts. Analyses plotted as 20" error ellipses. The mean ages are weighted means
at the 95% confidence level.

SHRIMP

157.1±2.9 Ma

"'Pb

~

0.022

0.026

0.030r------........"""'-'''''"''''-........L..-----.p----,

0.014

0.018

"'Pb

"'u
0.010

0.040 0.080 0.120 0.160 0.200 0.240

0.10
"'Pb

b
"'Pb

00.09

Intercept at
93.8 ±6.1 Ma

0.08 MSWD =4.3

a

0.07 Intercept at
158.1 ±3.4 Ma

0.06 MSWD =4.5 ~

0.05~~ ,
200 180 :>-....0 ...-·0...--<.__._:-·-01-(>--..".,...--..1

160 140 120 100' 90 '''u
20IPb0.04 L...-~_ __'__~_-'-_~_~~_ __'________'

30.00 40.00 50.00 60.00 70.00 80.00

The sample was analyzed using SHRIMP. The zircon crystals are sub- to anhedral, with

both oscillatory and sector zoning indicative of igneous zircon (Fig. 2. 17b). The ThIU values

range from 0.01 to 0.49, again recording a mix of igneous and metamorphic signatures. Uranium

values range from 218 to 489 ppm. There are two age peaks, at 157.7 ± 2.9 Ma (MSWD = 4.7)

and 93.7 ± 3.6 Ma (MSWD =4.2) (Fig. 2.18a). The TW plots in Figure 2.18b clearly show that
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the slight discordance seen is the result of common Pb and not an inherited component as the two
populations of analyses share similar 238Upo8Pb values with differing 207Pbp06Pb values, and plot
on a single mixing line with common lead. The older age (157.7 ± 2.9 Ma) is interpreted to

represent igneous crystallization, and the 93.7 ± 3.6 Ma age is interpreted to be a Cretaceous
metamorphic event. There is possibly a weak association between the Jurassic ages here and
better preserved oscillatory zoning in the zircon; Cretaceous ages tend to be associated with more
diffuse, homogenous zones.

2.6.3.3 Sample SB-08-15b

Sample SB-08-15b (Fig. 2.19a) is from an amphibolite sheet within the Okanagan gneiss
that is coarse-grained with>70% subhedral hornblende, with lesser amounts of anhedral
clinozoisite and subhedral biotite. The sample is from the paragneiss domain, near the north end
of Vaseux cliffs above highway 97 next to the Vaseux Lake Provincial Park. Sample SB-08-15b
was collected because it is visually and mineralogically different from the other amphibolite
samples in an attempt to see if there is variance in age among the gneissic layers. The sample is
the most mafic and igneous in appearance of the amphibolite layers, and had undergone
significant boudinage. SB-08-15b was also collected to establish the age of the protolith, and any
overprinting metamorphic events.
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Figure 2-19. Sample SB-OS-ISb.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2cr errors (scale bar in /lm).
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Figure 2-20. SB-08-15b V-Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p38U ratio for zircon sample. (b) TW concordia diagram of the
calibrated total 238UP 06Pb ratios versus the total 207PbP06Pb ratio, with calculated
intercepts. Analyses plotted as 20" error ellipses. The mean ages are weighted means
at the 95% confidence level.
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The sample was analyzed using SHRIMP; CL images of zircon with their associated ages

are in Figure 2.19b. There are three populations of ages that can clearly be seen in the standard

concordia diagrams: 159.1 ± 3.9 Ma (MSWD = 3.2),98.2 ± 1.1 Ma (MSWD = 0.69), and 50.10 ±

0.83 Ma (Fig. 2.20a). The same populations can be seen in the TW diagrams (Fig. 2.20b)

including intercepts at 159.3 ±5.2 Ma (MSWD =3.4) and 98.2 ±1.1 Ma (MSWD =0.69). The
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youngest analysis of 47 Ma had an elevated background for U, so 50 Ma is considered a better
approximation of the latest zircon growth. The euhedral to anhedral zircon have zoning that is
patchy and cloudy to oscillatory. In several grains the Jurassic ages are in rounded, resorbed cores

that have patchy zoning with a blurred internal structure obscuring the primary zoning of the
zircon (Fig. 2.19b) - possibly a sign of partial metamorphic recrystallization of the zircon cores

(Hoskin and Schaltegger, 2003). It appears that the Jurassic cores have undergone partial
resorption (it is unknown whether chemical or mechanical), and some have served as nuclei for
new zircon growth. The Cretaceous aged zircon crystals exhibit much finer oscillatory zones and
have the more typical appearance of igneous zircon. The Eocene growth also exhibits oscillatory
zoning (Fig. 2.19b). The ThIU values range from 0.01 to 0.28 with no clear dependence of value
based on age population. U values range from 22 to 1416 ppm

The TW plots in Figure 2.20b clearly show that the slight discordance seen for the
Jurassic and Cretaceous ages are the result of common Pb and not an inherited component as the
two populations of analyses share similar 238Upo8Pb values with differing 207PbPo6Pb values and

plot on a single mixing line with common lead (Fig. 2.20b). The absence of scattering ages
suggests that the three age clusters represent distinct geological events and that they are not
mixed values. Although the two younger periods have igneous features in appearance, they are
interpreted to represent metamorphic events that produced zircon in the presence of an anatectic
melt.

2.6.4 Leucocratic layers

2.6.4.1 Sample SB-07-15b

\

Sample SB-07-15b (Fig. 2.21a) is from a leucosome sheet within the migmatites
composed of muscovite, quartz, plagioclase, K-feldspar, rare almandine garnet, and chloritized
biotite. The migmatite is strongly mylonitized and exhibits a folded, penetrative transposition
foliation defined by melanocratic and leucocratic layering, and a shallowly plunging elongation
lineation trending towards 285°. The leucosomes are infolded and transposed with the

amphibolite, and therefore underwent the same late stages of deformation together. Sample SB

07-15b was collected because it is representative of the leucosome layers within the migmatite
domain, and to establish the age of a possible protolith, and to establish the timing of
migmatization/metamorphism and deformation.
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Figure 2-21. Sample SB-07-15b.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 20- errors (scale bar in 11m).
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Figure 2-22. SB-07-15b V-Pb plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p38U ratio for zircon sample, inset is close-up of the same
graph. (b) TW concordia diagram of the calibrated total 238U/206Pb ratios versus the
total 207PbP06Pb ratio. Analyses plotted as 2cr error ellipses. The mean ages are
weighted means at the 95% confidence level.
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The sample was analyzed using LA-ICPMS. The zircon crystals are subhedral, typically

sub-equant and display fine oscillatory zones. Cores with a relatively strong luminescence are

surrounded by rims with weaker luminescence (Fig. 2.21b). The Th/U values range from 0.06 to

0.38. The average weighted mean is 53.22 ± 0.89 Ma (MSWD=4.5). The youngest zircon growth

records an age of 49.2 ± 2.4 Ma. The plots in Figure 2.22a and b also show some older inherited
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zircon from the Proterozoic (1711.8 ± 28.2 Ma, 207PbP06Pb age) and Cambrian (614.6 ± 37.6 Ma,
207PbP06Pb age). They clearly fall into the TW space that indicates an inherited component as
opposed to older ages due to Pb loss. The leucosome is interpreted to have been emplaced from
53 Ma to 49 Ma.

2.6.4.2 Sample SB-08-20

Sample SB-08-20 (Figure 2.23a) is also from a leucosome layer in the migmatite section

of the gneiss (see sample SB-7-15b). The sample displays the same deformation as SB-7-15b, and
was collected for the same reasons.
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Figure 2-23. Sample SB-08-20.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2cr errors (scale bar in 11m).
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Figure 2-24. SB-08-20 V-Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p38U ratio for zircon sample. (b) TW concordia diagram of the
calibrated total 238UP 06Pb ratios versus the total 207PbP06Pb ratio, with calculated
intercept. Analyses plotted as 2cr error ellipses. The mean ages are weighted means
at the 95% confidence level.
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The sample was analyzed using SHRIMP. Visually, two populations of zircon could be

differentiated; an anhedral, rounded, likely xenocrystic, older population with relict very faint
zoning and a younger population of euhedral, metarnict, oscillatory zoned zircon that clearly

show metamictization of the cores which resulted in their spongy appearance (Fig. 2.23b). The

ThIU values range from 0.004 to 0.50 and have U values ranging from 88 to 6808 ppm. ThIU

values and U concentrations clearly define the oldest populations; they appear to have formed

during a period when the effective whole rock composition had low U concentration. Regressing

the data in TW plots, age populations are differentiated, including: 200.3 ± 2.4 Ma (MSWD =

1.00),181 ± 12 Ma (MSWD =17) and 60.4 ± 7.6 Ma (MSWD =5.6) (Fig. 2.24b). Background

interference was generally high for this sample, especially for zircon with particularly high U

values. Typically in SHRIMP analyses zircon that have over 2000 ppm U are treated with caution

as they can yield artificially high ages, and the more U, the greater the deviation in age (ca. 2-3%

older per 1000 ppm U when in excess of 2000 ppm; Nicole Rayner, personal communication).
The high U population appears to have been affected by alteration (color differences in oscillatory

bands), likely induced by metamictization; the population is tentatively interpreted as having a

maximum age of 58.4 ± 1.2 Ma (age of the grain which has the lowest U).There is one Eocene

grain (52.9 ± 1.0 Ma) with low U, but it does not appear to be from the same zircon population as

the high U zircon from the way it plots in TW space (Fig. 2.24b), and based on the fact that it has

a very different ThIU ratio. The youngest age (52.9 ± 1.0 Ma) falls in the same range as SB-07

15b, and is inferred to be the best age of the leucosome.

2.6.4.3 Sample SB-08-22

Sample SB-08-22 (Fig. 2.25a) is from a K-feldspar-quartz-hornblende quartzofeldspathic

layer in the paragneiss section that is foliated and lineated with abundant rotated porphroclasts. It

was collected along with an amphibolite layer (SB-08-21) from a cliff outcrop along a logging

road above the Shuttleworth creek.
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Figure 2-25. Sample SB-08-22.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 20 errors (scale bar in 11m).
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Figure 2-26. 5B-08-22 V-Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p38U ratio for zircon sample. (b) TW concordia diagram of the
calibrated total 238UP06Pb ratios versus the total 207PbP06Pb ratio, with calculated
intercepts. Analyses plotted as 2cr error ellipses. The mean ages are weighted means
at the 95% confidence level.
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The sample was analyzed using SHRIMP. The zircon are euhedral to subhedral, some

prismatic, with oscillatory to sector zoning (Fig. 2.25b). The zircon crystals have fine oscillatory

zoning. The Th/U values range from 0.04 to 0.45 with the average at 0.3, and have U values

ranging from 13 to 407 ppm. The interpreted age is 50.4 ± 2.8 Ma (weighted mean with MSWD =
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8.5, Fig. 2.26a), which agrees well with the TW intercept at 50.6 ± 4.2 Ma (MSWD =8.0; Figure
2.26b). The youngest age is 47.3 ± 0.9 Ma. The TW plots in Figure 2.26b clearly show that the
slight discordance seen for the Eocene ages are the result of common Pb and not an inherited
component as the two populations of analyses share similar 238UP08Pb values with differing
207PbP°6pb values and plot on a single mixing line with common lead. Within the sample there are

analyses that give Paleozoic ages; these zircon are considered to be are inherited because
discordance due to inheritance causes the analyses to plot on a more diagonal (to the left) and less
steep path away from the main cluster than in the case of common Pb. There are three populations
of ages of inherited zircon, including: (1) a pair of concordant analyses with an intercept age in
TW space of 105.2 ± 1.9 Ma (MSWD = 0.17); (2) a pair of highly discordant analyses with
207PbP06Pb ages of 285 ± 5.2 Ma and 290 ± 6.0 Ma; and (3) a single discondant analyses yielding
a 207PbP06pb age of 568 ± 10.9 Ma (Fig. 2.26a).

2.6.5 Bighorn Sheep pluton

2.6.5.1 Sample SB-11-15b

Sample SB-II-15b (Fig. 2.27a) is from the hornblende granodiorite located at the

northern end of the Bighorn Sheep pluton. The plagioclase-K-feldspar-hornblende granodiorite
grades into a diorite with magmatic fabric, and then into a metagabbro to the south.
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Figure 2-27. Sample SB-1l-15b

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2cr errors (scale bar in flm).
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Figure 2-28. SB-1l-15b V-Pb age plots

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p 8U ratio for zircon sample, inset is close-up of the same
graph. (b) TW concordia diagram of the calibrated total 238UP06Pb ratios versus the
total 207PbP06Pb ratio. Analyses plotted as 2a error ellipses. The mean ages are
weighted means at the 95% confidence level.
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The sample was analyzed with LA-ICPMS. The zircon are large, euhedral to subhedral,

several with rounded edges, oscillatory zoned, with a few cores and overgrowths (Fig. 2.27b).

The ThIU values range from 0.12 to 0.27. There are three concordant ages between 155 Ma and

140 Ma; these likely indicate inheritance (Fig. 2.28a and b). The interpreted crystallization age is
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104.51 ± 0.94 Ma (MSWD =2.1; Fig. 2.28a) based on 24 concordant analyses, there is also one
highly discordant zircon that appears to have experienced significant Pb loss (Fig. 2.28b).

2.6.5.2 Sample SB-07-68

Sample SB-07-68 (Fig. 2.29a) is from a moderately foliated hornblende diorite
granodiorite with a hornblende lineation of 02/122. The outcrop is off the Derenzi Forest service
road.
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Figure 2-29. Sample SB-07-68.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2cr errors (scale bar in 11m).
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Figure 2-30. SB-07-68. V-Pb age plots

(a) TW concordia diagram of the calibrated total 238UP06Pb ratios versus the total
207PbP06Pb ratio. (b) Close-up of (a) with calculated intercept. Analyses plotted as 2cr
error ellipses. The mean ages are weighted means at the 95% confidence level.
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The sample was analyzed using LA-ICPMS. The zircon crystals are prismatic and long,
euhedral to subhedral, oscillatory zoned, with some older cores and younger overgrowths (Fig.
2.29b). The most common age and main magmatic component averages to 106.3 ± 1.0 Ma

(MSWD =2.9) with Eocene ages (52.64 ± 0.66 Ma, MSWD =0.18) closer to the rims Figures
2.30a and b. There are concordant ages consistently between 183 Ma and 52 Ma (Fig. 2.30a). The
ThIU values range from 0.002 to 0.4. Using the ThIU ratios, most of the ages appear to be
igneous, with the metamorphic ages represented by the younger Eocene and Paleocene analyses;
the younger ones could be metamorphic growths, or at least a low ThIU period of growth. The
older ages appear to be some sort of inheritance mostly around 160-150 Ma and 183 Ma. It is
common to have a variety of inherited components in plutonic rocks such as these. The spread
between the young ages and 106 Ma probably represent analytical mixtures (the youngest age
recorded is 52.5 ± 0.9 Ma). The mix of ages can be related to both the pluton (ca. 106 Ma) and
amphibolite layers (ca.159 Ma), which may indicate that this part of the pluton entrained zircon
from the interleaved margins of the pluton and the Okanagan gneiss.

2.6.5.3 Sample SB-08-17

The southern end of the Bighorn Sheep pluton has complex cross-cutting relationships
and various types of rock, including a coarse-grained, non-foliated 'metagabbro' (a rock
composed only of fresh hornblende and lesser anhedral pyroxene) from which SB-08-17 was
sampled (Fig. 2.31a). SB-08-17 is from a road outcrop right outside the Bighorn Sheep habitat
area, along East Lakeside road, east of Skaha Lake, south of Penticton.
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Figure 2-31. Sample SB-08-17.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2cr errors (scale bar in 11m).
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Figure 2-32. SB-08-17 V-Pb age plots

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb1235U
ratios versus the total 206Pb ;238U ratio for zircon sample. (b) TW concordia diagram
of the calibrated total 238UP06Pb ratios versus the total 207PbP°6pb ratio with
intercept. Analyses plotted as 20" error ellipses. The mean ages are weighted means
at the 95% confidence level.
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The zircon crystals are euhedral to anhedral, with sector and oscillatory zoning (Fig.

2.31b). The ThIU values range from 0.2 to 0.48 and have U values ranging from 151 to 890 ppm.
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The sample gave a weighted mean age of 108.0 ± 1.7 Ma, MSWD =2.3 (Fig. 2.32a); it yielded
no other ages.

2.6.6 'Okanagan batholith'

2.6.6.1 Sample SB-24-6

A representative, non-foliated, equigranular, hornblende-phyric granodiorite sample (SB
24-6, Fig. 2.33a) containing biotite, K-feldspar, plagioclase, quartz, and hornblende of the
'Okanagan batholith' of Tempelman-Kluit (1989) was selected for U-Pb zircon dating. The
sample was collected -30 km east of the OVF in the centre of an area mapped as Jurassic
Cretaceous granodiorite (Fig. 2.2; Tempelman-Kluit, 1989). Samples collected proximal to SB
24-6 have apatite fission track ages of Paleocene to Eocene; these have been inferred to be
cooling ages based on the assumption that the 'Okanagan batholith' is Mesozoic.

The sample was analyzed using LA-ICPMS. The zircon crystals are prismatic, long,
euhedral to subhedral, with oscillatory zoning (Fig. 2.33b); they are also inclusion rich, but care
was taken to choose the best inclusion-free zircon. In most cases the cores are darker than the
surrounding oscillatory zones. The Th/U values range from 0.42 to 0.66, well within the igneous
range. There were no inherited grains. The interpreted age is 50.79 ± 0.62 Ma (MSWD =1.7) Fig.
2.34a and b, with the youngest age recorded at 46.9 ± 2.3 Ma.
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Figure 2-33. Sample SB-24-6.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 20- errors (scale bar in /lID).
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Figure 2-34. 8B-24-6 U-Pb age plots

(a) TW concordia diagram of the calibrated total 238UP06Pb ratios versus the total
207pbP06Pb ratio with intercept. (b) Weighted average age plot. Analyses plotted as
20 error ellipses. The mean ages are weighted means at the 95% confidence level.
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2.6.7 Interpretation

Mean = 50.79 ±O.62
MSWD =1.7

Depending on the sample, multiple ages can be returned from one rock; indicating several

phases of zircon crystallization and growth, metamorphic recrystallization or inheritance. Care is

needed in deciphering what the ages actually represent. Many of the granitic and leucosome melts
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contain inherited, xenocrystic zircon that have not dissolved in the zircon saturated melt and
remain as cores. Zircon can crystallize or recrystallize over a wide range of pressure and
temperature conditions including prograde, retrograde or peak metamorphism (Rubatto, 2002).

The formation of a metamorphic zircon domain or new zircon can occur by new growth from a
metamorphic fluid or as recrystallization (modification of the structure and the chemical
composition) in a sub-solidus state which resets the U-Th-Pb isotopic systems (Rubatto et aI.,
1999). The recrystallization process can be facilitated by the presence of metamorphic fluids and
by the amount sustained by radiation damage of the zircon (Rubatto et aI., 1999); also, new zircon
may form at the expense of existing detrital and inherited cores which may be partly resorbed.

There are several methods used to determine whether an age represents magmatic
crystallization or metamorphic resetting events. In many cases ThIU values and distinctive
cathodoluminescence (CL) zoning patterns (Rubatto et aI., 1999; Rubatto, 2002) can be used;
however, even they can be ambiguous as many of the intrusive sills in the gneisses appear to have
formed as a result of anatectic melting of psammites. If a zircon is the result of igneous
crystallization it should have similar composition and zoning within a given sample, and zoning
that is typical of magma crystallization (i.e., oscillatory and sector; Crowley et aI., 2008).
Commonly metamorphic zircon has uniform composition, is rounded and lacks zoning.
Discordance of zircon have also been used in studies as a sign of metamorphism and deformation
where zircon would lose Pb and become metamict or overgrowths of new zircon had formed.

Using these criteria along with U-Pb ages and field relationships,an attempt to
distinguish the igneous crystallization and metamorphic ages has been made in this study. The
ThIU values are ambiguous in most cases in the southern Okanagan, with most analyses falling
between the defined zones (0.49-0.08) and values indicate that analyses in the same age group are
both igneous and metamorphic (Fig. 2.35). It is quite possible to produce a magma that has very
low Th concentrations and/or high U concentrations based on many factors that influence the
composition of the melt or metamorphic fluid from which the zircon crystallize. There are
different values used depending on the author. For instance, Rubatto (2002) stated that a typically
magmatic ThIU ratio is 0.18-0.47. Additional studies have used values between 0.1 and 0.7 as
magmatic (Williams et aI., 1996; Rubatto and Gebauer, 2000). In situations where the ThlU ratio
is unable to clarify whether the zircon are igneous or metamorphic in origin, the external
morphology of metamorphic zircon can be used as they are generally subrounded and have
resorbed shapes (Corfu et aI., 2003) as opposed to the defined internal zoning in igneous zircon;
ideally, all of the evidence should be used together each time. Unfortunately, in the case of fluid
rich systems this pairing of criteria does not necessarily hold, and igneous-like zoning and
euhedral crystal shapes are common. Since the gneisses contained amphibolite facies mica schists
and have evidence of migmatites one can reasonably predict it was a fluid rich environment.
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Figure 2-35. ThlU plots.

Th versus U for different age groups for the SHRIMP analyses.
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Zircon crystals in most of the samples have grain morphologies that are most consistent
with an igneous origin; however some have low ThiU values, which shows how one cannot rely
on only one method to determine what an age means. For these types of samples where the
morphology suggests igneous and the ratio suggests metamorphic, a reasonable interpretation of
concordant data is that they represent zircon crystallizing from a melt that was generated during
amphibolite facies metamorphism (Hoskin and Schaltegger, 2003).

The three amphibolite layers (samples SB-7-15a, SB-08-15b and SB-08-21) either
underwent metamorphism or were intruded and crystallized between 162-157 Ma and underwent
metamorphism at 98-93 Ma and 50 Ma. There is no clear way to differentiate and determine

whether these zircon formed magmatically or metamorphically, however, the weight of evidence

supports an igneous origin: (1) the presence of some Th/U values in the igneous range; (2) there
are no older inherited ages above 162 Ma; (3) the preservation of faceted zircon with fine

oscillatory growth zoning; and (4) the consistency of the ages. Another important factor is that

many of the zircon record values of ca. 160 Ma from core to rim: either indicating metamorphism
was both complete during the Jurassic and diffused to the core, or the zircon are igneous. There is
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the possibility that the amphibolite had additional metamorphic zircon growth at the same time as
the leucosomes and dikes, as it appears to be controlled by the abundance of melt and
temperature. Studies on restites, metapelties and leucosomes have shown that metamorphic zircon

can grow in a restite once anatectic conditions have been reached, where new growth can be due
to the partial dissolution of pre-existing grains/cores (Rubatto et aI., 2001). The amphibolite

protolith is mafic to intermediate in composition; they were possibly calc-alkaline diabase dikes
that now contain abundant streaks or 'stringers' of felsic material. Due to the narrow range in
ages and the lack of detrital zircon populations in the amphibolite samples an igneous protolith is
the most likely as opposed to basaltic and andesitic sourced sediments.

The gneisses have some evidence of a Proterozoic history in the form of detrital cores
and xenocryts in the leucosomes and intrusions. The paragneissic section likely represents a

sequence of sedimentary rocks (a psammitic layer gave a few detrital ages from the Precambrian
to Lower Jurassic, but mainly zircon crystallization ages of 50 Ma) that was intruded by mafic

sheets (amphibolite) at ca. 160 Ma. The sediments were laid down or possibly shed off the craton
into a marine setting, lithified, intruded, metamorphosed to upper amphibolite facies and
underwent partial melting and formation of new zircon during the Eocene. Where the sediments

originated from is unclear; the detrital cores of the quartzofeldspathic layers in the gneiss and
intrusions (Chapter 3) have 207PbP06Pb ages of 285 ± 5.2 Ma, 290 ± 6.0 Ma, 568.0±1O.9 Ma,

614.6 ±37.6 Ma, 1324 ±31 Ma, and 1711.8±28.2 Ma; the range could be from a number of

sources. A common age peak between 210-180 Ma is prevalent in several samples, and may
represent a lower age constraint for the bulk of the sediments.

During the Paleogene, anatectic melting and migmatization led to new zircon growth,
which is by definition magmatic as opposed to metamorphic (Hoskin and Schaltegger, 2003),

indicating that the gneisses where still forming and being deformed. The leucosomes are infolded
with the amphibolite, and therefore they underwent the same late stages of deformation together.
In many cases the crystal shape (euhedral crystal faces and oscillatory zoning) suggest that the
zircon grew in equilibrium with a fluid phase (Rubatto et aI., 1999). There are several syn
tectonic intrusions that cross-cut the main fabric and are weakly- to moderately-foliated parallel

to the gneiss. They are interpreted to have been injected during the last stages of extension. The

intrusions contain several older cores like the migmatitic leucosome, but mainly record Eocene
ages from 53-48 Ma. These younger ages are interpreted to represent the migmatization of the
gneisses and exhumation in the Eocene. The new zircon growth in the leucosomes and the syn

tectonic granitic intrusions suggest that ductile deformation and zircon-forming conditions
occurred until at least 49 Ma. Also evident is that a majority of the visible deformation that the
package has undergone is Eocene in age due to the young ages of zircon in deformed units.

The ages determined for the non-gneiss (Bighorn Sheep pluton and 'Okanagan batholith')
samples help in understanding the Creataceous and Eocene environment the gneiss was forming

in. The ages yielded by the three sections of the Bighorn Sheep batholith indicate the pluton

intruded during the Cretaceous (115-110 Ma until 60 Ma); a time when calc-alkaline plutons were

forming during crustal shortening and thickening in the southern Okanagan (Bardoux, 1993). The

young age (Eocene) of the 'Okanagan batholith' sample may indicate that much of the batholith

is younger than Middle Jurassic, and that it is composite in nature, made up of many, smaller,

Jurassic to Eocene plutons.
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2.7 Discussion

2.7.1 Geological history of the Okanagan gneiss

2.7.1.1 Mesozoic

The Okanagan gneiss in the study area is dominantly a paragneiss with metamorphosed
mafic intrusions; gneisses are formed from pelites (garnet-muscovite-biotite-plagioclase

sillimanite assemblages) and psammites that have been intruded by mafic to intermediate igneous
dikes (165-155 Ma and possibly other ages), and the whole package has been metamorphosed to
upper amphibolite facies in the presence of fluids. The ca. 160 Ma mafic intrusions are
contemporaneous with Middle Jurassic arc magmatism in the southern Cordillera (e.g., Nelson,
Oliver, and Adamant plutons). Inherited cores, of Proterozoic to Upper Jurassic age, in the
leucosomes and granitic intrusions likely represent detrital zircon shed off the North American
margin into the sedimentary protolith; a full detrital study is needed to determine the source. The
protolith for the orthogneiss domain is mainly Jurassic to Eocene granodiorite that was deformed
within the shear zone.

The paragneisses underwent Cretaceous (ca. 98-93 Ma) metamorphism which
corresponds to regional metamorphic events in the Cordilleran Orogeny. The diachronous
assembly of the Okanagan batholith and other plutonic rocks of the southern Okanagan may be
correlated with the calc-alkaline magmatism that was widespread in the Omineca and
Intermontane belts during the Jurassic (170-150 Ma), Cretaceous (115-90 Ma), and Early to
Middle Eocene (55-45 Ma) as a consequence of Andean-style oceanic-continental collision
(Armstrong, 1988; Woodsworth et aI., 1991). Other Cretaceous igneous units that may also be
correlated include: phases of the Oliver Pluton, the Cosens Bay pluton, the Okanogan Range
pluton, Summit Creek Stock (southern Omineca belt, 104 Ma; Irving et aI., 1995), Spences

Bridge Group and the Bayonne Suite (115-90 Ma, Archibald et aI., 1984; Woodsworth et aI.,
1991).

Of particular note in relation to the OVSZ is the Spences Bridge Group (SBG,

Thorkelson and Rouse, 1989), as well as nearby associated plutons (i.e., the Okanogan Range
pluton), and plutons that are along strike of the OVSZ (Bighorn Sheep pluton, Cosens Bay, parts
of the Oliver pluton, Fig. 2.36). The Spences Bridge Group has important implications for the
timing of amalgamation of terranes and Cretaceous tectonics. There are two formations in the
Spences Bridge Group, the lower Pimainus Formation and the Spius Formation (Thorkelson and
Smith, 1989). Based on fossil palynomorphs, a late Albian age was determined for the Pimainus
Formation (Thorkelson and Rouse, 1989); confirmed by radiogenic dating (104.5 ± 0.3 Ma, U-Pb
zircon, Irving and Thorkelson, 1990; and 101±3 Ma, K-Ar, whole-rock, Mathews and Rouse,
1984). The Formations represent two distinct emplacement histories and tectonic affinities; the

lower calc-alkaline Pimainus Formation represents an evolved continental arc sequence related to

Cretaceous subduction beneath accreted terranes, and the Spius Formation contains lavas of
mixed geochemical signatures suggesting arc and intraplate activity (Thorkelson and Smith,
1989; Smith and Thorkelson, 2002). The Pimainus Formation formed as the result of an elevated
slab thermal regime, from the approach of an ocean ridge system toward the continental margin in
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the Cretaceous (Smith and Thorkelson, 2002). The SBG is situated in a northwest trending
structural low that stretches 215 km.

Figure 2-36. Location map showing Spences Bridge Group and major plutons mentioned in
the text.

Adapted from Rurlow and Nelson, 1993.
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Plutons near the SBG that may be related to the same magmatic arc include the

Okanogan Range pluton (Washington State), the Fallslake Plutonic Suite (east of the Pasayten
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fault, 010 Ma monazite; Greig et aI., 1992), a tonalite pluton in Manning Provincial Park 016
Ma zircon; Greig et aI., 1992, Fig. 2.36), the Methow Gneiss (trondjomite orthogneiss, 120 Ma,

Barksdale, 1975; Raviola et aI., 1991), and the Remmel batholith in Washington State (Early

Cretaceous in age, Haugerud and Tabor, 2009). The correlation made between the Okanogan

Range pluton and Spences Bridge volcanics (Thorkelson and Smith, 1989; Hurlow and Nelson,

1993), based on similar ages and composition, implies the existence of an Early Cretaceous, 300

km long magmatic arc.

In an attempt to see if the Cretaceous plutons in the OVSZ area are related to the

formation of the SBG, a geochemical comparison was undertaken in the present study, which led

to a determination of a possible amount of extension. The Cretaceous plutons along strike of the

OVSZ include the BHS pluton, the Cosens Bay Pluton (104 Ma and 90 Ma; Heamann et aI.,

1999), and parts of the Oliver Pluton (118-114 Ma and 103-82 Ma; White et aI., 1968). The BHS

pluton is in the shear zone of the OVF and has three dates given here 008-105 Ma) as well a

previous one (Skaha Lake gneissic granodiorite 99.5 ± 1.2 Ma zircon, Parkinson, 1985). This

study proposes that the BHS pluton is equivalent to the Cosens Bay pluton based on similarity of
age, field relationships, and deformation history (see Chapters 3 and 4). Unfortunately, there is

currently no geochemistry on the Cosens Bay pluton, so only the three samples of the BHS pluton
in the current study could be compared to a compilation of SBG samples (Haskin, 2000; Smith

and Thorkelson, 2002). Based on the similarity in the geochemistry (see Fig. 2.11) and ages, it is

possible that the generation of the BHS pluton was related to the same event that led to the

formation of the SBG. Therefore, if one assumes they are related and formed in the same volcanic

arc, it may be possible to establish how much that arc has been extending to account for the

current relative positions. Restoring the BHS pluton to below the current position of the SBG,

indicates -80 km of extension (Fig. 2.36).

2.7.1.2 Cenozoic

The Eocene history of the gneiss involves ca. 56-48 Ma thermal and magmatic events

including migmatization during the main phase of anatectic melting of the Okanagan gneiss, and

syn-tectonic intrusion of granitic and pegmatitic sheets. The gneiss underwent ductile

deformation from 56-48 Ma, was at temperatures in excess of 650°C and at considerable depth

05-10 km) at 52-48 Ma based on the temperature of zircon crystallization, the metamorphic
assemblage in the pelites (upper amphibolite-facies), and the presence of anatectic melts (i.e.,

above the "wet" granite solidus). These independent depth and temperature estimates agree with

the -20 km depth calculated using thermobarometry. The metamorphosed amphibolite layers and

pervasive leucosome sheets were then transposed and ductily deformed as they were being

intruded by anatectically melted, peralumnious, syntectonic granites. Additional zircon growth is

recorded as rims on zircon in amphibolites and as new growth in leucosomes; the amphibolites,

leucosomes and granitic intrusions all record Eocene zircon growth as migmatization and/or

crystallization events.

Ages for compressive deformation in the study region are poorly constrained, but farther

to the east and northeast within the Monashee complex the deformation persisted until ca. 49 Ma

(Crowley et aI., 2001) at the deepest levels of the orogen. A syntectonic mylonitized granitic
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sheet of the Ladybird suite dated by Bardoux (1993) gives a zircon crystallization age of 56.4 Ma
indicating that the ductile shearing at the top of the fault was active by the Early Eocene. Bardoux
(1993) concluded that high temperature gradients and ductile deformation occurred until 51 Ma,
with brittle deformation occurring mainly between 52-48 Ma. The temporal evolution of the fault
in the Kelowna area was constrained between 56-48 Ma based on V-Pb, K-Ar and Ar-Ar, and
undeformed felsic dikes that cut through mylonitic gneisses at 48.6 ±O.7 Ma (K-Ar biotite;
Bardoux, 1993), providing brackets to the end of ductile shearing. Results from this study show
that ductile deformation continued until -49 Ma; extension related ductile deformation was
clearly contemporaneous with the end of compression. At varying structural depths, the Middle
Crustal Zone bounded by the Okanagan-Eagle River fault and the Victor Creek fault, have

provided apatite and zircon fission-track ages ranging from 49.0 ± 4.4 Ma to 42.8 ± 4.6 Ma
(Lorencak et aI., 2001), which implies very rapid cooling soon after ductile deformation ended.
Figure 2.37 provide a schematic depiction of the possible tectonic evolution of the gneisses and
the OVSZ given the depth and time constraints.

The thermobarometry results (Fig. 2.12) confirm that the gneisses were exhumed from a
considerable depth (i.e., 20 km) in a relatively brief period of time. The lack of retrograde
reactions (Figs 2.12 and 2.13) indicates an exhumation rate that was faster than re-equilibration
could occur. To the north, 6 samples gave results of 750°C/6.0 kbar (Bardoux, 1993), which were
interpreted to be related to the last stages of a Late Cretaceous-Paleocene compression, followed
by retrograde metamorphism conditions (600°C/4.5 kbar) during Eocene exhumation related to
extension along the OVSZ. Other work in the SMC using diffusion modeling of coexisting garnet
biotite pairs (Spear and PalTish, 1996; Spear, 2(04) have shown that the metamorphic
assemblages of the SMC experienced rapid cooling during the Late Paleocene to Middle Eocene.

100



Figure 2-37. Schematic tectonic evolution diagram.

Possible eveolution of the Okanagan gneisses and OVSZ through the Creatceous
and Eocene. Cross-section looking to the north across the shear zone and the White
Lake basin volcanics and sediments. Exhumed plutons represent the plutons that
become the orthogneiss and ones that are intercalcated with the shear zone like the
BHS.
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2.7.2 Protolith of the Okanagan paragneiss domain

Prior to the current study, the protolith of the Okanagan gneiss, especially the
paragneissic domain, was largely unconstrained and typically interpreted to be either Proterozoic
(Armstrong et aI., 1991) or Upper Paleozoic and Lower Mesozoic (Christie, 1973; Ryan, 1973;
Parkinson, 1985). Based on new field, geochemistry and geochronology data the protolith of the
gneisses are reinterpreted here. The orthogneiss domain is derived from the shearing of granitoids

in the fault zone, whereas the paragneiss is derived from a combination of sedimentary units
(shales, sandstones, quartzites and limestones) in a marine setting (which may represent Lower
Jurassic miogeoclinal and pericratonic rocks) and mafic to intermediate intrusions.

The data in the present study does not conflict with the data of the other leading study of
the gneiss protolith (Armstrong et aI., 1991), only the conclusions. Their study contained samples
that were composites of multiple layers of different ages that included the schists, banded gneiss
and leucosomes. Presumably, the ages acquired by Armstrong et aI. (1991) reflect a mixed
contribution from the various layers sampled. The samples would include the micaceous
paragneiss, which is only a small domain within the gneisses and does not represent the overall
age of the gneisses. Furthermore, the isotopic analyses (Armstrong et aI., 1991) suggest that
hornblende-bearing gneisses have a younger age than the Proterozoic sourced paragneisses. Also,
the Rb-Sr plots for 4 of the 7 micaceous paragneiss samples suggest that there could have been
resetting of the whole-rock systems and/or Sr-loss as their data plot near the origin along with the
relatively unradiogenic hornblende-bearing plagioclase-rich para- and orthogneisses. Lastly, in
the current study, older inherited zircon cores that are the same age as the detrital zircon within
the paragneiss were commonly in the leucosomes and migmatites. However, it should be noted
that Armstrong et aI. (1991) did indicate that is was possible that the Sr, Pb, and Nd isotopic data
(2.2-1.9 Ga) may represent the sedimentary provenance ages for much younger sedimentary

rocks, not the depositional age. They cite examples where crustal residence ages of 2.6-2.2 Ga
have been preserved through erosional events and redeposited in the Cambrian (Frost and
ONions, 1984; Frost and Winston, 1987; Burwash et aI., 1988; Ghosh and Lambert, 1989). This

hypothesis is considered the most permissible scenario at present time until newer isotopic
methods can be applied to these gneisses.

Alternatively, Phanerozoic protoliths proposed for the paragneisses within the Okanagan
gneiss include: (1) the greenschist grade Kobau Group, Apex Mountain Group, and Anarchist
Group (or equivalent); (2) mafic amphibolite layers originated as metamorphosed basic rocks

Medford (1976); and (3) andesitic volcanic rocks (Ryan, 1973). The strongest similarities are
between the Okanagan paragneiss and the amphibolite and metabasic rocks interbedded with
quartzite and carbonate in the Kobau, Apex Mountain, and Anarchist Groups (Parkinson, 1985;
Tempelman and Kluit, 1986). These volcanic-sedimentary assemblages are a combination of

greywacke, argillite, mafic volcanic rock, minor ultramafic rock and minor limestone, inferred to

be derived from turbidite sandstones, mafic volcanics and shales deposited and interbedded with
carbonate and quartzite in a near shore environment (Christie, 1973), and derivation from the

continental side of subduction zones (Ryan, 1973).

To recap, the current interpretation (in the present study) of events leading to the

paragneiss formation include Paleozoic through Lower Jurassic deposition of a sedimentary
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protolith, Mesozoic magmatism (and metamorphism), and Eocene migmatization, magmatism,
and deformation. The Jurassic emplacement of igneous intrusions may have been a result of arc

activity.

2.7.3 Regional implications

The ability to link the OVSZ as a major section of the Okanagan-Eagle River-North
Thompson-Adams Lake fault system is aided by the identification of similar aged geologic units
and features. Studies to the north at Vernon (Glombick et a1., 2006a; 2006b) describe a package
of deformed gneisses comprising Kalamalka Lake metamorphic assemblage and Aberdeen Gneiss

Complex. These gneisses appear to be equivalent to the gneisses located to the south in Kelowna
and the southern Okanagan Valley. The multiple shear zones identified by Glombick et a1.
(2006a; 2006b) as the Kalamalka Lake shear zone and Kelowna airport shear zone are interpreted
here as local expressions of the Okanagan Valley shear zone broken up by late stage normal
faults. The description of the Kalamalka Lake metamorphic assemblage (Glombick et a1., 2006a;
2006b) is similar to the age and lithology of the southern Okanagan gneisses. Likewise, the
contacts with the Cosens Bay pluton appear similar to that of the Bighorn Sheep pluton, which is
the same age. From description, age, contact descriptions and location it is proposed here that the
Aberdeen gneiss complex and the Kalamalka Lake metamorphic assemblage are equivalent to
Okanagan para- and orthogneiss, respectively. The age of the KLSZ is equivalent to the OVSZ, in
that it was active at 50 Ma (Heaman et aI., 1999), until at latest 47 Ma (Heaman et aI., 1999).

Geochronology in Vernon recorded three similar events as the southern Okanagan
gneisses, occurring at 155-150 Ma, 90 Ma and 66-51 Ma (Glombick et aI., 2006b), but they
interpreted the Jurassic event as a result of migmatization, and concluded that the emplacement of

the gneiss was at 232 Ma based on four of thirtysix analyses. There are fourteen ages in the 170
150 Ma range (even more within error), and two in the ca. 400 Ma range, which they interpreted

as detrital. The one CL image shown of the 232 Ma zircon analyses shows the spot clearly
overlapping an inclusion, which casts doubt on the interpreted age. The zoning in the Jurassic
zircon implies an igneous origin; Glombick et a1. (2006b) concluded that the igneous zircon

formed during migmatization of the gneiss. The present study proposes that the 232 Ma zircon is
inherited (or are possibly from one of the pervasive leucosomes stringers), the same as the two
analyses in the 400 Ma range, and the emplacement age of the gneisses is between 170 Ma and
150 Ma. The migmatization that Glombick et al. (2006b) propose occurred at -154 Ma is based
on analysis of a migmatized schist that they conflictingly refer to at different times as a bulk

sample of stromatic migmatitic schist and as a leucosome. In the present study, the migmatization
is interpreted as a Paleocene and Eocene event, similar to the results from farther south along the
fault (Kruckenberg et a1., 2008).

Unfortunately, it is not clear what Glombick et a1. (2006b) actually dated; a 154 Ma age

is compatible with the current study for the emplacement of the amphibolite layers (that are now

part of the gneiss). If the material were pure leucosome then it would be very difficult to analyze;
the leucosomes are mm to em scale, are not laterally continuous, and have undergone "mingling."
A leucosome formed from possible in situ melting of the pelitic schist would likely inherit zircon

from the schist. Furthermore, the age assigned to the migmatization event and the Aberdeen
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gneiss, which in turn were used to interpret a Triassic history, was based on three analyses from a
loosely defined unit. Notwithstanding, other sections of the gneisses (magmatic schist, tonalite
gneiss and diorite gneiss) analyzed by Glombick et al. (2006b) give ages between 160 Ma and
150 Ma, which are in agreement with ages to the south (present study). Glombick et al. (2006b)
interpreted later metamorphic events that agree well with those identified for the southern
Okanagan gneisses, as well as additional magmatic activity including intrusive events at 171 Ma,
151 Ma, 102 Ma and 52 Ma (Glombick et ai., 2006b). Based on the significant overlap of ages for
igneous crystallization, it is proposed here that the gneisses in the Vernon area are laterally
continuous with the Okanagan gneisses farther to the south in Kelowna and in the present study.

2.7.4 Other gneissic culminations

The southern Okanagan gneiss can be compared to nearby gneissic culminations
including the Okanogan Dome (Kruckenburg et al.; 2(08), Valhalla (Gordon et al., 2008) and
Passmore Domes, Thor-Odin (Hinchey and Carr, 2006; Hinchey et ai., 2006), and Grand Forks
Kettle River. Formation of leucosomes, migmatites and leucogranites have been determined to be
coeval with the motion along the detachments and exhumation (Teyssier et aI., 2005; Gordon et
al., 2008; present study). In leucosomes from many of these domes, the Precambrian ages in
zircon cores are interpreted as inherited detrital grains that were entrained into the leucosome,
providing the nucleation site for Paleogene magmatic zircon growth during anatexis. Several of
the same aged metamorphic events occurred to the gneisses and leucosomes in the surrounding
areas, such as the Aberdeen gneiss complex in Vernon and the Okanogan Dome in Washington
State. Kruckenburg et al. (2008) studied the migmatites and deformed leucosomes within the
gneisses to the south in the Okanogan Dome and demonstrated that crystallization, extensional

deformation and exhumation of the Dome were coeval. Similar to the present study, multiple
sheets of Eocene leucosome that appear to have resulted at least partly from anatexis record the

penetrative deformation that affected the gneisses. Kruckenburg et al. (2008) also documented a
period of migmatite crystallization and zircon growth spanning 61-49 Ma.

2.8 Conclusions

V-Pb zircon ages on the Okanagan gneiss record a diverse range of zircon-forming events

including a Paleozoic to Lower Jurassic deposition of a sedimentary protolith, Jurassic
magmatism (and metamorphism), and Eocene migmatization, magmatism, and deformation. The
protoliths of the gneisses includes an orthogneiss derived from the shearing of Mesozoic to,
possibly, Eocene granitoids in the fault zone, and a paragneiss domain derived from sedimentary
units (which may represent Lower Paleozoic miogeoclinal and pericratonic rocks) and Jurassic
mafic intrusions. The Okanagan gneisses were developed primarily in the Eocene, as was
reported by Tempelman-Kluit (1989) - not the Proterozoic (Wheeler and McFeely, 1991, Massey

et aI., 2005; Glombick et al., 2006a; Cui and Erdmer, 2009). The gneisses and surrounding

plutons were exhumed together and have a complex relationship that varies from gradational

contacts to interleaved, transposed boundaries. The amount of extension attributed to the OVSZ

varies; throughout the SMC the crustal thickness changes from 50-60 km thick at the end of

compression (e.g., Brown et ai., 1986, Gibson et ai., 2(08) to 32 km today (Cook et ai., 1988),
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therefore significant crustal thinning must have occurred. Based on metamorphic equilibrium
conditions measured in the present study that suggest exhumation from at - 20 km depth, and
using varying fault dips (15°-30°), crustal extension along the OVSZ is calculated at 29-86 km.
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3: NEW AGE CONSTRAINTS ON THE REGIONAL
EXTENSION IN THE OKANAGAN VALLEY SHEAR ZONE
VIA IN-SITU U-PH DATING OF ANATECTIC MELTS AND
OTHER MAGMATIC INTRUSIONS

3.1 Abstract

The Eocene Okanagan Valley shear zone (OVSZ) delineates the western margin of the
Shuswap metamorphic complex, juxtaposing sillimanite-grade crystalline rocks against
dominantly non-metamorphosed sedimentary and volcanic rocks. The boundary between these
two disparate packages of rock is a 1.5 km thick, moderately-west-dipping ductile shear zone
bounded by a brittle detachment surface; the shear zone grades abruptly from mylonitic
amphibolite-facies gneiss to cataclasite. The Okanagan gneiss and cross-cutting felsic intrusions
have undergone polyphase, non-coaxial deformation and significant flattening (general shear).
Linear fabric elements and kinematic criteria (e.g., rotated porphyroclasts, boudinaged pegmatite
dikes, sheath folds, CIS fabrics) indicate extensional motion by which the hanging wall moved to
the west-northwest. Ductile deformation continued until at least 49 Ma. Previous estimates of
extension across the OVSZ have ranged from 32-90 km; however, this has recently been
challenged in other areas where the presence of a major, crustal-scale detachment is questioned.

Extension across the southern OVSZ is estimated at 29-86 km based on the measured shear zone
angle and pressure-temperature estimates. This study has confirmed the regional importance of
the OVSZ as a major, Eocene crustal-scale detachment and the western margin of the mid-crustal

Shuswap metamorphic complex.

3.2 Introduction

Foliated amphibolite gneiss, migmatite, and abundant granitic and pegmatitic sheets are

exposed in a semi-continuous belt along the eastern flank of the Okanagan Valley in southern
British Columbia and northern Washington State (Fig. 3.1). There, they are juxtaposed against
non-metamorphosed Eocene volcanic and volcaniclastic rocks, and a weakly- to moderately

metamorphosed sequence of metasedimentary and metavolcanic rocks intruded by granitic
plutons (Wheeler and McFeeley, 1991). Primarily on the basis of the metamorphic contrast
observed across strike and the deformation recorded within the gneisses, a major tectonic break is

evident, termed the Okanagan Valley fault (Parrish et aI., 1988; also known as the Okanagan
Valley crustal shear; Tempelman-Kluit and Parkinson, 1986). A discrete, unambiguous fault

surface cannot be identified, and given the thickness of the fault zone and predominance of

ductile fabrics in the gneiss it is perhaps better to describe the Okanagan Valley fault as the
Okanagan Valley shear zone (OVSZ). In this chapter, new field observations of the gneiss and

associated migmatite and intrusions augmented by new V-Pb zircon dates are presented to: (1)
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establish the relative and absolute timing of deformation in the gneiss to better characterize the
southern OVSZ system, and (2) constrain the timing and duration of migmatization associated
with anatectic melting and crustal exhumation to provide a better understanding of the kinematic
development of the OVSZ. These new data provide insight into the geological evolution of the
OVSZ and the lithological units within it, and address the nature, timing, and magnitude of
extension expressed along it.
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Figure 3-1. Simplified geological map showing the distribution of high-grade metamorphic
and granitic rocks of the Shuswap metamorphic complex, and adjacent
Paleozoic-Mesozoic tectono-stratigraphic belts and Eocene rocks.

Abbreviations: K - Kettle River-Grand Forks dome, M - Malton gneiss, Mo 
Monashee culmination, Ok - Okanagan complex, OkD - Okanogan Dome, P - Priest
River complex, V - Valhalla dome, RG - Republic Graben; CRF - Columbia River
fault, FF - Fraser fault, MD - Monashee decollement, OVF - Okanagan Valley fault,
SRMT - Southern Rocky Mountain Trench. Inset: Position of the Shuswap
metamorphic complex (SMC) within the Omineca belt of the southern Canadian
Cordillera; S - Seattle, V - Vancouver. Adapted from Johnson (2006) and
Kruckenberg et al. (2008).
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3.2.1 The Geology of the southern Okanagan Valley

The Okanagan Valley typically separates very different geology between the east and
west sides (Figs 3.2 and 3.3). The east side of the Valley and the adjacent plateau are
characterized by aerially-extensive domains of crystalline rocks, amphibolite gneiss and

granitoids, locally overlain by small areas of volcanic, volcaniclastic, and sedimentary rocks
(Tempelman-Kluit, 1989). In contrast, the western side and plateau are characterized by extensive

domains of volcanic, volcaniclastic, and sedimentary rocks overlying poorly-exposed, low-grade
metasedimentary and metavolcanic rocks and associated granitoid intrusions.

Separating these areas, and in places coincident with the axis of the Valley, is a 100 to
300 west-dipping, 1.5-2 km thick, brittle to ductile shear zone previously termed the Okanagan
Valley fault by Tempelman-Kluit and Parkinson (1986). The shear zone is composed of
gradational domains, from the base upwards: (1) weakly- to moderately-foliated plutonic rocks;
(2) mylonitized, moderately- to intensely-deformed orthogneiss and paragneiss cross-cut by felsic

intrusions; and (3) hydrothermally-altered ultramylonite, cataclasite, and breccia. The foliated
plutonic rocks at the base grade into undeformed granodiorite in the footwall of the shear zone; in
contrast, cataclasite and breccia in the upper parts of the shear zone grade into undeformed
volcaniclastic and sedimentary rocks in the hanging wall (Fig. 3.3).

Figure 3-2. Photo showing a cross-section ofthe Okanagan Valley.

View looking north from Munson Mountain just north of Penticton, British
Columbia. The OVSZ runs through the lake.

Hanging wall volcanics Footwall gneisses
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Figure 3-3. Geological map of field area.

The base map used was constructed by Tempelman-Kluit (1989); new mapping
conducted during this study adjusted contacts in the footwall. The poorly defined
granitoids of assumed Jurassic through Eocene age have been mapped as one unit.
The legend follows the map. .
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3.2.2 The Shuswap metamorphic complex

The OVSZ is inferred to be the southernmost section of a larger (450 kIn long), north
south trending, Paleogene detachment system, the Okanagan-Eagle River-North Thompson
Adams Lake fault system (Fig. 3.1; Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988;
Bardoux, 1993; Johnson and Brown, 1996; Glombick et aI., 2006; Johnson, 2006), forming the
western margin of the Shuswap metamorphic complex (SMC) (Brown, 1978; Coney, 1980;
Armstrong, 1982; Okulitch, 1984; Brown and Journey, 1987). The SMC is a region of extended
and thinned crust (Ewing, 1980; Brown et aI., 1986; Cook et aI., 1988) within the Omineca belt of
the southern Canadian Cordillera (Fig. 3.1 inset; Armstrong, 1982; Monger and Price, 2002). The
SMC is one feature in a much larger province of transtensional deformation that includes core
complexes (SMC, Wolverine, Skeena, Skagit, Priest River), strike-slip faults (Straight Creek,
Pasayten, Fraser fault zone, Pinchi fault zone, Rocky Mountain Trench, Tintina Trench) and pull
apart basins (Quesnel basin, Tranquille basin, White Lake basin; Ewing, 1980; Price and
Carmichael, 1986; Struick, 1993). Several of the NW to N trending dextral strike-slip faults are
part of an en echelon transform system that are connected by Late Cretaceous to Eocene
extensional pull-aparts (Struick, 1993). The rocks ofthe SMC are characterized by: (1) the
presence of sillimanite in upper amphibolite-facies, poly-deformed, Paleoproterozoic to Mesozoic
metasedimentary and metavolcanic rocks, and intruded by Mesozoic and Cenozoic granitoid
plutons (Monger and Price, 2002); and (2) the widespread occurrence of Eocene cooling ages
(e.g. Lorencak et aI., 2001; Vanderhaeghe et aI., 2003, and references therein). The SMC is
composed of two suites of metamorphic rocks: (1) basal, Paleoproterozoic rocks that underpin

the SMC and are inferred to represent the exposed cratonic basement of the Omineca belt
(Monashee complex; Armstrong et aI., 1991; Parkinson, 1991; Crowley, 1999); and (2) an
enveloping belt of deformed and metamorphosed allochthonous to parautochthonous rocks

inferred to have been deposited onto and adjacent to the western cratonic margin (Scammell and
Brown, 1990; Johnston and Brown, 1996). The belt of gneisses, schists and migmatites,

pegmatites, and granitoid plutons between the Okanagan - Eagle River - North Thompson
Adams Lake fault system and the Monashee decollement (Fig. 3.1) has also been termed the
"Middle Crustal Zone" by Carr (1991, 1992) to indicate their inferred structural position between

the suprastructure of the orogen (i.e., the hanging wall of OVSZ) and the cratonic basement of the
Monashee complex.

The OVSZ hanging wall (also referred to as 'upper plate' stratigraphy) (Fig. 3.1;
Okulitch, 1979; 1984; Parkinson, 1985) comprises Paleozoic to Eocene sedimentary,
metasedimentary, volcanic, and metavolcanic rocks exhibiting (1) a lack of sillimanite, (2) very
low to moderate metamorphic grade (i.e., zeolite to lower amphibolite facies, and (3)
predominantly Mesozoic cooling ages (Parrish et aI., 1988). These rocks are inferred to be part of
an allochthonous terrane deposited in oceanic basins off the western margin of the Omineca belt

and North America in the Paleozoic and Early Mesozoic. Accretion onto the western continental
margin in the Early Jurassic (-185 Ma; Monger et aI., 1982; Murphy et aI., 1995) resulted in their

compression and orogenic thickening along with the rest of the Canadian Cordillera until the
early Tertiary (Price and Mountjoy, 1970).
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3.2.3 Exhumation of the SMC

There are multiple models proposed for the exhumation of the SMC, including the

'classic' core complex model (e.g., Ewing, 1980; Coney, 1980; Armstrong, 1982; Coney and

Harms, 1984; Tempelman-Kluit and Parkinson, 1986) and a mid-crustal 'channel-flow' model

(e.g., Brown and Gibson, 2006; Glombick et aI., 2006). The core complex model argues for
exhumation of high-grade metamorphic rocks via low angle detachment faults that largely post

date the compressional phase of the orogen (Coney, 1980; Armstrong, 1982; Coney and Harms,
1984). The SMC complex is part of a belt of metamorphic core complexes that stretch from

Mexico up through Canada and is particularly interesting because it was preserved relatively

intact, unlike its counterparts in the U.S. which have been disrupted by later basin and range
extension. Conversely, studies such as Glombick et ai. (2006) argued that detailed mapping at the

latitude of Vernon reveals a semi-continuous carapace of the suprastructure across the SMC with
minimal evidence of thinning; this, they contend, greatly restricts the role of crustal-scale

detachments in exhuming the SMC. Instead they favored a model in which partial melting of the

middle crust in the Late Cretaceous to Early Cenozoic resulted in the development of a zone of
channel flow. They argued the channel was underthrust by a crustal ramp, causing it to be

exhumed and thinned as it flowed up the ramp, which caused substantial attenuation of
metamorphic isograds, requiring minimal displacement across low angle detachments like the

OVSZ. Additionally, some studies have invoked the concept of a rolling hinge detachment to

facilitate the strain localization needed to drive rapid decompression melting and lead to the
diapiric rise of migmatite domes (Teyssier et aI., 2005). The OVSZ represents the western

boundary of the southern SMC, and the study of its structures provides clarification on the

feasibility of these various models.

3.2.4 Extension within the SMC

The rocks of the SMC are typically exposed in the footwalls of major north and south
striking detachment faults, which include the Columbia River fault on the eastern side (Read and

Brown, 1981; Parrish et al., 1988), and the OVSZ on the western side (Tempelman-Kluit and·

Parkinson, 1986), (Fig. 3.1). Given the steep metamorphic gradient (zeolite vs. upper amphibolite
facies) commonly exhibited across each detachment, and the degree of ductile deformation and
mylonitization observed, it has been inferred that exhumation (vertical translation) of mid-crustal
rocks to the near-surface was achieved through lithospheric stretching (horizontal translation)

focused along the detachments.

Extension along many of these detachments is thought to have been active in the Early to
Middle Eocene (Parrish et aI., 1988) in response to the Cenozoic collapse of the North American
Cordilleran orogen (Coney and Harms, 1984; Brown and Journeay, 1987; Brown and CaiT, 1990).

The timing of extension is inferred chiefly from: (1) thermochronological studies (e.g., apatite
fission track, K-Ar and 4OAr_39Ar; Bardoux, 1993; Lorencak et aI., 2001; Vanderhaeghe et aI.,

2003) constraining the exhumation of the high-grade metamorphic rocks in the lower plate; (2) U
Pb and 4°Ar_39Ar dating of syn- and post-tectonic intrusions (Parkinson, 1985; Parrish et ai. 1988,

and references therein); and (3) Ar-system dating of volcanic and sedimentary strata in Eocene

syn-extensional basins (e.g., the White Lake Basin; Church, 1973; 1981; 1982).
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A number of factors contributed to the extensional collapse of the southern Canadian
Cordillera. First, repeated and prolonged accretion of terranes on the western continental margin
of the Omineca belt in the Mesozoic led to significant tectonic over-thickening (maximum crustal
thickness 50 - 60 km; Price and Mountjoy, 1970; Brown et aI., 1986; Gibson et aI., 2008), high
grade regional metamorphism, anatectic melting of the lithosphere, and pervasive intrusion of
granitic plutons within the Omineca belt (Monger and Price, 2002). These processes were
synchronous with or closely followed by a change in the kinematics of the western plate
boundary (North America - Kula) from transpressional to transtensional, and the passage of a
southwestward-advancing calc-alkaline magmatic arc system through the southern Canadian
Cordillera (Ewing, 1980; Engebretson et ai, 1984; Price and Carmichael, 1986; Lonsdale, 1988,

Madsen et aI., 2006). Recognition of the subduction of a spreading ridge separating the Farallon
from the Resurrection (east of the Kula Plate, Haeussler et aI., 2000; Haeussler et aI., 2003) plate
and the creation of a slab window (Thorkelson and Taylor, 1989; Smith and Thorkelson, 2002;
Dostal et aI., 2003) under North America helps to explain the onset of oblique converge and
elevated heat flow and magmatism in the SMC, conditions favoring crustal extension
(Breitsprecher et aI., 2003; Madsen et aI., 2006). The slab window was active during the Eocene,
producing alkaline magmatism and aiding tectonic denudation by allowing the upwards flow of
magma and mantle to thin the overlying continental lithospheric mantle and increase crustal
elevation (Thorkelson and Taylor, 1989). The combination of over-thickened lithosphere,
regional transtension, and arc magmatism in the Early and Middle Eocene created ideal
conditions for rapid crustal extension (Parrish et aI., 1988) within the southeastern Canadian
Cordillera.

Estimates of horizontal extension across the Okanagan-Eagle River-North Thompson
Adams Lake fault system vary considerably from 0 - 12 to 90 km (Parkinson, 1985; Tempelman
Kluit and Parkinson, 1986; Parrish et aI., 1988; Bardoux, 1993; Johnson and Brown, 1996;
Glombick et aI., 2006; Johnson, 2006). Previous studies, including seismic profiles, have inferred

that the OVSZ substantially penetrates the crust and served as a crustal-scale detachment that
exhumed mid-crustal rocks (Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988;

Bardoux, 1993; Cook et aI., 1992; Cook, 1995; Johnson and Brown, 1996). For example, in the

southern Okanagan Valley (this study area) Tempelman-Kluit and Parkinson (1986) estimated

between 60-90 km of horizontal extension across the OVSZ by correlating Eocene volcanic rocks
(Marron Formation) in the hanging wall with potential sub-volcanic plumbing systems in the
lower plate (Coryell syenite), offset granitoid plutons (Pennask batholith from the Okanagan
batholith), and estimates of fault dip based on the attitude of regional foliation. Restored
palinspastic cross-sections to the north (Kelowna; Bardoux, 1993; Sicamous; Johnson and Brown,
1996) have determined 45-70 km and 32 km of displacement, respectively. However, in the
Vernon area of the northern Okanagan Valley (Fig. 3.1) recent workers have inferred minimal

extension where apparently uninterrupted upper plate stratigraphy crosses the OVSZ (Thompson
and Unterschutz, 2004; Glombick et aI., 2004; Glombick et aI., 2006). They have questioned the

presence of a through-going detachment and the validity of the Okanagan-Eagle River-North

Thompson-Adams Lake fault system.

Extension along the OVSZ has also been inferred from differences in cooling ages of the

footwall gneiss compared with the age of the overlying volcanics and granites in the immediate
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hanging wall. The gneisses consistently give K-Ar ages of between 60-50 Ma (mainly 51 Ma) for
hornblende and 53-45 Ma (mainly between 50-48 Ma) for biotite (Baadsgaard et aI., 1961; Ross,
1974; Medford, 1975; Wanless et aI., 1978; Mathews, 1981; Stevens et aI., 1982; Archibald et aI.,

1984; Armstrong et aI., 1991). These ages had been interpreted to represent thermal resetting
(Mathews, 1981); more recent data clearly demonstrate that this was a time of amphibolite facies
metamorphism and significant anatexis (Parrish et aI., 1988; Bardoux, 1993; Carr, 1995; Johnson
and Brown, 1996; this study).West of the OVSZ, intrusive rocks give Jurassic and Cretaceous
ages (White et aI., 1968; Roddick et aI., 1972; Medford, 1975; Fox et aI., 1976, Parrish et aI.,

1988), and most hanging wall rocks have remained at temperatures below 280°C since the
Jurassic, even during extension along the OVSZ. These Ar-Ar and K-Ar dates indicate that the
hanging wall rocks were not reheated above 280°C since the Jurassic while footwall rocks cooled
from 550°C to 250°C between 51-48 Ma suggesting very rapid exhumation rates (Bardoux,
1993). Also of note within the hanging wall is the presence of Eocene non-marine volcanic and
sedimentary rocks that give K-Ar and Rb-Sr ages between 53-45 Ma. Meanwhile, 56 Ma igneous
zircon crystals formed in anatectic melts, dikes and plutons, which are presently found in the
immediate footwall (Bardoux, 1993). The differences in cooling and crystallization ages between
the footwall and the hanging wall and the similarity in ages between the footwall and terrestrial
sediments and volcanics at the surface found along the trace of the OVSZ strongly suggest there
was rapid exhumation in the Eocene that can be linked to extension.

3.3 Geology of the OVSZ

As described above, the OVSZ can be considered to have a vertical lithostratigraphy
composed ofthree zones: (1) weakly- to moderately-foliated plutonic rocks that are gradational

with undeformed rocks in the footwall; (2) intensely-deformed and mylonitized ortho- and
paragneiss (Fig. 3.4); and (3) an upper zone of ultramylonite, cataclasite and breccia passing into

undeformed volcanic rocks in the hanging-wall.
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Figure 3-4. Schematic lithodemic log through the paragneiss.

Log showing the different compositions and their approximate thicknesses in Zone
2. Strain increases upwards. Not to scale.
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diorite (unit Kbs). In the southern Okanagan Highlands many of these plutonic rocks are very
poorly characterized and dated, and instead have typically been grouped together as the JKg or
'Okanagan batholith' unit of Tempelman-Kluit (1989). Hornblende-granodiorites (SiOz=65 wt.

%) with little or no fabric are commonly crosscut by non-foliated granitic pegmatite and aplite
dikes. The granodiorites grade upwards and westwards over several kilometres into strongly
foliated granodiorite, granodiorite gneiss and augen-gneiss within the OVSZ (Zone 1), where it

begins to exhibit a consistent foliation; this is inferred to reflect an increase in the total finite
strain experienced by the rock (Le., strain gradient). Eastward, away from the trace of the OVSZ
the lack of foliation and mylonitization in these plutonic rocks suggests that they are situated
outside of the shear zone. The transition between deformed and undeformed plutonic rocks is
difficult to trace due to the lack of exposure and its subtle, gradational nature.

On the basis of similarities to other 165-160 Ma granitoids in the Omineca belt
(Armstrong, 1988), the Okanagan batholith was inferred to be Jurassic (Tempelman-Kluit, 1989),
although a review of available geochronological data (Breitsprecher and Mortensen, 2004) does
not convincingly support this. Rather, the majority of ages are Paleocene and Eocene ranging
from 58-50 Ma. Also, considering that the areal extent of the Okanagan batholith is >3500 kmz, it
is almost certainly a composite body made up of many different plutons that were assembled
through several periods of magmatism (cf., the British Columbia Coast Mountain batholith,

Woodsworth et aI., 1991; the Sierra Nevada batholith of California, Kistler et aI., 1971; McNulty

et aI., 2000). The diachronous assembly of the Okanagan batholith and other plutonic rocks of the
southern Okanagan may be correlated with the calc-alkaline magmatism that was widespread in
the Omineca belt during the Jurassic (170 - 150 Ma), Cretaceous (115-90 Ma), and Early to
Middle Eocene (55 - 45 Ma) as a consequence of Andean-style oceanic-continental convergence

(Armstrong, 1988; Woodsworth et aI., 1991).

3.3.2 Zone 1 - Foliated plutonic rocks

Strongly-foliated granodiorite grading into mylonitized gneissic granodiorite and

granodiorite augen-gneiss (Fig. 3.5) is characteristic of much of the lower parts of the OVSZ.
Commonly there seems to be a gradation from non-foliated granodiorite in the footwall to foliated
and gneissic granodiorite (Zone 1) into true orthogneiss (Zone 2). The foliation typically dips
_18 0 to the north. In the Kelowna, area the transition from granite to orthogneiss frequently
coincides with the occurrence of pegmatites and partial migmatization (Bardoux, 1993).

The granitoids of the footwall are inferred to grade upwards into foliated granodiorite of Zone 1

and then into megacrystic augen orthogneiss of Zone 2 (Fig. 3.5). The gradation is due to the

strain gradient across the lower margin of the OVSZ, where increasing strain is manifested in

foliation development, grain-size reduction and recrystallization, and mylonitization.
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Figure 3-5. Photo plate of the transition between granites and orthogneiss.

(a) and (b) contain more highly sheared felsic material and are considered granitic gneiss.
(c) through (e) are more augen rich and define gneissic granite. These rocks define the
light purple unit mapped in Fig. 3.3; the diffuse, gradational contact zone between Egn
and MzEgd.

129



3.3.3 Zone 2 - The Okanagan gneiss

The Okanagan gneiss occurs with a diverse suite of deformed plutonic rocks, pegmatite
sheets, and syn- and post-tectonic medium- to fine-grained granite dikes; these intrusive rocks are
of demonstrably different ages. The Okanagan gneiss is shown as unit Egn on figure 3.3 and were
mapped as units Egn and Egng by Tempelman-Kluit (1989). The gneiss is a heterogeneous
lithostratigraphic map-unit (Fig. 3.4) composed of three different gneissic domains: (1) a massive
granodiorite orthogneiss domain; (2) a paragneiss domain characterized by alternating, laterally
extensive layers, with sporadic orthogneiss layers and cross-cutting leucocratic sheets; and (3) a
localized, migmatitic amphibolite domain pervasively injected by several generations of
leucocratic sheets.

The Okanagan area can be broken into broad structural domains that appear to influence
the geometry of the shear zone. The gneiss is not continuous along the entire shear zone and
appears in "pockets"; the occurrence of gneiss may be the result of structural heterogeneity of
shear zone, localization of protolith, or differing amounts of extension along the fault. Another
possibility is that the discontinuous nature may be due to the highly corrugated surface of the
fault (examined more closely in Chapter 4).

3.3.3.1 Structure of the gneisses

All three gneiss domains have been pervasively mylonitized, intruded, and ductily
deformed (i.e., folded, stretched, and layering transposed). Color-banding characterized by
hornblende-rich (mafic) and hornblende-poor (granitic) layers is exhibited at em to dm-scale,
where it defines a penetrative foliation. The foliation dips (5°_30°, mean 15°, Fig. 3.6) between

the west and northeast as defined by both gneissic color-banding and a pervasive mylonitic fabric.
A weak to moderate mineral lineation developed on foliation surfaces, commonly defined by
aligned hornblende crystals, is moderately to shallowly plunging towards 291° (Fig. 3.6).
Asymmetric augen and microscopic hornblende and biotite crystals consistently record shear
bands and CIS micro-fabric with a top-down (i.e., extensional) to-the-west shear sense.

The observation that the orthogneiss grades into foliated granodiorite, and then non

foliated granodiorite of the same bulk composition strongly suggests that the orthogneiss
represents the most highly-strained part of the Okanagan batholith (or other plutons) entrained in
the OVSZ (Tempelman-Kluit and Parkinson, 1986). The increase in the pervasiveness of the
foliation and shear-sense indicators and the development of a stretching lineation all indicate
higher strain toward the middle of the OVSZ shear zone (Zone 2). Increases in the appearance of
foliations and lineations are accompanied by evidence for increased dynamic recrystallization and
grain size reduction of the orthogneiss groundmass, which led to the development of a pervasive
mylonitic fabric.
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Figure 3-6. Lower hemisphere equal area projections.

Steronets of (a) poles to granite/granodiorite (GD) foliation, (b) poles to gneiss
foliation, (c) lineations (average is 291°), and (d) fold axes.
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The rocks in the paragneiss domain are pervasively folded, faulted, and in many places

are mylonitized (protomylonite to ultramylonite), and are locally intruded by granitic and
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pegmatite dikes and leucosome sheets. The layers within the paragneiss domain are foliated and
lineated with abundant rotated porphyroclasts. The layering and foliation dip _15 0 (direction
varies from west to north due to non-planar morphology) and has a stretching lineation that
plunges towards 291 0

, the same as in the orthogneiss domain. This attitude is very similar to that
observed in adjacent areas of the OVSZ where lineations typically trend 285 0

- 3000 (Parkinson,
1985; Bardoux, 1993; Kruckenberg et ai., 2008).

The laterally-discontinuous layering in the gneisses appears to be transposed based on the
observation that (1) the compositional-layering and foliation (and mylonitic fabric) are parallel,
(2) cm- to m-scale isoclinal and intrafolial recumbent folds have axial planes parallel to the
layering and foliation, and (3) many layers are boudinaged. There are also abundant rootless fold
hinges and sheath folds trending parallel to the lineation (Fig. 3.7). Therefore, it is likely that
many layers are structurally repeated throughout a vertical section, however right way up criteria
are absent. Pelitic schist layers are strongly lineated (aligned biotite and muscovite), and do not
appear to be strongly folded, rather they appear more stretched and flattened than adjacent
amphibolite and quartzofeldspathic layers. Rotated porphyroclasts, vergence of em-scale folds,
and CIS fabric developed in discrete, em-wide, chlorite-rich shear zones give a top-down-to-the
west shear sense, the same as in the orthogneiss domain.

The migmatite domain is composed of complexly-folded, variably mylonitized and
migmatized amphibolite with pervasive leucosome sheets, and intruded by abundant syn-tectonic
(foliated) peraluminous granitic and pegmatitic sheets (Fig. 3.8). The domain also includes an
intense transposed fabric with visible recumbent, sheath-like folds of dark amphibolite layering
and leucosome sheets.
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Figure 3-7. Photo plate of folds illustrating kinematics.

(a) west-northwest verging folds of felsic dike in amphibolite gneiss, (b) multiple
folds of quartzofeldspathic and amphibolite layers, red lines highlight some fold
axes, (c) ptygmatic folds in gneiss, (d) rootless fold hinge (surrounded by augen
gneiss) indicating stretching and suggesting rotation and transposition, (e) and (f)
recumbent to reclined cascading folds in gneiss, (g) sigma porphyclast indicating
tops-down-to-the-west, counter clockwise motion.
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The migmatite domain exhibits multiple generations of cross-cutting, syn-tectonic
leucosome and igneous intrusions between amphibolite layers. In several locations there are two
different generations of leucocratic layers cross-cutting each other and the migmatite gneiss. A
sub-horizontal set parallel to the gneissic layering cross-cuts an earlier moderately inclined 30
45° set (Fig. 3.8d). There appears to be a gradational zone between the paragneiss domain and the
migmatized zone where the paragneiss layers get thinner, leucosome sheets begin to appear and
granitic intrusions can be seen cutting across the gneissic foliation. The migmatite domain
appears to be structurally below the paragneiss domain.

One of the latest deformation features observed in the gneisses are high-angle, steeply
dipping, NNE trending normal faults. They dip to the WNW, in the same direction as extension;
their strike (NNE =()2) is perpendicular to the extensional direction, which may indicate that
these late stage, high-angle, normal faults are the brittle response to WNW directed extension.
They may have formed due to the isostatic bending stresses during footwall rollover (Tucholke et
aI., 1998), as the gneiss and plutons were exhumed. Many of these normal faults are paired,
creating local horsts and grabens that on a regional scale may be the northerly extension of
comparable structures such as the Republic graben of Washington State.

These high-angle faults are evident in the field and in satellite imagery where they cut
through the gneisses and surrounding granitoids (Fig. 3.9). They have down-dropped upper plate
Eocene volcanic and sedimentary sequences along with the amphibolite up to hundreds of metres.
In general, these faults record variable amounts of movement, displacement has been found in the
tens of metres in the southern Okanagan region, and possibly as much as 3 km (Ross, 1981).
While there is little observable offset in the field, drill core at the Dusty Mac property located to
east of Okanagan Falls imply that the detachment surface between the volcanics and the gneiss
has dropped significantly (>400 m). The strike of these features roughly matches the
emplacement direction of some Eocene dikes (Adams et aI., 2005), suggesting they may have
created space for the dikes. A more detailed study of the meso-structures associated with these
faults and joints can be found in Eyal et al. (2006), which includes information on the motion
associated with brittle reactivation of metamorphic foliation in the gneisses.
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Figure 3-8. Photo plate of migmatites.

(a) McIntyre Bluff, migmatized paragneiss and orthogneiss made up of amphibolite
sheets that have been intruded by numerous discordant to concordant leucocratic
dykes and sills including felsic pegmatites and foliated granitic bodies
(peraluminous, S-type). From a distance, the leucosomes define two distinct fabrics,
one presently sub-horizontal and the other dipping at -45 0 to the south; the pattern
resembles CIS fabric. (b) and (c) are close-ups of the face of McIntrye Bluff - field
of view -20 metres, multiple melt features including evidence of semi-solidified
amphibolite deforming can be seen as well as the two different fabrics, and listric
shear bands. In (d) and (e) multiple leucosome injections can be seen folded with
amphibolite layers.
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Figure 3-9. Landsat 7 image of Okanagan Valley, red lines highlight high angle, NNE
trending, normal faults and structural grain.
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3.3.3.2 Thermobarometry within the paragneiss domain

Garnet-biotite schists intercalated within the paragneiss domain were analyzed to assess
their equilibrium temperature and pressure conditions. Electron microprobe analyses of co
existing garnet, muscovite, and biotite crystals conducted at the Electron-MicrobeamlX-ray
Diffraction Facility at the University of British Columbia are presented in Appendix B. These
analyses were applied to the garnet-biotite thermometer (Ferry and Spear, 1978), and the garnet
muscovite-annite-plagioclase barometer (GMAP; Hoisch, 1990; 1991) using the TWQ (v. 2.3,
2007) database of Berman (1991). Analyses of garnet cores (Fig. 3.1Oa) produced an excellent
intersection of all reactions and is consistent with equilibrium condition of 670°C ±50°C and 6.2
±1.0 kbars. The garnet rim compositions show some evidence of retrogression, but yield
consistent (Fig. 3. lOb) values of 660°C ±50°C and 6.0 ±1.0 kbars.
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Figure 3-10. Pressure - Temperature plots.

(a) Analyses of garnet cores are consistant with equilibrium conditions of 670°C
±50°C and 6.2 ±1.0 kbars (ca. 20 km depth). (b) Garnet rims indicate values of
660°C ±50°C and 6.0 ±1.0 kbars (ca. 20 km depth). Pressures (GMAP barometer of
Hoisch, 1990; 1991) and temperatures (garnet-biotite thermometer of Ferry and
Spear, 1978) calculated using TWQ (v. 2.3) database of Berman (1991,2007).
Circles in (a) and (b) indicate preferred Pressure and Temperature from the
reactions. Metamorphic facies appear in grey in the background as well as the wet
solidus line.
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Figure 3-11. Garnet profiles and thin section

(a) Rim to rim profile across garnet. (b) Thin sections of garnet in cross polarized
light (xpl) and (c) plane polarized light (ppl). Probe traverse indicated by white line,
dominant minerals labeled after Kretz (1983).
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The P-T values from pelitic layers within the paragneiss succession also indicate that

amphibolite facies conditions were reached during regional metamorphism. The mineral

assemblage K-feldspar, microcline, quartz and hornblende, (± biotite and garnet) within the
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amphibolite gneiss also supports this interpretation. Moreover, upper amphibolite facies
conditions close to the wet granite solidus as indicated by these data help explain the occurrence
of migmatite and leucosome sheets immediately adjacent to the paragneiss domain (see below).

The results indicate that parts of the paragneiss domain equilibrated at -20 km (upper amphibolite

facies). The conspicuous absence (Fig. 3.11a) of features consistent with retrograde

metamorphism, such as rimward emichment in Mn and FeI(Fe+Mg) due to garnet dissolution and

Fe-Mg exchange with biotite (Kohn and Spear, 2000), and disequilibrium between biotite

inclusions in the garnet versus the groundmass, suggest that the paragneiss was exhumed rapidly,

faster than re-equilibration could proceed during ascent. Thin section images (Fig. 3.11band c)

indicate the garnet traverse and dominant minerals.

The pressure and depth estimates obtained are similar to those from sillimanite-grade

metapelites in the Kelowna area of 6.0 kbar and 750°C (Bardoux, 1993), and the nearby Grand

Forks gneiss of 5.8 ±O.6 kbar and 800 ± 35°C (Laberge and Pattison, 2007). In contrast, the

metapelites in the Kelowna area are locally retrograded to chlorite, muscovite, albite, epidote,

quartz, and calcite yielding P-T estimates of 4.5 kbar (c. 15 km) and 600°C (Bardoux, 1993).

3.3.3.3 Felsic intrusions

Most of the pegmatites, granitic dikes and leucocratic sheets are found within the

migmatite domain and at the bottom of the paragneissic section where they are exposed along

several road outcrops of highway 97 and along Vaseux Creek. The peraluminous pegmatites

(typically ::;1.5 m thick) are laterally-extensive for up to ten metres, coarse-grained, and

composed of muscovite, quartz, orthoclase, hornblende, almandine, chloritized biotite and

plagioclase. The pegmatites typically include coarse biotite and chlorite at their margins that have

a weak foliation (355/300 E) and shear bands with top-to-the-west shear sense; the pegmatites also

show well-developed flattening fabric defined by quartz and feldspar. The granitic dikes are

medium- to fine-grained, 5-40 cm thick, laterally continuous over tens of metres, and have a

similar peraluminous composition and mineralogy to the pegmatites. Many of the intrusions have

been emplaced at an angle to the gneissic foliation and have undergone some ductile deformation

that includes variable degrees of folding and development of a foliation parallel to the foliation in

the host gneiss.

The felsic intrusions commonly cross-cut the Okanagan gneisses as an array of sheet-like

intrusions, which are themselves foliated with a fabric that is inferred to have formed late during

protracted deformation. In the Vaseux area there are strongly deformed, 1-2 m wide Eocene dikes

bearing rhomb-zoned anorthoclase, zoned clinopyroxene, and olivine, which are mineralogically

similar to the Marron Formation (see below) and may be feeders to basal lavas within it. One dike

observed at McIntrye Bluff is metamorphosed, strongly foliated and lineated, and partly

mylonitic, but also cuts the gneissic foliation at a low angle; it yielded a V-Pb zircon age of 51 ±

1 Ma (Parkinson, 1985), which is inferred to constrain some of the latest ductile motion related to

theOVSZ.
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3.3.3.4 Structural interpretation

Many of the structural elements found throughout the gneisses can be used to decipher
information about motion along the OVSZ. Fold hinges are generally parallel to the stretching
lineation suggesting there was substantial shear strain that progressively rotated fold hinges into
the extensional quadrant of strain approximately parallel to the transport direction (Bell, 1978).
Kinematic indicators were examined to determine a sense of motion, as well as provide
information on the mechanism of transport or tectonic force (Passchier and Trouw, 1998). Many
fabrics have been transposed into the flattening plane, so it is often hard to find kinematic
indicators (e.g., rotated porphyroclasts) that give unequivocal shear sense, but those that are
discernable consistently give a tops-to-the-west-northwest sense of shear (Fig. 3.7).

The structural data and observations indicate that the gneisses underwent non-coaxial,
progressive deformation in a general shear regime, and developed a penetrative, brittle-ductile
extensional fabric with a top-to-the-west-northwest sense of shear. Thin sections typically provide
better shear sense indicators, such as well developed CIS and C'/S fabric, asymmetric mica fish,
winged porphyroclasts, and pulled-apart feldspar that again give dominantly top-to-the-west
northwest sense of motion (Fig. 3.12). In many places (but typically restricted to narrow zones of
intense deformation, e.g. Fig. 3.12e); the gneisses have undergone mylonitic deformation using
the definition of Bell and Etheridge (1973); for instance, quartz and feldspar have undergone
extreme grain-size reduction via dynamical recrystallization.
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Figure 3-12. Photo plate of thin sections showing fabric and kinematic indicators.

All thin sections give a tops-to-the-W sense of shear. (a) CIS foliation in
amphibolite gneiss (b) C'IS foliation (c) mica and hornblende fish (d) delta mantled
clast in a mylonite with isoclinal folding (e) sigma mantled clast with recrystallized
material (between the white dashed lines) deposited in wings.

145



146



3.3.3.5 Reconciling Earlier Work

Early workers distinguished several different gneissic units and identified the mylonites
as extensional flattening planes, which along with the attendant penetrative foliation, were
interpreted to be the result of large-scale, polyphase folding and not the consequence of a ductile
shear zone (Christie, 1973; Ryan, 1973; Ross, 1973; 1974; Ross and Christie, 1979). Subsequent
to these studies, advanced concepts of progressive deformation, the development of curviplanar
sheath folds (Cobbold and Quinquis, 1980) and shear zones, including those flanking
metamorphic core complexes, were developed, and this thesis applies these concepts to provide a
more modern interpretation.

In other areas within the Middle Crustal Zone of the SMC compressional, northeast
directed fabrics predominate (Journeay. 1986; Crowley et aI., 2001; Johnson, 2006); however, in
the southern Okanagan these compressional structures are absent. That is not to say that the
gneisses did not experience Mesozoic shortening events, but unambiguous evidence of
compressional deformation remains elusive, and likely cannot be easily worked out. The

superimposed extensional structures and associated transposition appear to have completely
reoriented and obliterated the earlier compressional structures. Thus, the complexity of the folded
and transposed fabrics observed is interpreted to be the result of progressive extensional shear
strain that penetratively overprinted earlier (northeast-vergent?) structures whose initial
orientations are unconstrained.

3.3.4 Zone 3 - The upper margin of the OVSZ

A mylonite zone was first identified by Ross (1981) and his students in the paragneisses
of the Vaseux Formation in what are now assigned as the upper margin of the OVSZ. The shear
zone in the Penticton to Oliver area grades upward from weakly-mylonitized orthogneiss and
paragneiss to mylonitic gneiss, ultramylonite, micro-faulted and brecciated (chlorite-breccia)
mylonite, cataclasite and finally brecciated, silicified and chloritized hanging wall rocks (Fig.
3.13). Mylonite becomes increasingly voluminous structurally upwards and to the west as the
shear zone is approached.
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Figure 3-13. Photo plate of mylonite/cataciasite.

(a) mylonite with brittle overprint, (b) siliceous mylonite with relict banding that
may represent original bedding, (c) curvilinear folded mylonite with crenulation
parasitic folding, and (d) folded siliceous mylonite.
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Figure 3-14. Thin sections of mylonitelcataclasite.

(a) thin section near top of shear zone, (b) thin section of hanging wall conglomerate
immediately above the OVSZ containing dynamically recrystallized igneous and
basalt clasts, (c) thin section of very fine-grained mylonite, (d) thin section of
mylonite with brittle overprint, (e) and (f) xpl and ppl thin sections showing
mylonite with a brittle overprint, veining and what may have been a pseudotachylite
with entrained rounded grains.
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The Mahoney Lake area (Fig. 3.3) preserves transitions, from top to bottom, among (1)

the unaltered hanging wall, (2) altered volcanic and sedimentary rocks, cataclastites, and
ultramylonites within the detachment, and (3) amphibolite gneiss within the OVSZ shear zone
(Zone 2). There, the upper, brittle part of the OVSZ runs through the lake where non

metamorphosed, volcanic and coarse clastic rocks to the west are juxtaposed against
ultramylonite and mylonitic amphibolite gneiss to the east. Moving down from the hanging wall,
rocks become much finer-grained, brecciated, silicified and in parts chloritized (Fig. 3.14a and b),
as they near the detachment surface. The cataclasitic rocks (Fig. 3.13a; 3. 14d, e, and f) are mainly
composed of a mix of angular fragments of mylonite and hanging wall rock, and are coarse
grained. Typically, mylonite and ultramylonite have been overprinted by micro-brecciation and
cataclasite. In thin section, layers of cataclasite and mylonite are folded together, coeval with late
stage garnet growth. Within the shear zone, sections tens of metres thick are composed of green
ultramylonite that is too fine-grained to discern any structures with the unaided eye. Mylonitic
gneiss and green ultramylonite are strongly deformed by crenulation folds, rodding lineations and
shear bands found throughout (Fig. 3.13c and d). Chloritization is at least partly synchronous with
the youngest mylonitization, as indicated by deformed chlorite in the mylonite. Adjacent to, and
structurally down-section from the detachment surface, the gneiss is altered, largely to chlorite
with the addition of pyrite. In places, the more siliceous mylonite and quartzite have 'relict'
banded texture which may represent original bedding (Fig. 3.13b).

The contact of the shear zone with the hanging wall is marked by the appearance of
ultramylonite. Although much of the shear zone contains mylonitized gneiss, most are near the
top of the shear zone. There, the ubiquitous overprint of brittle structures on the mylonite is
considered to have occurred during the last stages of exhumation through the upper crust. This
upper margin of the shear zone is well-defined and clearly demonstrates the presence of a
detachment that facilitated the exhumation of the footwall from well below the brittle-ductile

transition. The same rocks that experienced ductile deformation at depth continued to experience
brittle deformation as the shear zone was exhumed; pre-existing structures were not reactivated.

3.3.5 The hanging wall of the OVSZ

To the west, rocks in the hanging wall of the OVSZ consist of zeolite to greenschist
facies metamorphic and volcanic rocks of the Intermontane belt. These rocks are predominatly
Paleozoic to Lower Jurassic metasedimentary and metavolcanic rocks of oceanic and oceanic-arc
affinity that have been intruded multiple times by pre-Triassic through Middle Eocene igneous
rocks (Okulitch, 1979; Parkinson, 1985). These older lithostratigraphic units are overlain by
Paleogene sedimentary and volcanic rocks, commonly deposited into small, fault-controlled
basins (Church, 1973; Matthews, 1981) that formed as the hanging wall itself extended during

displacement on the OVSZ. In the Okanagan Falls area, the OVSZ hanging wall is partly

composed of the White Lake Basin (WLB) succession. There, a 2,400 m thick section (Church,
1973) consists of volcanic, volcaniclastic, and sedimentary rocks, including basaltic, andesitic,

trachyandesitic, rhyodacitic, and rhyolitic lavas. The rocks are gently deformed and were

deposited synchronously with basin formation; the basin is presently an east-west trending
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syncline with a moderately east-plunging (25°) hinge-line surface trace (Church, 1973). Extensive
tectonic activity only affected WLB after deposition of Marron Formation at 50 Ma, which was
syn-depositional during normal extensional faulting.

The White Lake and Skaha Formations record the exhumation associated with the OVSZ;
they were deposited in an asymmetric and evolving "supradetachment basin" within the hanging

wall of the OVSZ (McClaughry and Gaylord, 2005). The WLB has been interpreted as an

extensional basin that recorded syn-tectonic sedimentation and volcanism, which included debris
shed from the exhuming SMC (Church, 1973; McClaughry and Gaylord, 2005). Mylonite clasts

thought to be derived from the Vaseux gneiss have been found in the upper Skaha Formation that
have been used to infer syn-tectollic erosion of the SMC related to significant uplift of the OVSZ

footwall during the Middle Eocene (McClaughry and Gaylord, 2005). However, during this study
'Vaseux clasts' were not found in the White Lake Basin area. The 'Vaseux clasts' of McClaughry
and Gaylord (2005) appear to be phyllites and schists from the Kobau Group and Old Tom

Formation along with abundant chert, presumably from the Shoemaker Formation; these clasts do

not resemble the actual Okanagan gneiss (see Fig. 8 of their paper). The clasts may actually
represent chloritic schist and related rocks that preferentially eroded out of the OVSZ shear zone;

however, it is more likely that the clasts are derived from older upper plate rocks. Therefore,
McClaughry and Gaylord's method of using the clast content and stratigraphic record in the WLB

to pinpoint the timing of exhumation of the Okanagan gneiss may warrant re-examination.

There are other areas where clasts of 'basement' appear to be integrated with younger
volcanics. Some Cenozoic sedimentary sequences deposited in extensional basins in the hanging

wall of the western Okanagan detachment are intruded and capped by rhyolitic-basaltic volcanic
rocks dated between 49.2 and 42.2 Ma (K-Ar; Matthews, 1981). The sediments contain clasts

from the underlying calc-alkaline batholith, greenschist units, and the leucogranite and gneiss

exhumed in the footwall of the detachments, indicating that these rocks were exposed to erosion
before about 49 Ma (Matthews, 1981; Lorencak et aI., 2001).

3.3.5.1 Enigmatic Eocene Outliers

The Marron and Springbrook Formations are important to this study because of their
presence east of the Okanagan Valley where they represent isolated hanging wall outliers on the
footwall (Fig. 3.3). Scattered Eocene outcrops such as these are found throughout the region as
far west as the Grand Forks complex, and are suggested to have been part of a single large basin
(Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988) based on palinspastic

reconstructions and similar stratigraphy. The cooling ages (Church, 1973; 1985) for volcanic
rocks of the Marron and Marama Formations range from 48.4 Ma using K-Ar on whole rock to

53.1 Ma using K-Ar on biotite. There has been much debate about whether the outliers on the

footwall represent tectonic klippen (i.e., stranded hanging wall segments of the OVSZ), or if they

are erosional remnants of originally extensive, unconformable deposits.

Answers to the klippen question are provided by drill core data from one of the outliers

located at Venner Meadows (Fig. 3.3) where rhyodacites of the Eocene Marron Formation are

underlain by the Springbrook Formation. The drill core data of several holes (Morin, 1989) shows

that the volcanics are underlain by felsic intrusions (contact at a depth of 170 metres) and the
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OVSZ. The felsic intrusions are highly brecciated and sheared (at a depth of 240 metres), and
include mylonite, chlorite breccias and fault gouge. The chlorite breccias grade into chloritized
and brecciated amphibolite and pegmatite, and then foliated, dipping, cataclastic amphibolite. The

zone of pervasive brecciation and chloritization is approximately 5-28 metres thick; below this
amphibolite gneiss and pegmatite do not appear to be brecciated. Multiple drill cores show that
the shear zone is encountered at depths between 230-270 metres below the present surface. The
zones of breccias, mylonite and cataclasite are 13-16 metres thick before hitting amphibolite.
Drill core results in another area (Evans, 1990) indicate that the Eocene volcanics have been
down-dropped into contact with the gneisses along high angle normal faults; or the shear is
significantly steeper in places, however this is unlikely. There, Marama Formation dacites are in
fault contact (i.e., presence of fault breccias, chlorite matrix, silicification, fault gouge, mylonite
present) with basement gneisses at depths of 404 and 431m.

The drill core data from the two Eocene outliers indicate that high-angle normal faulting
has down-dropped upper plate rocks against the footwall gneiss and granodiorites. At Venner
Meadows, this 'keel' of volcanics and its fault contact with the amphibolite gneiss has dropped
down below the erosional level of the surrounding granodiorites. The preservation of volcanic
'klippen' throughout the Okanagan Highlands may be due to these late-stage high-angle faults
dropping parts of the hanging wall into footwall corrugations (see Chapter 4), or it may be
volcanic debris clipped from the hanging wall during extension.

3.3.6 Some Constraints on Magnitude of Exhumation and Horizontal Displacement

Data suggest the gneisses were exhumed from -20 km depth (based on thermobarometry
presented above) in the Eocene, which equates to 29-86 km horizontal displacement along the
OVSZ (based on average westerly dip of 15-30°). Voluminous calc-alkaline magmatism occurred
in the southern Canadian Cordillera and NW U.S. during the Eocene, contemporaneous with the
onset of large-scale extension (Ickert et aI., 2009 and references therein). Most notably, the
Eocene volcanics now found in the immediate hanging wall west of the OVSZ were being
extruded at the same time as syn-extensional melts were intruding the footwall gneisses that are
now adjacent to the OVSZ (Church, 1973; Bardoux, 1993; Bardoux and Mareschal, 1994). The
footwall gneisses were also rapidly cooling through their respective Ar40_Ar39 closure
temperatures (Tc) for micas (ca. 280-350°C; Purdy and Jaeger, 1976; Harrison et aI., 1985) and
hornblende (530°C; Harrison, 1981) at this time (ca. 58-48 Ma). These data have important
implications for determining the magnitude of exhumation and horizontal displacement

associated with this portion of the OVSZ. In particular, the cooling ages (58-48 Ma) of the
gneisses suggest exhumation facilitated by the OVSZ from amphibolite-facies conditions

(Baadsgaard et aI., 1961; Ross, 1974; Medford, 1975; Wanless et aI., 1978; Mathews, 1981;
Stevens et aI., 1982; Archibald et aI., 1984; Armstrong et aI., 1991) occurred, in part, when the

volcanic units of the WLB were being deposited at the surface within the hanging wall. These

data suggest the gneisses were exhumed from -20 km depth in the Eocene, which equates to 29

86 km horizontal displacement along the OVSZ (based on average westerly dip of 15-30°).

The current dip of the foliation and plunge of the lineations makes a good proxy for the
average dip of the fault; there has been controversy over whether detachment faults involved in
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core complexes have always been active at their current low dip (Davis et aI., 1980; Wernicke,
1981; Davis and Lister, 1988; Lister and Davis, 1989) or if they were active at higher dips and
passively rotated into their current position (Proffett, 1977; Davis, 1983; Miller et ai., 1983;
Buck, 1988, 1993; Miller, 1991; King and Ellis,1990). The rolling-hinge and isostasy models
(Wernicke and Axen, 1988; Bartley et aI., 1990) or folded mylonite zones of Reynolds and Lister
(1990) are currently widely accepted; these models predict that the main detachment fault
becomes steeper (domes) during exhumation. These models have been tested by paleomagnetic
studies that have demonstrated that the metamorphic core complexes are not strongly tilted
crustal blocks that were once bounded by steep normal faults; the current low-angle dip of
mylonitic fabrics is similar to the original dip of the structures in the middle crust (Livaccari et
aI., 1995; Livaccari and Geissman, 2001). Additional studies have tested and agreed with the
rolling hinge model and large magnitude crustal extension taking place on seismically active,
moderate to low-angle normal faults «30°) based on sedimentation patterns, fission track and Ar
system studies, as well as structural and reflection seismic studies (Miller and John, 1999 and
references therein). Assuming the rolling-hinge model is correct, the current fault dips measured
between 15°-30° are likely to be the maximum (steepest) fault angles; this implies that estimates
of horizontal extension are minima; therefore, any rotation (i.e. steepening) during "doming" will
have decreased the apparent horizontal extension values.

3.4 Geochronology

The rocks in the southern Okanagan have recorded several metamorphic and
crystallization events in the Jurassic, Cretaceous and Eocene. See Appendix C for a summary of
previous geochronological studies in the study area.

High-precision in situ U-Pb analyzes are reported for zircon crystals collected from a
suite of samples that have well-constrained geologic relationships. The sample suite includes
"intrusive" samples of cross-cutting, typically felsic sheets, a surrounding pluton and a related
volcanic. The goal was to better constrain the timing (onset, cessation, duration) of anatexis and
coeval felsic magmatism within the Okanagan gneisses, and how this related to Eocene extension.

Ages are interpreted using weighted means of 206Pb/238U ages at the 95% confidence level
(2cr error) unless otherwise noted (Table 3). The ages of the single data points are also given with
2cr errors. In all cases, the intercept ages determined using anchored regression lines in TW plots
are within error of the weighted mean. The ThiU values were used as a first order means to
differentiate igneous versus metamorphic zircon. Although it is recognized that there could be

great variance in the ThiU ratio, values ~0.5 are considered more typical of igneous zircon and

less than 0.07 more typical of metamorphic zircon (Hoskin and Schaltegger, 2003).
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Table 3. Geochronology sample details

Sample Lithology/structure/fabrid Interpreted Dating Zircon morphology
Location texture age method
(UTM Wtdavg # spots &
Zone 11N) 2rains
7-7 Medium-grained, grey 51.0 ± 2.1 LA-ICPMS Euhedral to anhedral, sector and
E316790 granite intrusion; latest MSWD 4 spots oscillatory-zoned, some older
N5461372 intrusion found; cuts across =0.83 3 grains cores

foliation in Vaseux gneiss
and cuts all other intrusions, 91 ± 36
has a strong fabric of its MSWD= 1.4
own parallel to gneiss 51.62 ±O.70 SHRIMP

MSWD=6.5 14 spots
12 grains

93 ± 17
MSWD=2.5

11-15a Fine-grained, grey granite 51.7 ± 1.1 LA-ICPMS Euhedral, oscillatory-zoned, some
E313134 intrusion; foliated (264/30) MSWD=3.2 25 spots inherited cores
N5470817 9 grains

63.2 ± 3.4
MSWD=4.2

106.6 ± 2.2
MSWD=2.8

7-6b A light gray, medium- 51.75 ±O.66 LA-ICPMS Subhedral to anhedral, oscillatory
E316524 grained, foliated, granite MSWD=3.5 28 spots and sector zoning, ratty edges
N5462379 intrusion; cross-cuts the 15 grains

main fabric but is itself
foliated parallel to the
gneiss

07-12 Very coarse-grained syenite, 50.25 ±0.34 LA-ICPMS Subhedral to anhedral, equant,
E329461 correlated to the Coryell MSWD=I.12 26 spots mainly oscillatory-zoned
N5473073 syenites, very deformed, 11 grains

near vertical fabric in
places, xenoliths of gneiss
in it, dynamically
recrystallized

07-78 Thick, massive, rhyodacite, Youngest: LA-ICPMS Subhedral to anhedral, sector and
E327633 bedding 065170, conjugate 51.5 ± 6.8 23 spots oscillatory-zoned, core and rim
N5464748 fractures, part of the MSWD= 3.1 16 grains overgrowths

Marama Formation
inherited
zircons (226 -
62)

The ages m bold are the mterpreted formahonicrystalhzatlOn ages
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Table 3 continued
Sample Lithology/structure/fabric/ Interpreted Dating Zircon morphology
Location texture age method
(UTM Wtd avg # spots &
Zone liN) grains
7-6a 1m coarse grained, 50.5 ± 1.2 LA-ICPMS Euhedral to subhedral; old,
E316524 pegmatite sheet; cross-cuts MSWD= 29 spots distorted cores, overgrowths are
N5462379 the amphibolite gneiss and 0.56 14 grains oscillatory-zoned

leucosome layers; appears
non-foliated 82.6 ± 4.4

MSWD=4.6

91.0 ± 1.4
MSWD=
10.0

08-16 Fine-grained, grey, granitic 53.5 ± 6.3 SHRIMP Subhedral, oscillatory and
E313336 intrusion; cross-cuts the MSWD= 14 10 spots sectored zoned, Eocene
N5476606 Bighorn Sheep pluton; 8 grains overgrowth rims

foliated 167 ± 13
MSWD=2.8

107.0 ± 7.0
MSWD=4.9

The ages m bold are the mterpreted formatIOn/crystallizatIOn ages

3.4.1 Analytical Procedures - LA-ICPMS

U-Pb dating of zircon crystals by laser ablation-inductively coupled plasma mass

spectrometry (LA-ICPMS) was done at the GeoAnalytical Lab at Washington State University
following the methods of Chang et al. (2006). See Appendix D for a description of the analytical

methods.

Weighted average ages, U-Pb concordia plots and histograms, and Tera-Wasserburg

(TW) concordia plots were calculated using IsoPlot 3.0 (Ludwig, 2003). A problem in U-Th-Pb

geochronology is the occurrence of common (non-radiogenic) Pb, which can lead to erroneous
ages and discordance when plotted. For young zircon crystals, the isotopic composition of

common Pb can reasonably be assumed to be that of present-day common Pb e07PbP06Pb).
Analyses that lie off the TW concordia line in the direction of common Pb indicate the presence
of common Pb in an analysis; a fixed common Pb value of 0.86 ± 0.06 was used to calculate for
the corrected 206PbP38U age, which follows the procedure in DeGraaf-Surpless (2002). Common
Pb corrections were done on analyses where the 207Pbp06Pb age exceeds the 206PbP38U age by

more than the error on the 207PbP06pb age, but typically the correction at this level is very low

(0.1 Ma for Late Cretaceous zircon).
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3.4.2 Analytical Procedures - SHRIMP

Sensitive High Resolution Ion Microprobe (SHRIMP) analytical procedures followed

those described by Stern (1997), with standards and U-Pb calibration methods following Stern

and Amelin (2003). See Appendix E for a description of the analytical methods.

Unless otherwise stated the 207Pb corrected 206PbP 38U weighted mean ages are given in

Table 3. The Pb correction was made using the common Pb composition of the surface Au
coating on top of the zircon puck (Au 207PbPo6Pb common Pb ratio is 0.895, error 0.1 %). TW
plots that include the 206Pbp38U were used since the ages of most zircon crystals are younger than
1000 Ma, otherwise the 207Pb corrected 207PbP06Pb age is used. Plots and calculations were

carried out using Isoplot 3.0 of Ludwig (2003).

3.4.3 Felsic dikes

All the gneiss-cutting intrusions exhibit a weak to moderate fabric. Therefore, these

intrusions post-date the formation of the penetrative fabric in the Okanagan gneisses (see above),
yet record magmatism and regional deformation, presumably during exhumation. Felsic sheets
(SB-7-7, SB-08-16, SB-11-15a, SB-7-6b), are typically garnet-bearing, grey, granitic, and often
exhibit weak to moderate fabrics parallel to the sub-horizontal gneissic foliation and discordant to

their own planar margins. The youngest felsic intrusions observed are of this type, which intruded
and cross-cut the Okanagan gneiss, the diorite intrusion and pegmatite sheets. Therefore, it was
important to obtain accurate U-Pb dates of magmatic zircon from these sheets to constrain the

cessation of magmatism, and the youngest deformation to provide a minimum estimate of the
duration of ductile, fabric-forming conditions. Several cross-cutting intrusions were dated in an

attempt to decipher this youngest deformation.

3.4.3.1 Sample SB-7-7

Sample SB-7-7 is from a road outcrop along highway 97. The intrusion is 5-8 cm thick,

K-feldspar-quartz-hornblende medium-grained pink to grey granite (Fig. 3.15a). The unit

represents the youngest intrusion found according to field relationships; cutting across the Vaseux
gneiss foliation, all other visible intrusions, and has a strong fabric of its own parallel to the

gneiss. Thus, SB-7-7 was dated to constrain the latest deformation and fabric forming events,

related to the latest motion on the OVSZ. This was the only sample dated using both

geochronological methods; both data sets give very similar ages, well within error of each other.
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Figure 3-15. Sample SB-7-7 geochronology.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2a errors (scale bar in ~m).
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b S8·7·1 SHRIMP
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Figure 3-16. SR-7-7 SHRIMP U-Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 2°6pb p38U ratio; weighted average for cluster between 60-40 Ma. (b)
Tera Wasserburg (TW) concordia diagram of the calibrated total 238UP06Pb ratios
versus the total 207PbP°6pb ratio.
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Figure 3-17. SB-7-7 LA-ICPMS V-Pb age plots.

(a) and (b) are the same as Fig. 3.16 (a) and (b) except calculated using LA-ICPMS.
Analyses plotted as 20" error ellipses. The mean ages are weighted means at the 95%
confidence level.
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The zircon crystals analyzed are euhedral to anhedral, sector and oscillatory zoned (Fig.

3.15b). The ThIU values range from 0.01 to 0.58 with most giving an igneous signature. The

interpreted ages include 51.0 ± 2.1 (MSWD =0.83) and an intercept at 92.3 ± 6.0 (MSWD = 1.05)

for LA-ICPMS and 51.62 ± 0.70 (MSWD= 6.5) and 93 ± 17 Ma (MSWD = 2.5) using SHRIMP.

The youngest age recorded by SHRIMP analyses is 50.5 ±1.0; for LA-ICPMS 50.1 ±2.9. The TW
plots in Figures 3.16 and 3.17 clearly show that the slight discordance seen for the Eocene ages is
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the result of common Pb and not an inherited component. The absence of scattering ages suggests
that the two age clusters represent distinct geological events and that they are not mixed values.
Besides the two age populations there is also an inherited core from ca. 193 Ma. Higher values of
Th/U correspond to the younger Eocene ages while the older values, Cretaceous and Jurassic
ages, give lower values closer to the interpreted metamorphic range. This relationship was found

in both the SHRIMP and LA-ICPMS dates.

3.4.3.2 Sample SB-7-6b

Sample SB-7-6b was taken along a highway 97 road-cut, at Vaseux Lake. The intrusion
is foliated, light grey, medium-grained, K-feldspar-quartz-hornblende granite with scattered
euhedral igneous garnet phenocrysts (Fig. 3.18). This sample comes from an outcrop in the
migmatite domain that contains at least four generations of cross-cutting dikes and veins that all

have a well-developed tectonic fabric. In particular, the granitic intrusion cross-cuts the main
fabric but is itself foliated parallel to the gneissic fabric. The dike is interpreted to have been
injected during the last stages of extension. Sample SB-7-6b was collected along with co
deformed leucosome sheets, an amphibolite sheet and a cross-cutting felsic pegmatite (cross-cuts
the amphibolite and leucosomes, SB-7-6a). Sample SB-7-6b is interpreted to be the youngest
intrusion in the outcrop because it cuts across the gneissic foliation and the coarse grained
pegmatite (SB-7-6a), however in other outcrops similar granites appear to be cut by comparable
pegmatites (i.e., mutually cross-cutting).
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Figure 3-19. SB-7-6b V-Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p38U ratio (b) close-up of (a) with weighted mean (c) TW
concordia diagram of the calibrated total 238UP06Pb ratios versus the total 207PbP06Pb
ratio. Analyses plotted as 2cr error ellipses. The mean ages are weighted means at the
95% confidence level.
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This sample was analyzed using LA-ICPMS. The zircon crystals are prismatic and
equant, slightly discolored in appearance, with a yellow-red tint, sub- to anhedral, oscillatory and
sector zoned, with ratty edges in some cases. ThIU values range from 0.08 to 0.25. Based on the
weighted mean of 28 analyses, the interpreted intrusive age is 51.75 ±O.66 Ma (MSWD =3.5, Fig.
3.19); the youngest age recorded is 48.3 ±1.8 Ma. Again, there is the presence of some older,
inherited grains ca. 190 Ma and 102 Ma.

3.4.3.3 Sample SB-7-6a

This sample was taken along a highway 97 road-cut, at Vaseux Lake. Sample SB-7-6a
(Fig. 3.20) is from aIm-wide coarse-grained, pegmatite sheet containing muscovite, quartz,
plagioclase, K-feldspar, almandine garnet, and chloritized biotite. The intrusion represented by
the sample cross-cuts the Vaseux amphibolite gneiss and leucosome layers. The lack of foliation
appears to be due to its coarse-grained nature and lack of abundant platy minerals. This sample
was collected along with co-deformed leucosome sheets, an amphibolite sheet and a later, cross
cutting felsic intrusion (SB-7-6b). As it is cross-cut by a foliated intrusion (SB-7-6b) we know it
was intruded before the end of ductile deformation.
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Figure 3-20. Sample SB-7-6b geochronology.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 20" errors (scale bar in 11m).
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Figure 3-21. SB-7·6a V-Pb age plots.

(a) TW concordia diagram of the calibrated total 238UP06Pb ratios versus the total
207PbP06Pb ratio with weighted means, (b) TW concordia diagram of the calibrated
total 238UP06Pb ratios versus the total 207PbP06Pb ratio with calculated intercept.
Analyses plotted as 2cr error ellipses. The mean ages are weighted means at the 95%
confidence level.
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This sample was analyzed using LA-ICPMS. The pegmatitic sheets have proven very

difficult to date by the U-Pb method due to anomalously high U levels. The zircon crystals are
"dirty" in appearance and have cloudy cores; in CL they are euhedral to subhedral with very

distorted cores and overgrowths that are oscillatory zoned. The majority of ThIU values range
from 0.004 to 0.02. The two youngest ages, from the Eocene, give ratios indicative of igneous

origin, 1.25 but have a very rounded shape with broad zoning. The three age populations are: 91.0

± 1.4 Ma, 82.6 ± 4.4 Ma and 50.5 ± 1.2 Ma Figure 3.21. The youngest age recorded is 50.2 ±1.5
Ma.

One important point that comes from the dating of this pegmatite along with its field

evidence is the care that needs to be taken in using coarse-grained pegmatites for timing

relationships. In the field, this pegmatite looks mainly undeformed and appears to be constraining

the end of high temperature deformation. If it was not for the cross-cutting foliated granitic dike
(SB-7-6b) this would be accepted as true. Using "undeformed," strong, coarse-grained pegmatites

as lower age constraints for deformation may be umeliable, especially if they lack platy minerals

that can show deformation easily.

3.4.3.4 Sample SB-1l-15a

Sample SB-11-15a (Fig. 3.22) is a grey, fine-grained, K-feldspar-hornblende-quartz,

granite intrusion that cross-cuts a large dioritic intrusion (Bighorn Sheep pluton) in the Okanagan

gneisses.
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Figure 3-22. Sample SB-11-15a geochronology.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2cr errors (scale bar in ~m).
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Figure 3-23. SB-1l-15a V-Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb ;2J8U ratio with a inset showing a close-up along concordia (b)
TW concordia diagram of the calibrated total 238UP06Pb ratios versus the total
207PbP06Pb ratio with weighted means. Analyses plotted as 20" error ellipses. The
mean ages are weighted means at the 95% confidence level.
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Sample SB-II-15a was analyzed using LA-ICPMS. The zircon crystals are euhedral,

with oscillatory zoning, and some inherited cores (Fig. 3.22b). The ThIU values range from 0.02

to 0.33. The majority of zircon crystals are Eocene with a few inherited grains with peaks (Fig.

3.23) at 106.6 ± 2.2 Ma (MSWD =2.8) and 63.2 ± 3.4 Ma (MSWD =4.2). The interpreted

intrusive age is 51.7 ± 1.1 Ma (MSWD =3.2); the youngest age recorded is 49.0 ±2.7 Ma. There
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is also an inherited core that gives an age 1323.8 ±30.9 Ma with an Eocene rim. SB-11-15a
appears to have picked up zircon from the Bighorn Sheep pluton and possibly from units below.

3.4.3.5 Sample SB-08-16

This sample is from a road outcrop adjacent to the Bighorn Sheep habitat area, along East
Lakeside road, east of Skaha Lake south of Penticton. Sample SB-08-16 (Fig. 3.24) is a grey, K
feldspar-quartz-hornblende-beari!1g, fine-grained, granitic, near vertical, foliated intrusion that
cuts the Eg diorite (Bighorn Sheep pluton, SB-08-17, SB-1l-15b and SB-07-68 of Chapter 2) and
felsic pegrnatites.
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Figure 3-24. Sample SB-08-16 geochronology.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 20" errors (scale bar in 11m).
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Figure 3-25. SB-08-16 U-Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p38U ratio with weighted means (b) TW concordia diagram of
the calibrated total 238U/206Pb ratios versus the total 207PbP06Pb ratio. The mean ages
are weighted means at the 95% confidence level.
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This sample was analyzed using SHRIMP. The zircon crystals are subhedral, oscillatory

and sectored zoned. The ThiU values range from 0.05 to 0.45; ages range from 173-51.7 Ma (Fig.

3.25). Populations determined from TW plots give weighted means of 167 ± 13 Ma (MSWD =
2.8) and 107.0 ± 7.0 Ma (MSWD =4.9), interpreted to reflect inheritance, while 53.5 ± 6.3 Ma

(MSWD = 2.8) is interpreted as the intrusive age.
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3.4.4 Plutonic rocks in the footwall of the OVSZ

3.4.4.1 Sample SB-07-12

This sample is from the Okanagan Highlands above Allendale Lake. The sample (Fig.
3.26) is a very coarse-grained porphyritic, K-feldspar, biotite, hornblende syenite, with clasts that

average 2 em in length, and the unit has been correlated with the Coryell syenites, a series of syn
extensional Eocene stocks. The Marron Formation volcanics in the hanging wall and the Coryell
syenite are coeval and co-magmatic (chemical similarity and peripheral; Souther, 1991). This
syenite is very different from the surrounding granodiorite of the Okanagan granitoids, very
deformed, with a near vertical fabric in places, and has xenoliths of gneiss in it. The unit was
emplaced where three different units meet, the hornblende diorite pluton, the gneisses and the
Okanagan batholith.
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Figure 3-26. Sample SB-07-12 geochronology.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 2cr errors (scale bar in 11m).
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Figure 3-27. SB-07-12 V-Pb age plots.

(a) TW concordia diagram of the calibrated total 238UP06Pb ratios versus the total
207PbP06Pb ratio with calculated intercept (b) Weighted mean plot. Analyses plotted
as 2a error ellipses. The mean ages are weighted means at the 95% confidence level.
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This sample was analyzed using LA-ICPMS. The zircon crystals are sub- to anhedral,

equant, and mainly oscillatory zoned. Some of the zircon crystals appear to have longitudinal

cracks or defects and cloudy cores. The Th/U values range from 0.43 to 1.31, firmly in the

igneous range. The interpreted age is 50.25 ± 0.34 Ma (MSWD = 1.12, Fig. 3.27); youngest age
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recorded is 48.7 ±1.6 Ma; entirely consistent with the previous interpretation of the unit being
Coryell syenite and consistant with the OVSZ timing of deformation.

3.4.5 Volcanic rocks in the hanging wall of the OVSZ

3.4.5.1 Sample SB-07-78

Sample SB-07-78 is from a cliff outcrop in an inactive quarry in Venner Meadows. This
is the one volcanic sample that was dated because it was mapped as one of the Eocene volcanic
outliers within the footwall suggested to be part of a series of scattered stratified outcrops west of
the Grand Forks complex that is part of a single large basin (Tempelman-Kluit and Parkinson,
1986; Parrish et aI., 1988). Sample SB-07-78 (Fig. 3.28) is from a thick, massive, rhyodacite unit
with carbonaceous shale seams, believed to be part of the Marama Formation. The light colored
rhyodacite has extremely oxidized phenocrysts, a grey to white clay matrix with small (0.5-1 rom)
phenocrysts of brown color. The rhyodacite weathers yellow-orange and white, a fresh surface is
grey with an extremely fine matrix and phenocryts of K-feldspar and quartz present. This thick
unit (>40 metres high) is faulted and folded, with conjugate fractures and apparent bedding
(065/70 SE) preserved. There are some pockets that seem to preserve a very fine-grained, layered
ash or lacustrine deposit. As mentioned earlier, a fault contact (determined from drill core)
separates this volcanic 'klippe' from the underlying amphibolite gneiss but information about the
relationship with the surrounding granitoids could not be determined.
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Figure 3-28. Sample SB-07-78 geochronology.

(a) Outcrop photo showing geologic relationships. (b) CL images of zircon showing
location and age of spot analysis with 20" errors (scale bar in !lm).
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Figure 3-29. SB·07·78 V·Pb age plots.

(a) Classical Wetherill (1956) concordia plot of the calibrated total 207Pb/235U ratios
versus the total 206Pb p38U ratio (b) TW concordia diagram of the calibrated total
238UP06Pb ratios versus the total 207PbP06Pb ratio and inset showing one of the
calculated intercepts. Analyses plotted as 2a error ellipses. The mean ages are
weighted means at the 95% confidence level.

a

38-07-78

0.03

0.02

0.01

0.10 0.20 0.30

LA-ICPMS

0.18 ".---------------------,

b 0.16

0.14

r0.053

207
Pb

206
Pb o

0.12

. , .

....0- '1- ·o.~... .-......' ...(~.~.~..i~t' ~-f.f..-.-o.......,) ...--.....,... ....~>..

72 70' .68 66. 64 62 60
.:--- >-0.< f:'---

i 0.045 J0.10
92.000 hoo.ooo 182.000

0.08 \0.06 0 23i.J
600'- 0 206Pb

O.04 '--~-"-~--'-~~~~-'-~----''---':.::--'--'---'-----'--'

0.00 2000 40.00 60.00 80.00 100.00 120.00 140.00 160.00

This sample was analyzed using LA-ICPMS. The zircon crystals are subhedral to

anhedral, with sector and oscillatory zoning, cores and rim overgrowths. The TWU values range

from 0.02 to 0.46. The ages varied, the youngest concordant age was 51.5 ±2.5 Ma. Many of the
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other ages appeared to be mainly inherited zircon, ranging from 226 Ma to 62 Ma (Fig. 3.29).
Based on its age, sample SB-07-78 appears to have been erupted during exhumation of the core
complex.

3.4.6 Interpretation

Depending on the sample, multiple ages can be returned that may represent to several
phases of zircon crystallization and growth, or recording metamorphism.

Many of the granitic and leucosome melts contain inherited, xenocrystic zircon crystals
that have not dissolved in the zircon saturated melt and remain as cores. Zircon can crystallize or

recrystallize over a wide range of pressure and temperature conditions including prograde,
retrograde or peak metamorphism (Rubatto, 2002). The formation of a metamorphic zircon
domain or new zircon can occur by growth from a metamorphic fluid or as recrystallization
(modification of the structure and the chemical composition) in a sub-solidus state of an already
existing primary magmatic or detrital crystal which resets the U-Th-Pb isotopic systems (Rubatto
et aI., 1999). The recrystallization process can be facilitated by the presence of metamorphic
fluids and by the amount of radiation damage of the zircon cores (Rubatto et aI., 1999); new
zircon may form at the expense of existing inherited cores which may be partly resorbed.

There are several methods used to determine whether an age represents magmatic
crystallization or metamorphic resetting events. In many cases ThIU and distinctive
cathodoluminescence (CL) zoning patterns (Rubatto et aI., 1999; Rubatto, 2002) can be used;
however, even they can be ambiguous as many of the intrusive sills in the gneisses appear to have
formed as a result of anatectic melting of psammites. If a zircon is the result of igneous
crystallization it should have similar composition and zoning within a given sample, and zoning
that is typical of magma crystallization (Crowley et aI., 2008). Often metamorphic zircon crystals
have uniform composition, are rounded and lack zoning. Discordance of zircon has also been
used in studies as a sign of metamorphism and deformation where zircon has lost Pb, become
metarnict, or overgrowths of new zircon have formed.

Using these criteria along with U-Pb ages and field relationships, an attempt has been

made to differentiate the age of igneous crystallization and metamorphism. The ThIU values are
ambiguous in most cases in this study as most analyses fall between the defined zones (0.49

0.08), and values indicate that analyses in the same age group are both igneous and metamorphic
(Fig. 3.30). Using the Th/U ratios must be considered a first-order approach. It is quite possible to
produce a magma that has very low Th concentrations and/or high U concentrations based on
many factors that influence the composition of the melt or metamorphic fluid from which the
zircon crystallize. In addition, there are different values used depending on the author; Rubatto
(2002) stated that a typically magmatic Th/U ratio is 0.18-0.47, whereas other studies (Williams
et aI., 1996; Rubatto and Gebauer, 2000) have used values between 0.1 and 0.7. In situations

where the interpretation using Th/U ratio is ambiguous, the internal and external morphology of

zircon can be used; i.e., metamorphic zircon lack oscillator or sector zoning and are generally
subrounded and have resorbed shapes (Corfu et aI., 2003). Ideally, both should be used together

each time. Unfortunately, in the case of fluid rich systems this pairing of criteria is not necessarily
consistent, and igneous-like zoning and euhedral crystal shapes are common.
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Figure 3-30. Th/U plots.

Th versus U for different age groups for the SHRIMP analyses conducted during
this study.There are samples that were dated during this study but not included in
this chapter, please see Chapter 2 for additional details.
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Zircon crystals in most of the samples have grain morphologies and internal zoning that
are most consistent with an igneous origin; however, they have low ThIU values. For these types
of samples where the morphology suggests igneous and the ratio suggests metamorphic a
reasonable interpretation of concordant data is that they represent zircon crystallizing from a melt
that was generated during amphibolite facies metamorphism (Hosldn and Schaltegger, 2003).

During the Paleogene, anatectic melting and migmatization led to new zircon growth,
which by definition is magmatic as opposed to metamorphic (Hosldn and Schaltegger, 2003).

There are several syntectonic intrusions present that cross-cut the main fabric and are weakly- to

moderately-foliated parallel to the gneiss, which are interpreted to have been injected during the

last stages of extension. The intrusions contain several older cores like the migmatitic leucosome

(see chapter 2), but mainly record Eocene ages from 53-49 Ma. These younger ages are coeval

with the migmatization of the gneisses and exhumation in the Eocene. The new zircon growth in

the leucosomes and the syntectonic granitic intrusions suggest that ductile deformation and
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Figure 3-30. Th/U plots.

Th versus U for different age groups for the SHRIMP analyses conducted during
this study.There are samples that were dated during this study but not included in
this chapter, please see Chapter 2 for additional details.
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Zircon crystals in most of the samples have grain morphologies and internal zoning that
are most consistent with an igneous origin; however, they have low Th/U values. For these types
of samples where the morphology suggests igneous and the ratio suggests metamorphic a
reasonable interpretation of concordant data is that they represent zircon crystallizing from a melt
that was generated during amphibolite facies metamorphism (Hoskin and Schaltegger, 2003).

During the Paleogene, anatectic melting and rnigmatization led to new zircon growth,
which by definition is magmatic as opposed to metamorphic (Hoskin and Schaltegger, 2003).

There are several syntectonic intrusions present that cross-cut the main fabric and are weakly- to
moderately-foliated parallel to the gneiss, which are interpreted to have been injected during the

last stages of extension. The intrusions contain several older cores like the rnigmatitic leucosome

(see chapter 2), but mainly record Eocene ages from 53-49 Ma. These younger ages are coeval
with the rnigmatization of the gneisses and exhumation in the Eocene. The new zircon growth in
the leucosomes and the syntectonic granitic intrusions suggest that ductile deformation and
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zircon-forming conditions occurred until at least 49 Ma. All the evidence presented for this study
area (i.e., the young ages of zircon crystals in deformed units and structural relationships)
indicates that the deformation in this part of the OVSZ is Eocene (-55-49 Ma).

The syntectonic Coryell syenite sample is contemporaneous with Eocene extension,
anatectic melting, migmatization, and intrusion of granitic and pegmatitic sheets.

The rhyodacite sample (Em unit) was deposited at or after at 51.5 ±2.5 Ma; at depth this
klippen is in fault contact with the gneisses. This is the same relationship seen along the OVSZ
where the gneisses are now juxtaposed against Eocene White Lake Basin terrestrial sediments
and Eocene volcanics. Based on K-Ar and Ar-Ar cooling ages the gneisses were being exhumed
from mid-crustal conditions from 58- 48 Ma along the Okanagan Valley fault as the White Lake
basin units were being deposited at the surface.

3.5 Discussion

The tectonic conditions that led to extension in southern BC are well known; Early
Jurassic to Late Cretaceous - Paleocene compression evolved into rapid (59--48 Ma) late
Paleocene to Eocene ESE-WNW directed extension across the southern Omineca belt (Monger et
al., 1982; Parrish et al., 1988; Carr, 1992; Bardoux and Mareschal, 1994; Wingate and Irving,
1994). The onset of regional extension, including the OVSZ, is attributed to changes in the
interaction of North American and Kula-Farallon plates (Ewing, 1980). During the Paleocene
there was very rapid plate velocity and orthogonal convergence; in the Eocene motion changed to
oblique, strike-slip convergence as the Kula Plate moved dominantly northward compared to
North America (Engebretson et al., 1984; Gabrielse and Yorath, 1991). Recognition of a slab
window (Thorkelson and Taylor, 1989; Smith and Thorkelson, 2002; Dostal et al., 2003) under
North America helps to explain the onset of oblique converge and elevated heat flow and
magmatism in the Shuswap metamorphic complex, conditions favoring crustal extension
(Breitsprecher et al., 2003; Madsen et al., 2006). The slab window was active during the Eocene,
producing alkaline magmatism and aiding tectonic denudation by allowing the upwards flow of
asthenspheric mantle to thin the overlying continental lithosphere and increase crustal elevation
(Thorkelson and Taylor, 1989). At 50 Ma, the window was open to the south of Penticton
(Breitsprecher et al., 2003) providing an avenue for upwelling asthenosphere to thermally soften
the lithosphere under the Okanagan Valley, leading to volcanic and plutonic activity. The
increased magmatic activity emplaced alkaline lavas in the southern British Columbia that have
rift geochemical signatures (Penticton Group, Kamloops Group), adakitic lavas (Princeton Group;
Ickert et al., 2009), lamprophyres (Three Valley Suite dikes; Adams et al., 2005; southern margin
of the Valhalla complex, Sevigny and Theiault, 2003) and plutons (Coryell syenite, Colville
Igneous complex). After this change in boundary forces the elevated ranges of the Omineca belt,

under the influence of abundant mid-crustal anatectic melts, and possibly mantle lithospheric
delamination, underwent crustal extension (Bardoux, 1993).

The presence of a major detachment and shear zone within the southern Okanagan Valley

is based on several lines of evidence including: (1) the steep metamorphic break observed across
strike; (2) the deformation recorded within the gneisses; (3) the major strain gradient as the rocks

of the hanging wall do not show the extensive ductile deformation that affected the footwall; and
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(4) anatectic melts, plutonism, and cooling ages in footwall gneisses are coeval with sedimentary
deposition and eruption of volcanics in the hanging wall.

3.5.1 Structural evidence for extension

The structural evidence for extension has been laid out in the preceeding sections. This
includes the gradational domains of the sheaz zone; the foliated plutonic rocks at the base that
grade into non-deformed granodiorite in the footwall of the shear zone and the presense of
cataclasite and breccia in the upper parts of the shear zone that grade into non-deformed
volcaniclastic and sedimentary rocks in the hanging wall. The changes in amount and degree of
deformation represent a strain gradient across the lower margin of the OVSZ, where increasing
strain is manifested in foliation development, grain-size reduction and recrystallization, and
mylonitization.

The relationship of orthogneiss grading into foliated granodiorite, and then non-foliated
granodiorite, of the same bulk composition and age strongly suggests that the orthogneiss
represents the most highly-strained part of the Okanagan batholith entrained in the OVSZ. The
strengthening of the foliation, and the development of a stretching lineation and consistent
kinematic criteria indicate higher strain conditions associated with their occurrence in the middle
of the shear zone (Zone 2). Dynamic recrystallization of the orthogneiss groundmass and
development of a pervasive mylonitic fabric have decreased the grain size, again indicating high
strain.

Many of the structural elements found throughout the gneisses can be used to decipher
information about motion along the OVSZ. Fold hinges are generally parallel to the stretching
lineation suggesting there was substantial shear strain that progressively rotated the fold hinges

into the extensional quadrant of strain approximately parallel to the transport direction (Bell,
1978). Shear sense indicators that are discernable consistently give a tops-to-the-west-northwest
sense of displacement (Figs 3.7 and 3.12). The gneisses, therefore, underwent non-coaxial,
progressive deformation in a general shear regime and developed a penetrative, brittle-ductile

extensional fabric with a top-to-the-northwest sense of shear.

3.5.2 Geochronological evidence for extension

The Eocene history involves ca. 53-49 Ma thermal and magmatic events including
migmatization during the main phase of anatectic melting of the Okanagan gneiss, and syn
tectonic intrusion of granitic and pegmatitic sheets. The gneiss underwent ductile deformation
from 56-49 Ma, was >650°C and at considerable depth (20 km) at 53-49 Ma due to the
temperature of zircon crystallization, the metamorphic assemblage in the pelites (upper
amphibolite-facies) and the presence of anatectic melts (i.e., above the "wet" granite solidus). The

metamorphosed amphibolite layers and pervasive leucosome sheets were then transposed and

ductily deformed while being intruded from anatectically melted peralumnious, syntectonic
granites. Additional zircon growth is recorded as rims on amphibolites and as new growth in

leucosomes. The amphibolites, leucosomes and grainitic intrusions all record Eocene zircon
growth related to migmatization and/or crystallization.
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Ages for compressive deformation in this region are poorly constrained, but farther to the

east and north within the Monashee complex it is known to have persisted until ca. 49 Ma
(Crowley et al., 2001) at the deepest levels of the orogen. A syntectonic mylonitized granitic

sheet of the Ladybird suite dated by Bardoux (1993) gives a zircon crystallization age of 56.4 Ma

indicating that the ductile shearing at the top of the fault was active by the Early Eocene. Bardoux

(1993) concluded that high temperature gradients and ductile deformation occurred until 51 Ma,

with brittle deformation occurring mainly between 52-48 Ma. The temporal evolution of the fault

in the Kelowna area was constrained between 56-48 Ma based on V-Pb, K-Ar and Ar/Ar, and

undeformed felsic dikes that cut through mylonitic gneisses at 48.6 ±D.7 Ma providing a bracket

to the end of ductile shearing (KIAr biotite; Bardoux, 1993). Results from this study show that

ductile deformation continued until -49 Ma. Extension ductile deformation was clearly

contemporaneous with the end of compression. The Middle Crustal Zone bounded by the

Okanagan - Eagle River fault and the Victor Creek fault, with statistically indistinguishable

apatite and zircon fission-track ages ranging from 49.0 ± 4.4 to 42.8 ± 4.6 Ma (Lorencak et al.,

2001), imply very rapid cooling soon after ductile deformation ended.

3.5.3 Thermobarometric evidence for extension

The thermobarometry results (Fig. 3.10) confirm that the gneisses have been exhumed

from a considerable depth, -20 km in a relatively brief time. The lack of retrograde reactions

(Fig. 3.11) suggests that the exhumation rate was faster than diffusion-controlled mineral re

equilibrium could occur. The pressure and depth estimates obtained are similar to those from

garnet-biotite meta-pelites in the Kelowna area and the nearby Grand Forks gneiss. The 6 samples

previously analyzed for thermobarometry gave results of 750°C/6.0 kbar (Bardoux, 1993),

interpreted to be related to the last stages of a Late Cretaceous-Paleocene thrusting/compression,
and the retrograde metamorphism (600°C/4.5 kbar) occurred during Eocene tectonic exhumation

and decompression. The paragneisses metamorphosed to peak conditions in Late Cretaceous
Early Cenozoic during regional compression (Bardoux, 1993) agree well with the inferred

thermal peak of metamorphism in the southern Shuswap between the Late Cretaceous and

Paleocene (Carr, 1995). Other work in the SMC using diffusion modeling of coexisting garnet

biotite pairs (Spear and Parrish, 1996; Spear, 2004) also demonstrated that the metamorphic

assemblages of the SMC experienced rapid cooling during the Late Paleocene to Middle Eocene.

The amount of extension attributed to the OVSZ varies throughout the SMC. However,

based on metamorphic equilibrium conditions measured in this study (suggesting gneiss in the

footwall was -20 km below the surface in the Eocene), and differences in possible fault dip

(between 15°-30°), the horizontal displacement related to the OVSZ is inferred to be -29-86 km.

These values seem to be corroborated by the change in crustal thickness from 50-60 km at the end
of compression (Brown et al., 1986; Gibson et al., 2008) to 32 km today (Cook et al., 1988)

indicating an overall crustal thinning of -50%.

3.5.4 Other evidence for extension

Paleomagnetic evidence indicates that approximately half of the mid-Eocene volcanic

rocks of the Marron Formation in the upper plate of the OVSZ (Bardoux and Irving, 1989) were
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magnetized before tilting and the other half afterwards. This evidence was used to argue that both

magnetization and tilting occurred very soon after deposition over a short interval of time, since
the Marron Formation has normal polarity, except for its thin, lowest member. This interval must

have been <1 Ma, which is the maximum length of a normal polarity chron in the early Eocene

(Wingate and Irving, 1994). Tilting in the hanging wall was probably coincident with motion on

the OVSZ, which indicates that the OVSZ may have been active up to the end of chron 23n at

50.6 Ma (Wingate and Irving, 1994). This argument does not place younger limits on all activity

on the OVSZ; Wingate and Irving (1994) proposed that that the paleomagnetic data is evidence

that the majority of motion on the OVF occurred before 50.6 Ma because large motions on the

OVSZ would have produced more deformation in its upper plate.

Sedimentations patterns and timing along the shear zone (including the aforementioned

White Lake Basin) indicates that exhumation was affecting the the surface during the Eocene.

Basin fill in the Toroda Creek and Republic grabens are dated at ca. 54 to 48 Ma (Pearson and

Obradovich, 1977; Suydam and Gaylord, 1997), which indicates that the intrusion of the Colville

batholith, mylonitic deformation, exhumation, and burial beneath the basin fill took place in a
short time interval.

3.6 Conclusions

V-Pb zircon ages in the OVSZ record Eocene migmatization, magmatism, and

deformation related to crustal extension; ductile deformation occurred at least until 49 Ma. Syn

tectonic felsic intrusions likely formed as the result of partial melting during anatexis. There is no

evidence of a significant, pre-Eocene compressional deformation history (Le., a thrust fault) along

the OVSZ. Extension occurred across a 1.5-2 km wide ductile shear zone and bounding brittle

detachment surface; transport was top-towards the west-northwest (-290°). Estimates of

extension found in this study are -29-86 km, comparable with earlier interpretations (Parkinson

and Tempelman-Kluit, 1986; Bardoux, ~993); and yet is incompatible with studies that have

questioned the presence of a major detachment further north along the OVSZ (e.g., Glombick et

aI., 2006). The OVSZ represents the western-most, major, crustal-scale detachment within the

southern Canadian Cordillera, and the western and structurally-highest margin of the Shuswap

metamorphic complex.
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4: CORRUGATIONS ON CRUSTAL-SCALE
DETACHMENTS: INSIGHTS FROM THE OKANAGAN
VALLEY SHEAR ZONE, SHUSWAP METAMORPHIC
COMPLEX, SOUTHERN BRITISH COLUMBIA

4.1 Abstract

The regional distribution of high- and low- grade metamorphic rocks and non
metamorphosed rocks across the south striking Okanagan Valley shear zone (OVSZ) in southern
British Columbia has created recent debate about the validity of the presence of a major
detachment fault. These Paleozoic to Eocene units that straddle the current mapped location of
the fault have led to large discrepancies in the estimates for extension. This paper provides a
viable model to explain these occurrences using the morphology of non-planar detachment faults;
the semi-continuous nature of these units are, in part, controlled by west-northwest-trending

corrugations of the detachment surface. These corrugations are large-scale (wavelengths 2:10 km),
upright, open antiforms and synforms developed penecontemporaneous with Eocene extension
across the OVSZ and exhumation of the adjacent Shuswap metamorphic complex (SMC), one of
the largest metamorphic core complexes on Earth.

4.2 Introduction

The Eocene Okanagan Valley shear zone (OVSZ) delineates the western margin of the
Shuswap metamorphic complex, juxtaposing sillimanite-grade crystalline rocks against

dominantly non-metamorphosed sedimentary and volcanic rocks. The boundary between these
two disparate packages of rock is a 1.5-2 km thick, moderately-west-dipping ductile shear zone
bounded by a brittle detachment surface; the shear zone grades abruptly from mylonitic
amphibolite-facies gneiss to cataclasite. The Okanagan area can be broken into broad structural
domains that appear to influence the geometry of the shear zone. The Okanagan gneiss and
associated mylonites are not continuous along the entire shear zone but appear in "pockets"; this
may be the result of structural heterogeneity of the shear zone, localization of protolith or
differing amounts of extension along the fault. Another possibility is that the discontinuous nature
may be due to the highly corrugated surface of the fault; the fault surface is deformed by open,
upright, large scale folds with axes in the same direction as extension. Gneisses within the shear

zone and upper plate rocks occur in structural lows (when the fault angle is low) and granitic
rocks of the lower plate occur in highs (where the shear zone arches over them at a higher angle),

sometimes leaving carapaces of gneiss. These broad arches and lows are parallel to the

extensional direction ()3) and may explain the changes in outcrop type and angle along the fault.
In this chapter a model is presented to explain the appearance of large-scale belts of semi

continuous upper plate stratigraphy across the OVF that otherwise imply little to no displacement
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to have occurred. In turn, this provides a tectonic explanation for the apparent absence of major
extension along the OVF in the Vernon area that is compatible with the geological mapping
conducted there. This chapter describes the corrugations along the OVSZ and investigates the
conditions leading to their formation, and their possible role in resolving outstanding
controversies regarding the tectono-stratigraphic architecture of the SMC and its upper plate.

4.3 Non-planar detachment surfaces

Large-scale, broad, open, upright folds that formed more or less concurrently with
extension on low-angle detachment faults are observed in extensional tectonic regimes
throughout the world (e.g., southwestern USA, Spencer, 1982; Spencer, 1984; Wernicke and
Axen, 1988; European Alps, Mancktelow and Pavlis, 1994; Iberian Peninsula, Martinez-Martinez
et aI., 2002) and the southern Canadain Cordillera (Fig. 4.1; Johnson, 1994; this study). The
margins of many metamorphic core complexes preserve remnants of the upper plate (hanging
wall) and the shear zone in large (metre- to kilometre-scale) synforms inset or recessed into the
lower plate (footwall), with (1) fold axes parallel to the regional extensional direction, and / or (2)
fold axes perpendicular to the regional extensional direction (Fig. 4.2; Spencer, 1982). These
synformal 'keels' are typically semi-regularly spaced and separated by prominent antiformal
'ridges' of lower plate rocks. Domes of lower plate rocks and basins of upper plate rocks occur
where both sets of folds are present in an orthogonal arrangement (type 1 superimposed folds;
Ramsey, 1962). The detachment surface inferred to juxtapose the upper and lower plate rocks is

therefore strongly non-planar (Fig. 4.3).
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Figure 4-1. Simplified geological map showing the distribution of high-grade metamorphic
and granitic rocks of the Shuswap metamorphic complex, and adjacent
Paleozoic-Mesozoic tectono-stratigraphic belts and Eocene rocks.

Abbreviations: K - Kettle River-Grand Forks dome, M - Malton gneiss, Mo 
Monashee culmination, Ok - Okanagan complex, OkD - Okanogan Dome, P - Priest
River complex, V - Valhalla dome, RG - Republic Graben; CRF - Columbia River
fault, FF - Fraser fault, MD - Monashee decollement, OVF - Okanagan Valley fault,
SRMT - Southern Rocky Mountain Trench. Inset: Position of the Shuswap
metamorphic complex (SMC) within the Omineca belt of the southern Canadian
Cordillera; S - Seattle, V - Vancouver. Adapted from Johnson (2006) and
Kruckenberg et al. (2008).
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As the deformed, non-planar detachment surface intersects the local erosion level,
antiformal inliers ('fensters') of resistant, mid-crustal crystalline lower plate rocks are exposed
within the upper plate and synformal outliers ('klippen') of recessive, shallow, near-surface
sedimentary and volcanic rocks are stranded on the otherwise extensively-exposed lower plate
(Fig. 4.2). This typically affects the topographic expression of the detachment surface and the
metamorphic core complex it bounds (e.g., Buckskin Mountains, southwest Arizona; Michalski et
aI., 2007; Fig. 4.4) producing regions of higher elevation and greater relief over the expressions
of the antiformallower plate rocks, separated by low elevations of recessive, synformal keels
containing upper plate rocks (Spencer, 1999). Commonly the basal contact between the klippen
and the surrounding footwall defines a spoon-shaped geometry (Chauvert and Seranne, 1994).
The drainage system in such areas is often characterized by divergent, radial stream patterns over
the ridge-like antiforms and coalesced drainage in the trough-like synforms.
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Figure 4-2 Simplified block model of metamorphic core complexes and key corrugation
structures.

a) through c) are schematic diagrams of corrugations in the upper plate rocks. c)
corrugation are only crudely synformal, unlike those in the conceptual model a anb
b. The dark lines represent the detachment fault surface. Adapted from Spencer and
Reynolds (1989) and Michalski et al. (2007).
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Figure 4-3. Interference folding diagram.

Stages a) through c) show development of refolded corrugations. Heavy black arrow
denotes extensional direction, solid lines show synformal and antiformal axial fold
traces.
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Folding perpendicular to the extension direction is commonly attributed to relatively late
stage (Spencer, 1982; Buck, 1988; Wernicke and Axen, 1988; Bartley et al., 1990; Spencer and
Reynolds, 1991) warping of the detachment due to rapid exhumation (vertical transport) and

doming of the lower plate (i.e., a nascent metamorphic core complex), often synchronous with, or
after the formation of extension-parallel folds. The axis of doming of the detachment is inferred

to be transient (Le., rolling hinge), so that all of the detachment and upper plate are warped to

some degree before the upper plate is eventually breached to form an exposed metamorphic core
complex. Corrugations have been recognized on detachments in the southwest USA (Spencer and

Reynolds, 1991; Davis et al., 1993; Fowler and Calzia, 1999), western Norway (Johnston and

Hacker, 2005), northern China (Davis et al., 2002), the Aegean Sea (Wawrzenitz and Krohe,

1998), the Mid-Atlantic Ridge (Tulcholke et al., 1998; Tulcholke et al., 1998; Smith et al., 2008),
and the Godzilla Mullion, Philippine Sea (the world's largest metamorphic core complex;
Harigane et al., 2008), and now along the Okanagan Valley fault (OVF) in the southern Canadian
Cordillera (this study).

Corrugations typically have wavelengths of >200 m - 20 km, and amplitudes of 30 
2,000 m. Some corrugations within core complexes in SW Arizona can be followed for up to 40

km parallel to the extension direction (John, 1987; Spencer, 1999; Fig. 4.4). Corrugations
developed in oceanic crust ('mega-mullions') parallel to the spreading direction tend to be

smaller (Fig. 4.5; wavelengths:::;8 km, amplitudes :::;700 m; Blackman et al., 1998; Tucholke et al.,

1998; Tucholke et al., 2001; Smith et al., 2006), although wavelength-amplitude ratios are similar
to those found in terrestrial core complexes; 10:1 to 30: 1. Wavelengths and amplitude may be

controlled by layer thickness as has been shown with studies of mullions with aspect ratios
(height/width) between 1 and 3 (Jongmans and Cosgrove, 1994; Rondeel and Voermans, 1975).

The exception is the Godzilla core complex which has at least one antiformal groove that is 60

km long and 5 km wide (Spencer and Ohara, 2008). Corrugation folds are characteristically open

(interlimb angle 2:90°), upright (dip of fold axial plane :::;20°), cylindrical, symmetrical, and

concentric (i.e. buckle-style folds); smaller, synthetic parasitic corrugation folds occur at all

scales (cm to hundreds of metres) in the limbs of major, large-scale corrugation folds. Where

folded by later, extension perpendicular folds, the corrugations cease to be cylindrical and instead
the plunge of their fold axes vary systematically; individual corrugations can be envisaged to

porpoise up and down sinuously (Fig. 4.3), which results in a 'dome and basin' Type 1 fold
interference pattern (Ramsay, 1962).
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Figure 4-4. Kilometre-scale corrugations within a metamorphic core complex.

Corrugations highlighted by the advanced spaceborne thermal emission and
reflection radiometer (ASTER) image of the Buckskin Mountains of western
Arizona. The fault trace of the Buckskin-Rawhide detachment fault (BRDF) is
shown where mapped or inferred. The low angle of the corrugated detachment fault
surface with the current level of erosion results in a complex map pattern and the
preservation of several klippen. Several major NW-SE-striking normal faults are
shown (Michalski et ai., 2007); footwall antiforrns and hanging wall synforrns are
also labeled.
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Figure 4-5. Oceanic core complex corrugations.

(a) Megamullion that developed between 3.3-2.1 Ma, at the Mid-Atlantic Ridge,
23.5° north. The domed N-S-trending megamullion is corrugated by E-W-trending
ridges (confusingly referred to as mullions) that parallel the extension direction. A
steep, west-facing normal fault formed as the megamullion was exhumed, and it
strikes at right angles to the corrugations and truncates them. The image was
generated from multibeam sonar data (Turcolke, 1998). (b) Shaded relief bathymetry
of Dante's Domes megamullion on the east flank of the Mid-Atlantic Ridge. The
domed structure in the center is interpreted to be the footwall of a long-lived
detachment fault. The surface is corrugated by E-W flow line parallel structures with
amplitudes less than a few tens of meters, interpreted to be fault corrugations; ship
tracks were oriented NW-SE, so the features are not manufactured (Turcholke et ai.,
1998; 2001).
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4.3.1 Relative timing of folding of the detachment surface

Understanding the timing of detachment surface folding is critical to fully understanding

the deformation process, and kinematics of core complex formation, although it is complicated by
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several factors including: (1) the initial morphology of the detachment, (2) the presence of
significant pre-existing structure and rheological heterogeneities within the detachment zone, and
(3) the difficulty in accounting for shortening and folding during tectonic extension. A key piece
of evidence used to show that these features are related to extension, and not to an unrelated later
shortening event, is the parallelism between the corrugation fold axes and the mylonitic lineations
with the extensional direction (Spencer'and Reynolds, 1991). The open, upright and cylindrical
nature of the folds is also an indication that these features were not subsequently reoriented
(Buick, 1991). Additionally, paleomagnetic studies (Livaccari et aI., 1995; Spencer, 2000)
conducted at core complexes in southwest Arizona indicate there is no magnetic signature of
folding, therefore, the corrugation folds had to form under high temperatmes and were not re
orientated during later, cooler shortening. These paleomagnetic studies (and the fold tests they
employ) indicate that the antiformal footwall arches are one of the oldest structures of
metamorphic core complexes that developed before, or during extension-related mylonitization of

footwall rocks (before acquisition of the remnant magnetization; Livaccari and Geissman, 2001).

Shortening perpendicular to the extension direction is expected to occur when 0'\ > 0'2 >

0'3, in a triaxial strain regime, as has been demonstrated in numerical and analogue experiments

(e.g., Grujic and Manckletow, 1995). In the case of an evolving metamorphic core complex, 0'\ is

inferred to be sub-vertical (gravity and buoyancy forces), 0'3 is the extension direction, and 0'2 is
the mutually-perpendicular intermediate stress direction. Initial formation of the extensional shear
zone and development of associated shear fabrics (0 1, Fig. 4.6, Bartley et aI., 1990) occurs under
strongly non-coaxial shear strain within the shear zone (i.e., nascent detachment surface) dipping

approximately 30° (0'1 » 0'2?: 0'3)' As extension proceeds, sections of the shear zone are
progressively exhumed toward the surface and rotated towards the horizontal, which in turn

induces coaxial shear strain (0'1> 0'2?: 0'3)' In the presence of a transtensional component, 0'2 >

0'3, layer-parallel shortening perpendicular to 0'3 can occur followed by broad extension-parallel
folding of the footwall (D2), and finally the even broader warping of the footwall (and high angle
normal faulting) perpendicular to extension (D}). These three defonnation events occur syn
tectonically depending on depth.
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Figure 4-6. Simplified block model of key corrugation stresses.

Adapted from Bartley et aI, (1990). The blocks illustrate structures formed by
progressive footwall deformation.

D3 - final warping

depth

4.3.2 Formation of corrugated detachment surfaces: a review

Corrugations are usually inferred to be related to the extension accommodated on the
associated detachment surface, although the process, or processes involved are not fully

understood. The folding of the detachment surface appears to be contemporaneous with extension

of the ductile lower plate because axes of the corrugations are parallel to the dominant elongation

lineation and sheath fold trends within the detachment shear zone (Spencer and Reynolds, 1991).

The upright folding of the detachment surface likely occurs only above the Curie temperate

because, as stated above, paleomagnetic studies have not detected sub-horizontal axis rotation of
the detachment surface (Le., within the fold limbs; e.g., Livaccari et aI., 1995; Spencer, 2000).
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Note that the terms 'mullions' and 'mega-mullions' have often been used to refer to these

structures; however, these are not wholly accurate because true mullions are characterized by
cuspate and lobate structures (i.e., synforms and antiforms, respectively, are not symmetrical).

Furthermore, mullions are usually attributed to competency contrasts between layers during layer
parallel shortening. In the absence of a clear understanding of the rheologies, stresses, and strain

regimes active during formation of corrugations, it may be misleading to refer to them as

mullions.

Initially the corrugations were believed to either be primary corrugations/grooves
('mullion' of John, 1987; 'flutes' of Davis and Lister, 1988) that formed pre-detachment phase, or

as later folds that formed as a result of differential denudation processes and isostatic uplift of the

lower plate. The intensity and scale of warping are inferred to be controlled by the initial surface

morphology, amount of extension, initial fault geometry and the distribution and magnitude of
extension within the upper plate (Spencer, 1984). Multiple explanations have been proposed for

these features (see Martinez-Martinez et aI., 2002, and references therein), including
heterogeneous vertical stresses due to lateral thermal variations, buoyancy forces and footwall
unloading by the detachment fault, and compression of the footwall by extension normal
horizontal compression (Tucholke et aI., 1998). Different causes for this compression can include
lateral stresses associated with crustal thinning (Fletcher et aI., 1995), footwall volume expansion

during unloading (Spencer, 1999), and regional tectonic configuration and motion causing syn

tectonic warping. Other proposed explanations for the development of the corrugations include:
(1) the corrugated surface represents the original configuration of the detachment surface and pre

existing discontinuities in the lithosphere (the linking of initially offset faults or heterogeneous
lithology; Davis and Hardy, 1981; Spencer, 1985; Davis and Lister, 1988; Miller and John, 1999);

(2) the folds are due to differential uplift on a lateral ramp (analogous to the formation of hanging
wall rollover folds; Duebendorfer and Sharp, 1998); (3) the original upper plate morphology; or
(4) a transtensive environment (Bartley et aI., 1990; Chauvet and Seranne, 1994; Kurz and

Neubauer, 1996).

Other mechanisms for extensional fold formation include fault-bend folds, displacement

gradient folds, and constrictional folds (Janecke et aI., 1998). A key variable in the formation of

constrictional folds is the effective viscosity contrast between layers. Experiments have shown
(Grujic and Mancktelow, 1995) that the development of regular, high amplitude, wave series

oriented parallel to the extensional direction imply high effective viscosity contrasts (-600: 1)
between the folded layers and non-plane strain conditions. One of the lines of evidence that can
be used to suggest a contractional origin for the extension parallel folds is that they affect the

lower and upper detachment.

4.3.2.1 Tectonic continuous casting

Studies have suggested that these corrugated surfaces are the effect of a ductile footwall

being continuously 'cast' by irregularities in a strong and brittle hanging wall (Spencer and

Reynolds, 1991; Smith et aI., 2006; Spencer and Ohara, 2008). The analogy of casting industrial

metals is used to explain the formation ofthese corrugations in Spencer (1999), as when a

partially molten metal is forced through a mold and begins to take its shape as it begins to cool
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and solidify; the interface between the mold and the cast material is a slip surface (Spencer and
Ohara, 2008). The result of the pliable lower plate being imposed on by the grooves
(irregularities) on the bottom of the stiffer upper plate causes extension-parallel folds and mullion
structures in the detachment surface formed under conditions of low flexural strength (low
lithospheric flexural rigidity; Spencer, 1984; Spencer and Reynolds, 1991). This low flexural
strength would arise from a combination of the mylonitic rocks maintaining some of their heat (if

uplift was relatively quick), allowing ductile creep at shallower depths, slip along lithological
layers creating weak zones, and magmatism (Spencer and Reynolds, 1991). The enormous
strength contrast between the mold and casting material allows continuous formation of grooves
as cooling, hardening and shaping occur across a slip surface with a high thermal gradient
(Spencer and Ohara, 2008). The time scales over which groove formation occur due to casting are
approximated to be _105_107 years (Spencer and Reynolds, 1991; Spencer, 1999). Folds with axes
at low angles to the extension direction (west-northwest in the current study) were likely primary
grooves formed as the warm, ductile footwall flowed and conformed to the irregularities in the
cooler, stiffer hanging wall. Tectonic continuous casting beneath a corrugated fault surface can be
disrupted when wedges of material become stuck between the hanging wall and footwall causing
changes in the mold and/or cast shape (Spencer and Ohara, 2008).

4.3.2.2 Triclinic stress regime

As described above, shortening perpendicular to the extension direction is expected to

occur when Ci\ > Ci2> Ci3 (a triaxial strain regime); this has been demonstrated in numerical and
analogue experiments (e.g., Grujic and Manckletow, 1995). Corrugation folds in the footwall and
hanging wall may represent constrictional folds that are recording horizontal shortening

perpendicular to the regional extension direction (i.e., in the Ci2 direction; Janecke et aI., 1998).
Normal fault surfaces can become folded during constrictional strain (Yin and Dunn, 1992;

Mancktelow and Pavlis, 1994), and fold axes form parallel to the extension direction (Janecke et
aI., 1998). Whether the folds are better preserved in either the footwall or hanging wall depends
on their relative strengths and rheologies. There have been several studies that propose the folds
form due to horizontal compression perpendicular to the direction of extension that generates
finite constrictional deformations and shortening perpendicular to the fold axes (Fig. 4.3b; Bartley
et aI., 1990; Yin, 1991; Buick, 1991; Yin and Dunn, 1992; Chauvet and Seranne, 1994;
Mancktelow and Pavlis, 1994; Kurz and Neubauer, 1996; Lammerer and Weger, 1998; Martinez
Martinez et aI., 2002). Studies have used the relationship between faulting and folding of the
footwall to infer a component of shortening perpendicular to the extension direction, leading to
warping of the shear zone by layer-parallel shortening, especially in regions with distributed
transcurrent motion and lateral extrusion (Mancktelow and Pavlis, 1994).

4.3.2.3 Syn-extension pluton emplacement/mid-crustal rheological heterogeneity

Folded detachment formation has also been explained by the emplacement of plutons
warping the surface (Holt et aI., 1986; Reynolds and Lister, 1990; Yin, 1991; Lister and Baldwin,

1993; Amato et aI., 1994; Davis and Henderson, 1999; Harris et aI., 2002). The map pattern of

porpoising mylonite fronts in and out of the plane has been explained as a result of thermal
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anomalies creating a transient geothenn that differentially affects sections of the shear zone based
on proximately to sill-like bodies and the affect of temperature increase on ductility and strain
localization (Lister and Baldwin, 1993). This hypothesis explains the alternating presence and
absence of the mylonite, but not the actual regular pattern in the folded detachment surface; if the
folds were developed by dilating pulses in an uplifting pluton (Lister and Baldwin, 1993), the
map should not appear as regular, and the corrugations would not be as prevalent on so many
scales.

4.4 Case study - the Okanagan Valley shear zone

Foliated amphibolite-facies gneiss and migmatite intruded by granitic and pegmatitic
sheets are exposed in a semi-continuous belt along the eastern flank of the Okanagan Valley in
southern British Columbia and northern Washington State (Figs 4.1, Fig. 4.7). There, gneisses are
juxtaposed against non-metamorphosed Eocene volcanic and volcaniclastic rocks, and a weakly
to moderately-metamorphosed sequence of metasedimentary and metavolcanic rocks intruded by
granitic plutons (Tempelman-Kluit, 1989; Wheeler and McFeeley, 1991). Primarily on the basis
of the metamorphic contrast observed across the Okanagan Valley and the deformation recorded
within the gneisses, a major detachment fault is evident, termed the Okanagan Valley fault
(Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988). A discrete, unambiguous fault
surface cannot be identified, and given the thickness of the fault zone and predominance of
ductile fabrics in the gneiss the feature is perhaps described in this study as the Okanagan Valley
Shear Zone (OVSZ).
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Figure 4-7. Geological map offield area.

Updated from Tempelman-Kluit (1989) based on new mapping carried out in this
study. The legend is on the following page.
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The shear zone is westerly-dipping (10° to 30°), 1.5-2 kIn thick, brittle to ductile,
composed ofthree lithostratigraphic zones; in ascending order they are: (1) weakly- to
moderately-foliated plutonic rocks that are gradational with undeformed rocks in the footwall; (2)
intensely-deformed and mylonitized orthogneiss and paragneiss (the Okanagan gneiss),
pervasively intruded by felsic sheets; and (3) an upper zone of ultramylonite, cataclasite and
breccia passing into largely undeformed volcanic and sedimentary rocks. While the Okanagan
Valley offers the best exposures of the shear zone, the low angle of the detachment, coupled with
the present day erosion surface, has resulted in exposures of the OVSZ well east of the valley,
which are often overlain by stranded outliers of the extended and thinned hanging wall.

The OVSZ is inferred to be the southernmost section of a larger (450 km long), north
south trending, Paleogene detachment system, the Okanagan-Eagle River-North Thompson

Adams Lake fault system (Fig. 4.1; Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988;
Bardoux, 1993; Johnson and Brown, 1996; Glombick et aI., 2006a; Johnson, 2006), forming the
western margin of the Shuswap metamorphic complex (SMC) (Brown, 1978; Coney, 1980;
Armstrong, 1982; Okulitch, 1984; Brown and Journey, 1987). The SMC is a region of extended
and thinned crust within the Omineca belt of the Canadian Cordillera (Fig. 4.1 inset; Armstrong,
1982; Monger and Price, 2002). The SMC is one feature in a much larger province of
transtensional deformation that includes core complexes (SMC, Wolverine, Skeena, Skagit, Priest
River), strike-slip faults (Straight Creek, Pasayten, Fraser fault zone, Pinchi fault zone, Rocky
Mountain Trench, Tintina Trench) and pull-apart basins (Quesnel basin, Tranquille basin, White
Lake basin; Ewing, 1980; Price and Carmichael, 1986; Struick, 1993). Several of the northwest
to north-trending dextral strike-slip faults are part of an en echelon transform system that are
connected by Late Cretaceous to Eocene extensional pull-aparts (Struick, 1993). The rocks of the

SMC are characterized by: (1) the presence of sillimanite in upper amphibolite-facies, poly
deformed, Paleoproterozoic to Mesozoic metasedimentary and metavolcanic rocks intruded by
Mesozoic and Cenozoic granitoid plutons (Monger and Price, 2002); and (2) the widespread
occurrence of Eocene cooling ages (e.g., Lorencak et aI., 2001; Vanderhaeghe et aI., 2003, and
references therein). The detachments that flank the western margin of the SMC are thought to
have been actively extending in the Early and Middle Eocene (Parrish et aI., 1988) in response to

the orogenic collapse of the Mesozoic Cordilleran orogenic belt (Coney and Harms, 1984; Brown
and Journeay, 1987).

The rocks of the SMC are typically exposed in the footwalls of major north-striking
detachment faults, which include the Columbia River fault on the eastern side (Read and Brown,
1981; Parrish et al.. 1988), and the OVSZ on the western side (Tempelman-Kluit and Parkinson,
1986; Fig. 4.1). Given the steep metamorphic gradient (zeolite vs. upper amphibolite facies)
commonly exhibited across each detachment, and the degree of ductile deformation and
mylonitization observed, exhumation (vertical translation) of mid-crustal rocks to the near

surface is inferred to have been achieved through lithospheric stretching (horizontal translation)
focused along the detachments.

In several locations along the mapped OVSZ (Fig. 4.1) including Vernon and Osoyoos

(Jones, 1959; Thompson and Unterschutz, 2004; Glombick et aI., 2004; Glombick et aI., 2006a;

Okulitch, 1979, 1987; Massey, 2005; Massey and Duffy, 2007), there are semi-continuous belts

of Permian-Carboniferous-Triassic strata (e.g., Knob Hill Complex, Anarchist schist, Kobau,
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Apex Mountain, Silver Creek, Chase, and Tsalkom Formations) that 'straddle' both sides of the
inferred trace of the shear zone and have similar lithostratigraphy, metamorphic grade and
structural similarity to the upper plate (Fig. 4.8). Some of these Paleozoic to Lower Mesozoic
sequences of lower-grade and older cooling ages (>60 Ma) occur to the east and west of the
Okanagan Valley. This mapping brings into question the significance, or even presence, of a
detachment in those areas, and the validity of a through-going Okanagan-Eagle River-North
Thompson-Adams Lake fault system.
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Figure 4-8. Simplified geology map.

Modified after Okulitch (1987) highlighting 'semi-continuous' stratigraphy across
OVF, with mapped corrugation folds and those proposed in this study.
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4.4.1 Lower Plate Geology

The footwall gneisses (i.e., lower plate) of the OVSZ have markedly different cooling
ages compared with the overlying volcanic and granite units in the hanging wall. The gneisses
consistently give Paleogene and Eocene K-Ar ages (Baadsgaard et aI., 1961; Ross, 1974;
Medford, 1975; Wanless et aI., 1978; Mathews, 1981; Stevens et aI., 1982; Archibald et aI., 1984;
Armstrong et aI., 1991), whilst west of the OVSZ, intrusive rocks give Jurassic and Cretaceous
ages (White et aI., 1968; Roddick et aI., 1972; Medford, 1975; Fox et aI., 1976, Parrish et aI.,
1988).

The Okanagan gneiss (unit Egn, Fig. 4.7; units Egn and Egng of Tempelman-Kluit, 1989)

has been pervasively mylonitized, intruded, and ductily-deformed (Le., folded, stretched, and
layering transposed). The layers have a pervasive mylonitic fabric, and are foliated and lineated,
and contain abundant rotated porphyroclasts. The layering and foliation dip -5-30° (mean 15°,
from west to northeast due to non-planar morphology) with a stretching lineation plunging
shallowly to moderately towards ca. 291 ° (Fig. 4.7). This attitude is very similar to that observed
in adjacent areas of the OVSZ where lineations typically trend 285-300° (Parkinson, 1985;
Bardoux, 1993; Kruckenberg et aI., 2008). Asymmetric feldspar augen, and hornblende and
biotite display shear bands and CIS micro-fabric with a tops-down-to-the-west (i.e., extensional)
shear sense. The laterally discontinuous layering were transposed, as evidenced by: (1) the
compositional-layering and foliation (and mylonitic fabric) are parallel, (2) cm- to m-scale
isoclinal and intrafolial recumbent folds have axial planes parallel to the layering and foliation,
(3) many layers are boudinaged, and (4) abundant rootless fold hinges and sheath folds trending
parallel to the lineation.

The gneiss is known to have undergone ductile deformation related to extension from 54
49 Ma (see Chapter 2 and 3; Bardoux, 1993), which early on may have been contemporaneous
with the latter stages of compression. Thermobarometry results (Chapter 2) confirm that the
gneisses were exhumed from - 20 km depth in a relatively brief time. In Kelowna, undeformed

felsic dikes that cut through mylonitic gneisses at 48.6 ±D.7 Ma have been used to bracket the end
of ductile shearing (KlAr biotite; Bardoux, 1993). These ages agree well with data from this study
that suggests ductile deformation, as well as conditions favorable for forming zircon, occurred
until at least 49 Ma (see Chapter 2).

One of the latest deformation features observed in the gneisses are high angle, steeply
dipping, north-northeast striking normal faults. These faults dip to the west-northwest, in the
same direction as extension; their strike is perpendicular to the extensional direction (north
northeast= (2), which suggests that these high-angle, normal faults are the brittle, late-stage

response to extension. The high-angle faults may have formed due to the isostatic bending
stresses related to footwall rollover (Tucholke et aI., 1998), as the gneisses and plutonic rocks

were exhumed to the surface. Many of these normal faults are paired, creating local horsts and

grabens that on a regional scale may be the northerly extension of comparable structures such as

the Republic graben of Washington State (FigA.1).
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4.4.2 Fault Zone

The shear zone in the Penticton to Oliver area grades structurally upward from weakly
mylonitized orthogneiss and paragneiss to mylonitic gneiss, ultramylonite, micro-faulted and
brecciated (chlorite-breccia) mylonite, cataclasite and finally brecciated, silicified and chloritized
hanging wall rocks. Within the shear zone, there are sections tens of metres thick composed of
green ultramylonite. Mylonitic gneiss and green ultramylonite are strongly deformed with
crenulation folds, rodding lineations and shear bands throughout. Chloritization is at least partly
synchronous with the youngest mylonitization, as indicated by deformed chlorite in the mylonite.

4.4.3 Upper Plate

To the west, rocks in the hanging wall of the OVSZ consist of zeolite to greenschist
facies metamorphic and volcanic rocks of the Intermontane belt. These rocks are predominately
Paleozoic to Lower Jurassic metasedimentary and metavolcanic rocks of oceanic and oceanic-arc
affinity that have been intruded multiple times by pre-Triassic through Middle Eocene intrusive
rocks (Okulitch, 1979; Parkinson, 1985). These older lithostratigraphic units are overlain by
Paleogene sedimentary and volcanic rocks, often deposited into small, fault-controlled basins
(e.g., White Lake Basin, WLB, Fig. 4.7; Church, 1973; Matthews, 1981) that formed as the
hanging wall itself extended during displacement on the OVSZ. Notably, the age of volcanic

rocks in the hanging wall fault-controlled basins are similar to cooling ages obtained from the
footwall gneisses (Church, 1973; Bardoux, 1993). The footwall gneisses were still at a depth

greater than 13-15 km (assuming a normal geothermal gradient) contemporaneous with extrusion
of volcanic rocks in the currently adjacent hanging wall.

The WLB sediments are gently deformed and were deposited synchronous with basin
formation; the basin is presently an east-west trending syncline with a moderately east-plunging
(25°) hinge-line surface trace (Fig. 4.8; Church, 1973). The White Lake and Skaha Formations
record the exhumation associated with the OVSZ; they were deposited in an asymmetric and
evolving "supradetachment basin" within the hanging wall of the OVSZ (McClaughry and
Gaylord, 2005). Extensive tectonism only affected WLB after deposition of the Marron
Formation at -50 Ma (cooling ages for volcanic rocks of the Marron and Marama Formations
range from 48.4 Ma, K-Ar whole rock, to 53.1 Ma, K-Ar-biotite, Church, 1973, 1985), which was

syn-depositional during normal extensional faulting. The Marron and Springbrook Formations are
important to this study because of their presence to the east of the Okanagan Valley where they
rest as isolated hanging wall outliers on the footwall (Fig. 4.7. Scattered Eocene outcrops such as

these are found throughout the region as far east as the Grand Forks complex, and are suggested
to have been part of a single large basin (Tempelman-Kluit and Parkinson, 1986; Parrish et aI.,
1988) based on palinspastic reconstructions and similarity in stratigraphy. There has been much

debate about whether the outliers on the footwall represent tectonic klippen (i.e., stranded

hanging wall segments of the OVSZ), or that they are erosional remnants of originally extensive,

unconformable deposits. Geochronology on rhyodacites at Venner Meadows (Chapter 3)
confirms previous interpretations, based on lithology, that they are part of the Marron Formation.

Other units purposed to be part of the hanging wall include the Kobau Formation,

Anarchist Group and Apex Mountain Group that have lithological similarities and may represent
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a complex marine basin environment stratigraphy that was deformed in Triassic, was eroded, and
was then overlain by Late Triassic Nicola Group (Parkinson, 1985) that now straddles the OVSZ.

4.5 Morphology of the OVSZ

The map-scale distribution of the upper and lower plate lithologies can be used as a fIrst
order approximation of the location of the intervening OVSZ. A simplified geological map of the
southern Okanagan Valley (Fig. 4.7) depicts the meandering nature of the mapped and inferred
fault traces, which is to some degree controlled by topography.

4.5.1 Architecture and morphology

The outcrop pattern suggests a fault surface that is highly corrugated into open, upright,
large-scale folds in the same direction as extension (Fig. 4.7). This is also evident in the changes
in foliation dip direction in the gneisses throughtout the study area. This result is similar to what
was found by Johnson (1994) in the Shuswap Range where the detachment is mainly sub
horizontal and warped by corrugations that are parallel to the extensional direction. These
depressions and large-scale undulations in the gneiss surface have been observed in other areas in
the SMC; Ross (1981) discussed these narrow east-west trough regions as structurally controlled
erosional remnants as opposed to depositional features, they have been interpreted to be due to
late-stage, upright, open, cylindrical folds that are parallel to the west-northwest stretching
direction and plunge _150 (Christie, 1973; Ryan 1973; Ross, 1981). The observation that the fold
axes are parallel to the extensional direction suggests they were formed syn-extension rather than
during a later folding event. The upright folds are found at map-scale (kms) and outcrop scale (3
em to 2 metres, Fig. 4.9). The smaller-scale folds, possibly parasitic undulations of the map-scale
fIrst-order folding, are noticeably different than the earlier folds (i.e., recumbent, isoclinal,

transposed folds present in the gneiss) as they are upright, do not appear to have experienced the

same degree of flattening and do not appear to have been transposed as they are nearly concentric
with straight hinge lines parallel to the extensional direction and fold earlier fabric. The smaller
scale folds are not widespread; they are mainly visible on the surface of eroded sections of the
gneiss where the mylonitic foliation is folded.
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Figure 4-9. Field evidence of small-scale 'parasitic' corrugations.

Heavy black arrow points in the direction of extensional displacement. Red lines
delineate the axial surface trace of minor corrugations (a and b), yellow lines outline
the profile of the corrugations (c and d).

4.5.2 Fault trace and map pattern

The pre-existing maps of the OVSZ clearly show the sinuous nature of the N-S trending
fault trace. The pattern is indicative of the low angle of the fault and the fact that the detachment
surface is not planar (Fig. 4.7, Fig. 4.10). Synforms composed of rocks of the upper plate and the
shear zone (i.e., Okanagan gneiss) are elongate parallel to the extension direction, west
northwest. Synforrns are separated by antiforms composed of a core of nondeformed plutonic

rock (Fig. 4.1 Ob) beneath a veneer of orthogneiss. Lower-grade units that would be expected to

form part of the hanging wall (ePas, Ema, Etr) are stranded on the footwall as can be seen in

figure 4.1 Od.
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Figure 4-10. Schematic cross-sections across the Okanagan Valley shear zone.

Shows the change in fault angle along strike and late-stage, high-angle faults. Inset
map shows location of lines of section using the same geology as Fig. 4.7. From
north to south, the lines of section include (a) section north of Penticton, (b) across
the Bighorn Sheep pluton, (c) at Oliver, across the Dusty Mac property, (d) between
Okanagan Falls and Oliver, cutting through Venner Meadows.
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At a larger scale, the entire shear zone arches over the informally-named Bighorn Sheep
pluton (unit Kd; unit Eg of Tempelman-Kluit, 1989), forming a large antiform (Fig. 4.l0b). The
Bighorn Sheep pluton is a heterogeneous pluton exposed along the eastern shore of Skaha Lake
and adjacent slopes where it passes upwards into the base of the OVSZ shear zone (see Chapter
2). The change in the shear zone medial plane (as well as the foliation dip and lineation plunge)
from 30° at the Bighorn Sheep pluton to near horizontal in the Okanagan Highlands at Venner
Meadows (Fig. 4.lOd) suggests that broad warping (D3 of Fig. 4.6) of the footwall has also
occurred, though, separating the relative timing of D2 from D3 is not possible in the study area.

4.5.3 Klippen (drill data)

At one of the outliers located at Venner Meadows (one of the stranded remnants, Fig. 4.7,
4.lOd), drill core data from several holes (Morin, 1989) shows that the volcanics are underlain by
felsic intrusions (contact at a depth of 170 metres) and the OVSZ. The felsic intrusions are highly
brecciated and sheared (at a depth of 240 metres), and include mylonite, chlorite breccias and
fault gouge. The chlorite breccias grade into chloritized and brecciated amphibolite and
pegmatite, and then foliated cataclastic amphibolite. The zone of pervasive brecciation and
chloritization is approximately 5-28 metres thick; below this amphibolite gneiss and pegmatite do
not appear to be brecciated. Multiple drill cores show that the shear zone is encountered at depths
between 230-270 metres below the present surface. The zone of breccia, mylonite and cataclasite
is 13-16 metres thick before reaching amphibolite. Drill core results in another area (Dusty Mac
property, Fig. 4.lOc; Evans, 1990) indicate that the Eocene volcanics have down-dropped, into
contact with the gneisses along high-angle normal faults. There, Marama Formation dacites are in
fault contact with basement gneisses at depths of 404m and 43lm as evidenced by the presence of
fault breccias, chlorite matrix, silicification, fault gouge and mylonite present).

The drill core data from these two Eocene volcanic packages, one an outlier, the other at

the border of the shear zone, indicates that high-angle normal faulting has down-dropped upper
plate rocks against the footwall gneiss and granodiorites. At Venner Meadows, this 'keel' of

volcanics and its fault contact with the amphibolite gneiss has dropped down below the erosional
level of the surrounding granodiorites. The preservation of volcanic 'klippen' throughout the
Okanagan Highlands may be due to late-stage, high-angle faults dropping sections of the hanging
wall into footwall corrugations. The hollows and 'basins' formed by synforms on the corrugated
surface have commonly been found to fill with syn-detachment sedimentary deposits (Miller and
John, 1999). Also important to note is that the thickness of the shear zone does vary; it can
narrow to less than tens of metres thick which is essential to understanding the Eocene outliers
and their contacts.

4.5.4 Description of Vernon and Greenwood area folds and dipping strata

In areas where semi-continuous stratigraphy (often separated by hundreds to thousands of
metres) has been mapped across the OVSZ, the units display the effects of being folded. Only

when stepping back from the small-scale detailed structural data can one see evidence for large-
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scale folding in the map pattern. Some of the small-scale observations from these areas include
folds and dipping beds that can be used to infer larger-scale folding; for instance, many of the
Paleozoic rocks in the Greenwood area are preserved as north dipping slices (Massey, 2005;
Massey and Duffy, 2007). The schist in the Anarchist unit has undergone at least two phases of
deformation with a schistosity that strikes southeast with a moderate to steep dip to the southwest
in the northern area and a steep northeast dip in the southern area (Massey and Duffy, 2007).
There is additional evidence for north-northeast-striking schistosities dipping to the southeast in
the Camp McKinney area (Massey and Duffy, 2007). Massey and Duffy (2007) used this field
evidence along with crenulation cleavages, small-scale foliation folds and the general map pattern
to hypothesize that the units define a major northwest-trending fold.

Relationships observed through mapping in the Vernon area (Thompson and Unterschutz,
2004; Glombick et aI., 2004) suggest continuity of suprastructure (Silver Creek, Chase, and
Tsalkom Formations) across the OVSZ, and have been inferred to indicate that the infi'astTucture
was not exhumed by crustal-scale detachments on the order of tens of kilometers (Glombick et
aI., 2006a). The suprastructure in the Vernon area exhibits mesoscopic, upright folds and
crenulations (Glombick et aI., 2006a) and the map pattern suggests that the suprastructure (upper
plate) lies on top of the infrastructure (lower plate) in a broad (km-scale), synclinal depression,
where the youngest units (uTI' Siocan Group in this case) are in the center surrounded by older
units.

In addition to the occurrence of the semi-continuous strata, the contacts between the
'hanging wall remnants' and the underlying detachment surface have been used to infer that little
motion has occurred along the shear zone. Eocene volcanic and volcaniclastic rocks ('klippen') in
the Vernon area (Kalamalka Lake, Trinity Hills) have lower contacts that overlie mylonitic pelitic
schist above an undulating, moderately west dipping contact (Glombick et aI., 2006a) with

randomly oriented clasts of schist and gneiss (poorly sorted, polymictic conglomerate) up to ten
metres above the contact (Glombick et aI., 1999). Assuming the erosional outlier is Eocene, and
the clasts did indeed come from the footwall, this study contends that they can be explained as
syn-extensional deposits within synclinal keels that likely came from portions of the footwall that

were previously exhumed and not necessarily from the footwall directly below the klippen as
suggested by Glombick et al.; thereby it need not be an unconformity or a sedimentary contact as
previously interpreted (Glombick et aI., 1999; Glombick et aI., 2006a), but could still represent a
true tectonic break. The fact that the clasts are part of a conglomerate (well rounded) indicates

that they have been transported and therefore are not derived from the unit immediately beneath.
Key evidence given by previous workers that there is no break and that it is not a tectonic contact
includes the erroneous conclusion that the contact is too narrow to be the shear zone when in fact
(looking at the drill core at Venner Meadows mentioned earlier) the OVSZ contact can be as thin
as 5-20 metres. Many of the classic core complexes studied in southwest U.S. have shear zones

that are 1m in thickness. Metamorphic core complexes commonly have upper plate rocks
consisting of a thin, discontinuous veneer (klippen) of sedimentary and volcanic rocks that

includes conglomerates with abundant clasts derived from the lower plate (Spencer and Reynolds,
1989); upper plate fault blocks were left stranded on a progressively lengthening, inactive

segment of the detachment fault. Progressive exhumation of the footwall during syn-tectonic

deposition of sedimentary and volcanic units can lead to erosion and inclusion of footwall clasts
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as exhumation continues. The concept that these units, the suprastructure and Middle Eocene
volcanic rocks in the Trinity Hills area, formed the upper plate of the OVSZ is not new and
agrees with previous mapping (CalT, 1990; Bardoux, 1993: Vanderhaeghe et a1., 1999).

4.5.5 Interpretation

In the southern Okanagan, the gneiss is preserved mainly at low points next to the fault
and between granitoids in the footwall. The granitoids (such as the Bighorn Sheep pluton) were
rheologically stiffer at the time of faulting and exhumation and form the antiforrns between the
gneisses and hanging wall klippen; they do not appear to have mesoscale corrugations imprinted
on them. One possible explanation for the Osoyoos and Greenwood map pattern is that the
mapped fault trace is currently not accurate; that in fact the Okanagan Valley shear zone, due to
its low angle, moves to the east and separates these older units from the lower plate and then
swings back towards the valley further south; meaning the Paleozoic to Lower Mesozoic units are
in the upper plate and the fault takes a large bend to the east (Fig. 4.11). For this hypothesis to be
true, the fault surface is required to be highly corrugated and sections of the upper plate are
preserved as 'islands' on top of the lower plate; this is found in some areas where the Paleozoic to
Lower Mesozoic sequences are found between down-faulted blocks of Tertiary volcanics and
sediments preserved in structural keels.
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Figure 4-11. Proposed adjustment to geologic map of Fig. 4.7.

Shows adjustments to the OVSZ fault trace to account for the fault surface that is
inferred, or known, to underlie the hanging wall 'keels' in the southernmost
Okanagan Valley. The legend is on the following page.
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The structural data correlates well with the idea that the fault is corrugated in the study
area allowing the preservation of sections of the upper plate rocks in a synformal depression. A
similar hypothesis was given by Tempelman-Kluit and Parkinson (1986; Tempelman-Kluit,
1989) to describe the occurrence of large-scale grooves on the detachment plane in order to
preserve fragments of the hanging wall Eocene stratigraphic succession on the lower plate.

The folding of the detachment surface in an extensional direction is inferred to be a late
stage event as the earlier mylonitic and transposed foliation is folded into upright, cylindrical
folds at the outcrop-scale. There is no evidence that these folds have experienced transposition,
flattening or rotation (no sheath fold characteristics). The fold style is consistent with layer
parallel, contraction normal to the fold axes. Formation of these folds occurred over a brief period
because zircon crystals in leucosomes (in the gneisses) were still forming between 54-49 Ma (see

Chapter 2), but ductile deformation had essentially ceased between 48-46 Ma (undeformed cross
cutting dikes, Parrish et aI., 1988, Bardoux, 1993). The extension-parallel folding was followed

by (or synchronous with) extension perpendicular warping and motion along high-angle normal
faults. These brittle, late stage north-northeast-directed faults (mentioned earlier) have down
dropped upper plate Eocene volcanic and sedimentary sequences along with their contacts with
amphibolite gneiss up to hundreds of metres. While there is little observable offset in the field,
drill core at local mining prospects (Dusty Mac and Venner Meadows) confirm that the contact
between the volcanic and the gneiss has dropped significantly in some locations.

Relationships observed through mapping in Vernon (Thompson and Unterschutz, 2004;
Glombick et aI., 2004; Glombick et aI., 2006a) can be explained by this model of corrugated

detachment surfaces; the mapping is correct, however, the interpretation that the continuity of
suprastructure (Silver Creek, Chase, and Tsalkom Formations) precludes the exhumation of the
infrastructure by crustal-scale detachments needs to be re-examined. The preservation of upper
plate units in footwall corrugations allows their mapping to be correct; the very nature of a low
angle detachment makes contacts difficult to observe and interpret.

4.6 Discussion

4.6.1 Origin of corrugated detachment surfaces

The origin of these folds is debated, and can likely be explained by a combination of
several mechanisms. First, the earlier period of crustal thickening led to a crustal structure of sub
horizontal mechanical heterogeneities (Mancktelow and Pavlis, 1994). When extension with a
transcurrent component becomes active (due to a change in plate motions), constriction will begin
perpendicular to the extensional direction and fold development will be partly controlled by the
anisotropies in the crustal section. Those anisotropies can be the result of lithological differences
(caused by earlier thrusting), or sill and plutonic emplacement syn-tectonically. The shortening

will eventually lead to buckle-style folding with axes perpendicular to the shortening direction

(i.e., parallel to the extensional direction). Any previous folding in the surface will be amplified
during this process (Mancktelow and Pavlis, 1994).

The occurrence of warped detachments and footwalls is commonly associated with

transtensional environments (Bartley et aI., 1990; Chauvet and Seranne, 1994; Kurz and
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Neubauer, 1996). Previous work (Price, 1979; Price et aI., 1981; Price and Carmichael, 1986;
Harms and Price, 1992) has already determined that the OVSZ developed in a transtensional
regime; this conclusion is reinforced by the observation that the fault trace is essentially north
south while the tectonic lineation averages a trend of -291 0 indicating a clockwise component
(dextral) of motion. The dextral motion fits with the known plate kinematics for the mid-Eocene,

therefore, there is already a constrictional field oriented perpendicular to the extension direction
in the Okanagan.

Another possibility is that the folds form during the waning stages of core complex

exhumation as O"t begins to decrease and approaches the magnitude of 0"2, which no longer needs
to overcome as much resistance to form the folds. The transtensional component (which becomes
closer to 0"1) switches to a transpressional regime. The change in the balance of stresses as
exhumation ended could have provided the constrictional forces to warp the footwall and not be
re-deformed and transposed. The buckling caused by a slight compression perpendicular to the
extension direction is also affected by the thickness of the crustal layers; during the later stages of
detachment faulting the thickness of the elastic-brittle l,lpper crust (Yin, 1991) will be very thin
and have less internal strength.

4.6.2 Tectono-stratigraphic architecture of southern British Columbia

The tectonic conditions that led to extension in southern British Columbia are well
known and agree with the conditions purposed above that are needed for formation of a

corrugated detachment surface. Early Jurassic to Late Cretaceous - Paleocene compression
(crustal thickening leading to a crustal structure of sub-horizontal mechanical heterogeneities)

evolved into rapid late Paleocene to Eocene (59-48 Ma) east-southeast-west-northwest directed
extension across the southern Omineca belt (Monger et aI., 1982; Parrish et aI., 1988; Carr, 1992;
Bardoux and Mareschal, 1994; Wingate and Irving, 1994). Extension of the Omineca belt in the

southern Canadian Cordillera proceeded along a system of north-south trending detachment faults
and shear zones and has been attributed to a number of mechanisms including transtensional

stress generated by oblique and decelerating subduction of the Kula and Farallon plates (Price

1979; Price et ai. 1981; Price and Carmichael 1986; Harms and Price 1992). The Okanagan
Valley shear zone initiated during this regional extension due to changes in the interaction of
North American plate and Kula-Farallon plates (Ewing, 1980). Northeast-trending crustal
thickening transferred to east-west extension at -59 Ma as subduction rates of the Farallon plate
drastically decelerated leading to relaxation of compressive field during a major plate

reorganization. The rotation pole for the Kula-Pacific plate shifted during the Early Eocene with
rapid motion concentrated from 56-55 Ma (Lonsdale, 1988) caused by a westward shift of the

Kula plate possibly due to a rearrangement of the plates subduction boundaries where most of the
northward slab pull was temporarily eliminated when subduction shifted to the Aleutian Trench

from the Siberian margin. Recognition of a slab window (Thorkelson and Taylor, 1989; Smith

and Thorkelson, 2002; Dostal et aI., 2003) under North America helps to explain the onset of

oblique converge and elevated heat flow and magmatism in the Shuswap metamorphic complex,

conditions favoring crustal extension (Breitsprecher et aI., 2003; Madsen et aI., 2006). The slab
window was active during the Eocene, producing alkaline magmatism and aiding tectonic

denudation by allowing the upwards flow of magma and mantle to thin the overlying continental
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lithospheric mantle and increase crustal elevation (Thorkelson and Taylor, 1989). After this
change in boundary forces the elevated ranges of the Omineca belt, under the influence of
abundant midcrustal anatectic melts, and possibly mantle lithospheric delamination, underwent
crustal extension (Bardoux, 1993).

One implication of the corrugations is that the tectonic models that exhume the
infrastructure (lower plate) by removal of the suprastructure (upper plate) along crustal-scale
detachments (Tempelman-Kluit and Parkinson, 1986; Parrish et aI., 1988; Carr, 1990; Bardoux,
1993) are compatible with map relationships exposed in the Vernon area (Glombick et aI., 2006a)
and Osoyoos (Massey, 2005; Massey and Duffy, 2007). Corrugations can explain a map pattern
with a semi-continuous belt of upper plate rocks exposed on the lower plate. The shear zones are
much more difficult to recognize in the field as opposed to discrete detachment faults due to the
fact that they are subhorizontal, diffuse zones ranging from 10m to 2 km thick.

Despite the fact that the cause of the corrugation formation is disputed, their existence is

well known in numerous examples of detachment faulting; they provide a reasonable explanation
for the occurrence of hanging wall stratigraphy to be found resting on the detachment surface of
the footwall away from the initial intersection of the fault with the surface. The corrugations help
explain the semi-continuous nature of several units across the shear zone as well as some seemly
conflicting cooling ages. These facts allow displacement estimates to be made for the OVSZ that
need not be limited to less than 12 km, which agrees with the observed geological evidence
(deformation fabrics, mylonization, amount of strain, metamorphic break, P-T paths).

4.7 Conclusion

The recognition of corrugations provides a permissible explanation for the differences

determined in extension amounts of the OVSZ based on mapping at different localities. The
difficulties of indentifying these spoon-shaped features are exacerbated by the effects of
interference folding and the lack of continuous outcrop. While there remains debate about the
formation of these features, they are very likely the result of a combination of several
mechanisms, including the thinning of the upper crust, constriction perpendicular to the extension
direction and original irregularities in the plane.

While the Okanagan Valley offers the best exposures of the OVSZ, it is not the only
location where the shear zone outcrops. The appearance of hanging wall remnants and semi

continuous stratigraphy on the footwall does not preclude the existence of a crustal-scale
detachment fault, but indicates that the geometry of the shear zone needs to be better constrained
and defined. In many locations the degree to which semi-continuous upper plate stratigraphy is
autochthonous or allochthonous is difficult to assess and therefore significant low-angle
displacement may be overlooked.
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5: SUMMARY OF CONCLUSIONS PLACED WI HIN THE
TECTONIC FRAMEWORK OF THE SOUTHER
CANADIAN CORDILLERA

The southern Canadian Cordillera has been affected by a protracted seri s of

compressional (orogeny) and extensional events responsible for its present-day rustal
architecture, and the formation of the OVSZ. These events include Proterozoic t early Paleozoic
extension and continental margin deposition, Mesozoic compression and crustal thickening,
foreland basin development during the Mesozoic to Paleocene, and Eocene exte sion. Below is a

review of the results of this thesis in the framework of the tectonic evolution of e Canadian
Cordillera.

5.1 Proterozoic to Jurassic

The rocks and features discussed in this thesis are mainly Jurassic throu h Eocene;

therefore only a brief recount of the earlier history of the area is given here (plea e see Monger

and Price 2002; Dickinson, 2004, and references therein for a complete review). The pre-Jurassic

western margin of Canada consists of metamorphic and granitic rocks formed fr m 2400 Ma to

1800 Ma (parrish, 1991; Monger and Price, 2002). At ca. 1.1 Ga, the margin ma have been in
contact with other continents such as Australia, Cathaysia or Siberia (Jefferson, 978; Hoffman,

1991; Rainbird et aI., 1998; Sears and Price, 2000). Around 760 Ma, the western edge underwent

rifting, fonning a mainly passive margin (Parrish, 1991; Ross, 1991; Ross et aI., 1995; Monger

and Price, 2002). Rifting continued as the Windermere Supergroup was deposit along the

margin until-540 Ma; accumulation of rift to passive margin deposits continue until-160 Ma
(Stewart, 1972; Gabrielse and Campbell, 1991; Fritz et aI., 1991; Ross, 1991a; ansen, et aI.,

1993; Cecile et aI., 1997; Sears and Price, 2000; Monger and Price, 2002). An i portant interval
of rifting occurred around 360 Ma that lead to the formation of the Slide Mount in oceanic basin
(Armstrong, 1988; Gordey et aI., 1991). During the Middle Permian, the Slide ountain ocean
basin began to collapse, and rifted peri-Laurentian and exotic terranes began to pproach the
cratonic margin (Gordey et aI., 1991; Monger and Price, 2002, Dickinson, 2004; Nelson et aI.,

2006; Colpron et aI., 2006, 2007). In the early Mesozoic, the peri-cratonic and ore exotic

terranes began to accrete onto the western margin of the North American craton Monger et aI.,
1982; Nelson et aI., 2006; Colpron et aI., 2006, 2007).

5.1.1 This study

The main contribution that the current study adds to the understanding 0 this time period

is that some of the detritus sourced from craton and craton margin deposits may ave been shed

into the basin to form the sedimentary protolith of the Okanagan paragneisses. artzofeldspathic
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layers in the gneiss and felsic intrusions preserve evidence of a Proterozoic hist ry in the form of
detrital cores and xenocryts (1711 Ma - 285 Ma). The paragneiss represents a s imentary
protolith that includes a psammitic layer that yielded a few detrital ages from th Precambrian
and to Lower Jurassic. The sediments were probably derived from the craton an deposited into a
marine setting from the Upper Paleozoic until the Lower Jurassic, intruded and etamorphosed to

upper amphibolite facies in the Mesozoic, and finally migmatized (leading to ne zircon
crystallization) in the Eocene. A common age peak for the detrital zircon is fro 210-180 Ma,
which is prevalent in several samples and may represent an average age for the ulk of the
sediments.

5.2 Jurassic

During the Jurassic and Cretaceous, accretion of terranes and a change i plate motions
coeval with the breakup of Pangea and the opening of the Atlantic Ocean lead to the main phase
of orogenic activity along the western North American craton margin (Ewing, 1 80; Monger et
aI, 1982). Extensive plutonic activity can be divided into four main magmatic ep sodes: (1) Late
Triassic to Early Jurassic (215 to 190 Ma); (2) Middle to Late Jurassic (180 to 1 0 Ma); (3)
Cretaceous (120 to 80 Ma); and (4) Early Tertiary (60 to 45 Ma) (Armstrong, 19 8). Widespread
Early to Middle Jurassic (-180-160 Ma) regional metamorphism and deformatio (Archibald et
aI., 1983; Parrish, 1995; Colpron et aI., 1996) occurred at the same time as empl cement of large
calc-alkaline batholiths (e.g., Nelson and Okanagan batholiths; Parrish and Whe ler, 1983;
Parrish and Armstrong, 1987; Carr, 1991; Woodsworth et aI., 1991; Ghosh, 199 ). Many of the

plutons are anatectic granites related to the thickening of the crust due to overthr sting during
compression (Ghosh, 1995; Dickinson, 2004). This magmatism, deformation an metamorphism
has been credited to the accretion and obduction of middle Paleozoic to Lower J rassic oceanic
and island arc terranes during and after closure of the Slide Mountain ocean (M ger et aI., 1982;

Brown et aI., 1986; Monger et aI., 1991; Ghosh, 1995). To the east, and at the sa e time as the
magmatism, foreland basin deposits (155-50 Ma) were deposited on the cratonic margin.

5.2.1 This study

A key finding of this study is the Jurassic age for the amphibolite intrusi ns within the
paragneiss, a markedly different result than most previous studies that inferred a Proterozoic
protolith age (e.g., Armstrong et aI., 1991). Earlier studies (Parkinson, 1985; Te pelman-Kluit
and Parkinson, 1986) proposed Phanerozoic protoliths (Kobau Group, Apex Mo ntain Group,
and Anarchist Group) for the paragneisses within the Okanagan gneiss. The dat amphibolite
layers were intruded and crystallized between 162-157 Ma and were metamorph sed at 98-93 Ma
and 50 Ma. The paragneisses represent pelite (garnet-muscovite-biotite-plagiocl se-sillimanite

assemblages) and psammite that were intruded by mafic to intermediate dikes a d sills (ca. 162

157 Ma); the whole package was metamorphosed to upper amphibolite facies an metasomatised.

The 162-157 Ma intrusions are contemporaneous with Jurassic plutonism in the outhern

Cordillera (e.g., Nelson, Oliver, and Adamant plutons). The widespread orthogn iss lithology is

inferred to have formed from deformation of Jurassic and Eocene granodiorite i the Okanagan

Valley shear zone (OVSZ) footwall. Geochemistry suggests geodynamic setting involving
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volcanic arcs, and back-arcs or slab windows, may account for the formation of th mafic rocks
that are the protolith for the amphibolite; there may be different igneous sources a d/or igneous
derived sediment (see Chapter 2).

5.3 Cretaceous

Continued accretion of terranes took place during the Cretaceous, namely rangellia at 
100 Ma (Murphy et aI., 1995; Monger and Price, 2002). There are three distinguis able belts of
plutonism and volcanism during this time; from west to east, they are found in the oast belt
(Gambier Arc, Armstrong, 1988), the western Intermontane belt into the US (Oka gan-Spences
Bridge Arc, Thorkelson and Smith, 1989; Hurlow and Nelson, 1993), and the Omi eca belt. The
plutons in the Omineca belt are interpreted to have been generated by crustal melti g in the root
zone of tectonically-thickened continental crust comprising allochthonous terranes and
parautochthonous North American terranes; melting, intrusion and caldera formati n may have
initiated as a consequence of the shift from Late Jurassic-Early Cretaceous orogen- ormal
compression which accompanied accretion, to Early- Late Cretaceous oblique tran tension in the
Cordillera (Souther, 1991). Crustal anatexis from the melting of an originally pelit" source
occurred at 100 Ma and 63 Ma led to the widespread emplacement of peraluminou granitic
sheets and dikes (Sevigny et aI., 1990).

Additionally, the presence of a slab window (Thorkelson and Taylor, 198 ; Smith and
Thorkelson, 2002; Dostal et aI., 2003) between the Kula and/or Resurrection plate north) and the

Farallon plate (south) from Late Cretaceous to Middle Eocene time due to ridge su duction and
oblique convergence (Thorkelson, 1996; Breitsprecher et aI., 2003; Madsen et aI., 006) may
have accentuated volcanic and plutonic activity. For instance, alkaline lavas of the Penticton and

Kamloops Group, and the Coryell plutons in southern British Columbia have a rift geochemical
signature have been proposed as possible slab-window induced igneous events (T orkelson and
Taylor, 1989).

5.3.1 This study

Cretaceous plutons in the OVSZ area were compared geochemically to r ks of the
Spences Bridge Group arc. The Cretaceous plutons along strike of the OVSZ inc! de the Bighorn
Sheep pluton, Cosens Bay pluton and the third phase of the Oliver pluton (see Ch pter 2). The
Bighorn Sheep pluton is located at the lower margin of the OVSZ and has three d tes presented
here (l08-105 Ma); Chapters 2 and 4 proposed that the Bighorn Sheep pluton is rated to the
Cosens Bay pluton based on similarity of age, field relationships, and deformatio history.
Similar compositions and ages among the Okanagan Valley plutons and the Spen es Bridge
Group support this hypothesis.

Zircon ages from other (minor) intrusions and the gneiss also record Cret ceous ages.

The paragneisses underwent Cretaceous (ca. 98-93 Ma) metamorphism due to loc lized

p~oduction of melt or partial-resorbtion of xenoctystic zircon; as outlined above, 110-95 Ma

magmatism and regional metamorphic events corresponds with peak magmatism nd

metamorphism in the Cordilleran Orogeny. Late Cretaceous compressional events occurred when
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young and buoyant lithosphere of the Farallon or the Kula Plate was acceleratin and rotating to
the northeast (Engebretson et ai., 1984), which could have led to crustal thicken ng and the
metamorphism recorded in the gneiss.

5.4 Paleocene to Eocene

Compression ended during the Paleocene as plate motions changed fro transpression to
transtension due to changes of subduction obliquity (Engebretson et ai., 1984). uring the
Paleocene there was very rapid plate velocity and orthogonal convergence; in th Eocene motion
changed to oblique, strike-slip convergence as the Kula Plate moved dominantly northward
relative to North America (Engebretson et ai., 1984; Gabrielse and Yorath, 1991 . Recognition of
the subduction of a spreading ridge separating the Farallon from the Resurrectio plate (east of
the Kula Plate, Haeussler et ai., 2000) and the creation of a slab window under th southern
Canadian Cordillera helps to explain the onset of oblique converge and elevated eat flow,
magmatism and crustal extension in the Shuswap metamorphic complex (Breitsp echer et ai.,
2003; Madsen et ai., 2006). The Eocene slab window would have produced alkal ne magmatism
and aided in tectonic denudation by facilitating upward flow of asthenospheric nde to thin the
overlying continental lithospheric mantle and increase crustal elevation (Thorkel on and Taylor,
1989). At 50 Ma, the window was open to the south of Penticton (Breitsprecher ai.,2003)
providing an avenue for upwelling asthenosphere to thermally soften the lithosp re under the
Okanagan Valley, and eruption of the adakitic Princeton Group (Ickert et ai., 20

The tectonic conditions that led to extension in southern BC are well un rstood; Early
Jurassic to Late Cretaceous - Paleocene northeast-directed compression evolved nto rapid (59
48 Ma) late Paleocene to Eocene ESE-WNW-directed extension across the sout ern Omineca
belt generated by the oblique and rapidly decelerating subduction of the Kula an Farallon plates
(Price, 1979; Ewing, 1980; Priceet ai., 1981; Monger et ai., 1982; Engebretsone ai., 1984; Price

and Carmichael, 1986; Lonsdale, 1988; Parrish et ai., 1988; Carr, 1992; Harms a d Price, 1992;
Bardoux and Mareschal, 1994; Wingate and Irving, 1994). The rotational pole fo the Kula
Pacific plate shifted during the early Eocene with rapid motion concentrated fro 56-55 Ma

(Lonsdale, 1988) caused by a westward swerve of the Kula plate. This shift may e due to a

rearrangement of the plates subduction boundaries as most of the northward slab ull was
temporarily eliminated when subduction shifted to the Aleutian Trench from the iberian margin.
After this switch to a dextral transtension at the plate boundary in the Eocene tha resulted in a
regional extensional stress regime in the southeastern Canadian Cordillera (Price, 1979; Price et
ai., 1981; Price and Carmichael, 1986; Harms and Price, 1992), the elevated rang s of the
Omineca belt, weakened by the abundance of mid-crustal anatectic melts and the mal weakening
of the crust following the Laramide orogeny (Armstrong, 1982; Coney and Har , 1984; Sonder

et aI., 1987), and possibly accompanied by the delamination of a lithospheric roo, underwent

crustal extension (Bardoux, 1993). Extension of the Omineca belt in the southern Canadian

Cordillera proceeded along a system of north-south-trending detachment faults a d shear zones,

including the OVSZ.
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5.4.1 This study

The Eocene history in the southern Okanagan region involves ca. 54-49 Ma thermal and
magmatic events including migmatization during the main phase of anatectic m ting of the
Okanagan gneiss (locally, some gneisses have been almost completely migmatiz d), and syn
tectonic intrusion of granitic and pegmatitic sheets. At this time, the gneisses als underwent
intense ductile deformation and transposition related to extension, and were at > 50°C and at
considerable depth (-20 km), as inferred from: 1) the temperature of zircon cryst llization
(Harrison et aI., 1987), 2) the metamorphic assemblage in the pelites (upper amp ibolite-facies),
3) thermobarometry, and 4) the presence of anatectic melts (i.e., above the "wet" granite solidus).

Additional Eocene ages determined in this study include a sample from t e Coryell
syenite, another from part of the 'Okanagan batholith', and a rhyodacite (Chapter 3). The syn
tectonic Coryell syenite sample is contemporaneous with Eocene extension, anat tic melting,
migmatization, and intrusion of granitic and pegmatitic sheets. The young, Eocen age of the
Okanagan batholith sample suggests that some of the batholith is younger than its previously
published Middle Jurassic age (Tempelman-Kluit, 1989), and that it is likely a co posite pluton,
made up of many, smaller, Jurassic to Eocene plutons. The rhyodacite sample (E unit) was
deposited at or after 51.5 ± 2.5 Ma; it forms part of a large, hanging wall klippe i fault contact
with the gneiss in the lower plate.

5.5 Timing of extension/motion along OVSZ from geochr nology

Prior to the extensional motion, compressive forces were active in the rea, although,
ages for the compressive deformation in this region are poorly constrained. F her to the east and
north within the Monashee complex this compressive deformation persisted u il ca. 49 Ma
(Crowley et aI., 2001) at the deepest levels ofthe orogen. A syn-tectonic mylo itized granitic

sheet of the Ladybird suite dated by Bardoux (1993) gave a zircon crystallizati n age of 56.4 Ma,
indicating that the ductile shearing at the top of the OVSZ was active by the Ea ly Eocene.

Bardoux concluded that high temperature gradients and ductile deformation pe sisted until-51
Ma, with brittle deformation occurring mainly between 52-48 Ma. The tempor evolution of the

fault in the Kelowna area was constrained between 56-48 Ma based on V-Pb, -Ar and Ar-Ar
ages of variably deformed igneous rocks, and by dating an undeformed felsic d kes that cut
through mylonitic gneisses at 48.6 ±O.7 Ma (Bardoux, 1993).

Geochronology from other studies agree with this timing sequence; def rmed rocks in the
footwall of the OVSZ were dated at 51±1 Ma and 49.9+1.6/-2.1 Ma (V-Pb zirc n, Parrish et aI.,
1988), suggest motion on the OVSZ and ductile deformation of the footwall w s underway by 51
Ma and continued until at least 50 Ma. In the Okanogon Dome, WA, V-Pb zirc n, K-Ar and

fission-track ages indicate that Late Cretaceous metamorphism was followed b Eocene cooling

and unroofing (Fox et aI., 1976; Kruckenberg et aI., 2(08). The V-Pb age deter inations by

Potter and Zartman (1991) and kinematic indicators in the mylonites (Goodge nd Hansen, 1984)

constrain two periods of mylonitization along the west flank of the Okanogan c mplex: an 85-57

Ma episode of top-to-the-east thrusting, followed by post-57 Ma top-to-the-we detachment

faulting. At varying structural depths in the Middle Crustal Zone of Carr (1991 , which is
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bounded by the Okanagan-Eagle River fault and the Victor Creek fault, apatite a d zircon have
provided fission-track ages ranging from 49.0 ± 4.4 Ma to 42.8 ± 4.6 Ma (Loren ak et aI., 2001),
which implies very rapid cooling soon after ductile deformation ended.

Results from this study indicate that ductile deformation continued until t least -49 Ma,
and possibly as late as 48 Ma, based on new U-Pb ages for zircon growth in the I ucosomes and
syn-tectonic granitic intrusions (see Chapters 2 and 3). Also evident is that the m jority of the
discernable deformation in the study area is Eocene based on the ubiquity of Eoc ne ages in
deformed units that were analyzed.

5.6 Conclusions

The OVSZ represents the western-most, major, crustal-scale detachment ithin the
southern Canadian Cordillera, and the western and structurally-highest margin of he Shuswap
metamorphic complex. The ages determined in this study agree with those to the outh (the
Okanogan Dome, Krukenberg et aI, 2008 and references therein), and to the nort (Kelowna
through Vernon, Bardoux, 1993; Glombick et aI., 2006).

U-Pb zircon ages from the Okanagan gneiss imply a diverse range of zir
events including Early Jurassic deposition of a sedimentary protolith, Jurassic
metamorphism), and Eocene migmatization, magmatism, and deformation relate to crustal
extension; ductile deformation occurred at least until 49 Ma. The Okanagan gnei s was developed
primarily in the Eocene, as was reported by Tempelman-Kluit (1989), and is gen tically-linked to
deformation and metamorphism of sedimentary and igneous rocks within the OV Z. The
protolith of the gneiss is partly resolved herein, including an orthogneiss derived rom the
shearing of Mesozoic granitoids in the fault zone, and a paragneiss domain deriv d from a

combination of sedimentary units in a probable marine setting (which may repre nt Lower
Paleozoic through Lower Jurassic miogeoclinal and pericratonic rocks) and Juras ic mafic
intrusions. Thus, the protolith of the Okanagan gneiss cannot be correlated with orth American

cratonic basement, and thus, does not constrain the western margin of ancestral orth America.

The gneiss and surrounding plutons that were exhumed together have a c mplex

relationship that varies from gradational contacts to interleaved, transposed boun aries. Eocene
plutons found on both sides of the International border are coeval with extension and crustal
thinning during the exhumation of the Okanagan, Okanogan and Kettle core co lexes; these
plutons include the Colville Igneous complex (Morris et aI., 2000); parts of the kanagan
batholiths and Coryell syenites.

Extension occurred across a 1.5 - 2 km wide ductile shear zone and later brittle
detachment surface; transport was top-towards the west-northwest (-291°). The mount of

extension attributed to the OVSZ varies considerably along strike. Throughout t e Shuswap

metamorphic complex the crustal thickness changed from -50-60 km thick folIo ing the main

Mesozoic compressional phase of the Cordilleran orogeny (e.g., Brown et aI., 19 6, Gibson et aI.,

2008), to -32 km today (Cook et aI., 1988); therefore, significant crustal thinnin must have

occurred, implying that the OVSZ is a large-scale, crustal feature as opposed to n array of
discrete, localized shear zones found along strike. Based on metamorphic equili ium conditions
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measured in the present study that suggest exhumation from a - 20 kIn depth, nd using varying
fault dips (15°-30°), the OVSZ must have extended the crust by 29-86 km. Th se estimates of
extension are comparable with earlier interpretations (Parkinson and Tempel n-Kluit, 1986;

Bardoux, 1993) and are incompatible with studies that have questioned the pre ence of a major
detachment farther north along the OVSZ (e.g., Glombick et aI., 2(06).

An explanation for the differences in extension along the fault is provi ed in this study by
invoking the differences in morphology of the fault plane as shown in the class c core complexes
of southwest U.S. As the Shuswap metamorphic complex is the largest core co plex in North
America it varies somewhat from those classic core complexes but the folded d tachment surface
is evident. The corrugated surface of the detachment surface has a huge effect n the position,
shape and appearance of outcrop throughout the SMC. The identification of th domes and basins
created by interference folding of the surface helps explain the presence of sem -continuous
hanging wall outliers that appear to straddle some parts of the OVSZ, most not bly in the Vernon
and Osoyoos areas. Recognition of such added geometrical complexity also pr vides an
explanation for the drastically different estimates of extension along the strike f the OVSZ.

To conclude, this study has reconfirmed the presence and importance the Okanagan
Valley shear zone as a major crustal-scale detachment that accommodated man tens of
kilometers of lateral extension and exhumation of mid-crustal rocks. The Okan gan gneiss likely
has a protracted Paleozoic and Mesozoic history, but the actual OVSZ and its a feet on the
gneissic rocks (Okanagan gneiss) are predominantly Eocene features.
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Appendix A: Geochemistry Analytical Methods

Geochemical analyses were performed at the GeoAnalytical Lab at W shington State
University. Below is a brief overview of the techniques the lab used, for a com lete description
refer to Johnson et al. (1999).

XRF

A ThermoARL Advant'XP+ automated sequential wavelength spectro eter was used; it
measures 29 major and trace elements (Si, AI, Ti, Fe, Mn, Ca, Mg, K, Na, P, S , V, Ni, Cr, Ba,
Sr, Zr, Y, Rb, Nb, Ga, Cu, Zn, Pb, La, Ce, Th, Nd, U). Ni, Co, Cr, and Cu wer analyzed with
XRF, grinded in tungsten carbide which is free from Ni, Cr and Cu, but uses 0 as a binder for
theWC.

Samples were prepared for analysis by chipping, grinding to a very fin powder,
weighing with di-lithium tetraborate flux (2:1 flux:rock), fusing at lOOO°C in muffle oven, and
cooling; the bead is then reground, refused and polished on diamond laps to pr vide a smooth flat
analysis surface. The same suite of elements is analyzed on the spectrometer ~ r all samples
(averages 65 minutes per sample), which includes the 10 major and minor ele ents of most
rocks, plus 19 trace elements.

The concentrations of elements in the unknown samples are measured by comparing the
X-ray intensity for each element with the intensity for two beads each of nine SGS standard
samples (PCC-I, BCR-l, BIR-l, ONC-l, W-2, AGV-l, GSP-l, G-2, and ST -1, using the

values recommended by Govindaraju, 1994) and two beads of pure vein quart used as blanks for
all elements except Si. The 20 standard beads are run and used for recalibratio approximately
once every three weeks or after the analysis of abou t 300 unknowns. The inte sities for all

elements are corrected automatically for line interference and absorption effec s due to all the
other elements using the fundamental parameter method. Limit of detection v lues are listed in
the following table.

ICP-MS

An HP (now Agilent) 4500+ ICP-MS (quadrupole mass spectrometer plus inductively
coupled plasma mass spectrometer measured 27 elements (14 REEs & Ba, Th Nb, Y, Hf, Ta, U,
Pb, Rb, Cs, Sr, Sc, Zr) on bulk rocks or minerals. All tuning parameters are so tware controlled
and the software has the ability to monitor quality control parameters and re-c librate, if needed,
during a long sequence.

The lab has developed a combination fusion-dissolution method that ffectively
decomposes refractory mineral phases and removes the bulk of unwanted mat ix elements. The
procedure consists of a low-dilution fusion with di-Lithium tetraborate follow d by an open-vial
mixed acid digestion. This method allows them to analyze 14 REEs and 13 ad itional trace

elements in a wide range of geologic samples without having to make assump ions as to the

presence or absence of resistant mineral phases. The dissolution with HF after the Lithium

tetraborate fusion quantitatively removes silica and more than 90% of the flux as gaseous

fluorides, leaving clear, stable solutions for analysis on the ICP-MS.
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Powdered samples are mixed with an equal amount of lithium tetrabo ate flux (typically
2g), placed in a carbon crucible and fused at 10000 C in a muffle furnace for 0 minutes. After
cooling, the resultant fusion bead is briefly ground in a carbon-steel ring mill nd a 250 mg
portion is weighed into a 30 ml, screw-top Teflon PFA vial for dissolution. T e acid dissolution
consists of a ftrst evaporation with HN03 (2ml), HF (6 ml), and HCI04 (2 ml) at 1100 C. Mter

evaporating to dryness, the sample is wetted and the sides of the vial are rinsl with a small
amount of water before a second evaporation with HCI04 (2 ml) at 1600 C. A ter the second
evaporation, samples are brought into solution by adding approximately 10 m of water, 3 ml
HN03, 5 drops H20 2, 2 drops of HF and warmed on a hot plate until a clear s lution is obtained.
The sample is then transferred to a clean 60 ml HDPE bottle diluted up to a ftral weight of 60g
with de-ionized water. I

The 4500 maintains the temperature of the spray chamber at 20 C. Th plasma can be
operated from 900 to 1400 W forward power, and is typically operated at 125 W. Typical Argon
gas flow conditions are 15 L/min plasma gas, 1 L/min auxiliary gas, 0.8 Vmi nebulization gas,
and 0.3 L/min make-up gas. Detection by the electron multiplier is by pulse c unting at low beam
intensities and by current integration at high beam intensities (> 3.0 MHz).

Solutions are analyzed are diluted an additional lOX at the time of an lysis using
Agilent's Integrated Sample Introduction System (ISIS). This yields a final di ution factor of
1:4800 relative to the amount of sample fused. Instrumental drift is corrected sing Ru, In, and Re
as internal standards. Internal standardization for the REEs uses a linear inter olation between In
and Re after Doherty (1989) to compensate for mass-dependant differences i the rate and degree
of instrumental drift. Isobaric interference of light rare earth oxides on the mi - heavy REEs can
be a significant source of error in ICP-MS analysis, so tuning is optimized to eep the CeO/Ce
ratio below 0.5%. Correction factors used to compensate for the remaining ox'de interferences are

estimated using two mixed-element solutions. The first contains Ba, Pr, and d, and the second
Tb, Sm, Eu, and Gd. Standardization is accomplished by processing duplicat s of three in-house
rock standards interspersed within each batch of 18 unknowns. Concentration, oxide- and drift
corrections are then calculated offline using a spreadsheet.

Long term precision for the method is typically better than 5% (RSD for the REEs and

10% for the remaining trace elements. Analyses of USGS and international r k standards show
good agreement with consensus values.
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SB-7-6a 316524 5462379 76.84 0.03 13.82 0.37 0.01 0.07 2.70 3.61 2.54 0.01 298.38 47.78

SB-7-6b 316524 5462379 74.48 0.12 14.47 0.96 0.03 0.19 1.58 4.13 4.03 0.02 1171.42 78.22 3.81

SB-07-12 329461 5473073 59.05 0.79 17.10 5.16 0.09 2.86 3.65 5.34 5.22 0.74 2620.49 132.61 19.62

SB-07-15a 316524 5462379 46.45 1.74 19.04 11.41 0.22 5.66 9.19 2.97 2.71 0.59 1062.77 93.24 6.45

SB-07-15b 316524 5462379 75.45 0.04 14.01 0.46 0.02 0.07 1.17 4.01 4.75 0.02 318.10 103.26 4.59

SB-07-68 327082 5476747 65.01 0.39 17.94 3.42 0.12 0.86 5.00 4.48 2.63 0.16 1652.35 56.84 5.16

SB-07-11 327633 5464748 74.19 0.25 14.25 1.80 0.03 0.52 1.16 3.56 4.14 0.10 1313.84 91.67 7.51

SB-11-8de 313336 5476606 66.83 0.01 19.19 0.23 0.02 0.03 1.76 4.94 6.98 0.02 436.57 193.25 11.06

SB-11-15a 313134 5470817 70.84 0.26 15.85 1.67 0.04 0.51 2.15 4.19 4.38 0.09 1941.24 69.17 4.86

SB-11-15b 313134 5470817 64.72 0.35 18.50 3.04 0.11 0.79 5.18 4.55 2.62 0.14 2125.45 43.85 3.33

SB-24-6 342909 5455902 65.43 0.68 16.66 3.40 0.08 1.04 2.10 4.76 5.64 0.20 1442.45 188.41 39.71

SB-7-7 316790 5461372 74.68 0.09 14.49 0.75 0.02 0.14 1.58 4.23 4.00 0.02 1260.09 78.79 1.33

SB-08-15 316150 5463991 61.61 1.28 15.24 7.67 0.12 3.73 2.24 2.64 4.99 0.48 2089.49 234.24 3.11

SB-08-03 312155 5462371 49.91 1.58 16.06 11.04 0.21 5.78 10.79 3.24 1.20 0.20 159.97 30.89 0.65

SB-08-21 317795 5466461 49.29 2.61 18.59 12.50 0.24 3.31 5.87 2.59 4.23 0.77 2111.33 143.12 21.93

SB-08-22 317795 5466461 74.47 0.14 15.24 0.73 om 0.21 2.90 4.95 1.32 0.04 1062.02 20.64 2.02

SB-08-23 313001 5459188 74.09 0.15 14.46 1.00 0.02 0.16 1.30 3.89 4.88 0.04 2064.96 95.99 5.87

SB-08-24 313001 5459188 64.53 0.58 19.00 2.64 0.04 0.91 3.48 6.03 2.60 0.18 1380.00 64.15 5.47

SB-08-20 316524 5462379 75.17 0.05 14.20 0.41 0.01 0.07 1.24 3.94 4.90 0.01 277.95 99.62 2.69

SB-08-15b 316150 5463991 44.37 4.56 12.43 12.24 0.20 10.26 11.78 1.02 2.33 0.81 187.05 85.44 4.76

SB-08-17 313336 5476606 50.32 0.57 8.06 9.95 0.32 14.44 14.40 1.26 0.63 0.06 96.28 7.78 0.34

SB-08-16 313336 5476606 63.34 0.85 16.97 3.86 0.08 2.32 3.67 4.59 3.84 0.46 1715.76 96.81 7.36

SB-07-21 317795 5466461 54.01 0.96 18.78 8.50 0.18 3.92 8.00 3.79 1.54 0.33 612.00 37.60 1.47

SB-09-01 315141 5466674 45.65 1.62 18.67 13.20 0.21 5.53 9.54 2.46 2.54 0.58 522.00 85.00 0.46

SB-09-05 316150 5463991 55.50 0.97 19.76 8.01 0.21 2.37 6.98 3.20 2.32 0.68 569.00 110.90 2.33

SB-09-07 315699 5471074 38.50 3.12 18.90 17.08 0.37 9.50 8.23 1.43 2.26 0.61 995.00 60.40 5.79

7-6bR 316524 5462379 74.42 0.12 14.51 0.97 0.03 0.19 1.59 4.11 4.03 0.02 1193.13 81.74 3.78
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p I K I Nb

SB-7-6a 21099.51 1.75 4.35 8.10 302.80 3.30 28.64 67.27 0.64 0.43 0.47 191.06 0.47 2.96 0.32 2.90

SB-7-6b 33421.27 3.59 13.42 25.70 642.00 12.25 80.87 60.72 2.36 0.68 1.56 731.53 1.02 5.25 0.50 6.80

SB-07-12 43321.73 27.30 181.55 316.47 2389.65 115.24 3218.89 305.32 16.47 3.63 9.41 4744.40 4.55 19.55 1.38 110.40

SB-07-1Sa 22528.84 16.28 74.62 155.52 750.67 75.52 2575.92 346.34 14.52 3.26 11.77 10460.82 8.96 40.72 3.48 255.70

SB-07-1Sb 39397.44 4.19 8.24 16.72 234.71 9.10 65.72 22.90 2.85 0.39 2.83 259.97 3.25 19.03 1.87 3.30

SB-07-6S 21790.13 9.93 20.94 40.07 973.05 18.58 719.19 100.42 3.80 1.14 3.14 2332.95 2.81 15.20 1.60 62.50

SB-07-ll 34348.05 5.77 22.35 44.27 253.49 19.81 437.01 148.71 4.10 0.70 3.43 1522.98 3.21 17.72 1.80 26.20

SB-ll-Sde 57963.15 31.88 5.82 13.75 332.95 6.76 77.17 33.14 2.98 0.39 3.83 84.57 5.20 28.96 1.52 4.30

SB-ll-ISa 36364.08 3.76 22.05 41.55 1031.23 16.92 389.34 123.81 2.68 0.82 1.53 1578.40 0.90 4.47 0.41 25.00

SB-ll-ISb 21710.82 8.32 16.83 32.66 1114.05 15.41 624.62 104.68 3.05 0.93 2.50 2077.55 2.24 12.55 1.29 58.70

SB-24-6 46786.26 51.18 121.13 219.00 628.24 75.59 880.54 323.94 10.85 2.05 6.73 4081.07 4.96 24.70 2.39 46.80

SB-7-7 33208.81 3.13 5.60 11.24 653.70 5.94 106.07 54.99 1.63 0.50 1.43 531.44 1.04 5.36 0.41 5.30

SB-OS-IS 41417.24 9.55 11.55 24.27 287.33 13.75 2091.06 148.55 3.14 0.57 2.67 7697.06 2.01 10.28 0.84 191.00

SB-OS-03 9931.81 7.85 7.83 18.98 215.85 12.54 879.16 82.12 3.60 1.37 4.13 9506.73 4.51 22.70 2.05 233.10

SB-OS-21 35085.40 88.76 107.83 208.59 466.72 87.70 3376.68 378.72 16.78 4.23 13.79 15662.04 10.50 46.58 3.63 147.70

SB-OS-22 10923.61 2.92 10.28 20.10 1009.49 8.86 165.68 86.71 1.63 0.64 0.99 812.61 0.52 2.35 0.15 11.10

SB-OS-23 40525.89 3.84 25.13 46.38 623.30 17.54 187.02 103.45 2.72 0.95 1.48 919.60 0.60 2.34 0.17 9.20

SB-OS-24 21557.01 10.99 23.33 41.65 1053.11 17.61 784.80 284.59 2.99 1.22 1.92 3474.08 1.20 5.69 0.52 55.20

SB-OS-20 40638.07 4.16 4.75 9.28 232.77 5.01 57.50 17.71 1.72 0.39 2.12 281.00 2.84 17.45 1.59 2.90

SB-OS-ISb 19326.46 64.40 51.62 112.13 286.53 60.29 3532.44 304.21 12.67 4.00 11.06 27352.51 8.10 33.01 2.21 313.20

SB-OS-17 5188.73 3.76 4.66 14.45 \38.61 \3.21 253.16 41.52 3.98 1.17 4.24 3442.52 4.48 22.54 2.18 217.10

SB-OS-16 31880.43 7.37 54.91 120.93 2227.20 63.98 2007.98 222.12 10.89 2.69 6.14 5114.01 2.81 11.64 0.75 76.00

SB-07-21 12781.49 9.06 17.01 36.49 732.00 21.08 1430.02 80.00 4.89 1.62 4.58 5741.77 4.23 20.42 1.87 214.00

SB-09-0l 2108158 3.98 8.00 18.95 704.00 14.92 2524.39 34.00 4.30 1.60 4.51 9731.81 3.60 15.97 1.11 346.00--
SB-09-0S 19255.04 18.35 25.19 50.28 703.00 29.05 2982.09 104.00 6.85 2.04 6.29 5837.71 5.38 27.24 2.49 136.00

SB-09-07 18757.25 59.53 42.43 84.06 215.00 39.00 2655.\3 255.00 8.42 3.11 8.03 18731.25 7.68 36.14 3.29 186.00

7-6bR 33410.07 3.61 \3.44 25.60 662.36 12.12 86.05 63.95 2.36 0.68 1.60 744.44 1.01 5.31 0.49 7.40
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Pb

SB-7-6a 0.78 58.70 6.90 70.29 0.94 0.08 0.10 0.28 0.04 0.06 2.54 0.35 2.07 23.05 1.20 0.16 98.96

SB-7-6b 1.98 58.10 7.60 211.81 3.16 0.20 0.19 0.51 0.08 0.08 2.16 0.28 1.36 26.30 1.35 0.38 98.88

SB-07-12 6.06 58.40 30.50 674.19 33.87 1.02 0.75 1.73 0.23 0.22 6.56 0.91 2.70 28.30 1.40 0.46 97.35

SB-07-15a 30.01 31.20 4.90 1708.77 19.47 1.65 1.67 4.23 0.58 0.54 7.78 0.60 1.06 8.06 3.43 0.60 97.91

SB-07-15b 2.08 49.60 3.90 178.83 2.22 0.52 0.67 1.85 0.29 0.28 1.31 0.59 4.31 34.43 1.10 0.20 99.44

SB-07-6S 4.60 21.80 4.30 909.80 4.83 0.48 0.57 1.60 0.24 0.27 2.98 0.66 2.64 15.36 0.29 0.32 98.45

SB-07-11 4.63 25.50 3.50 223.83 5.33 0.55 0.67 1.86 0.28 0.29 4.46 0.51 2.92 13.79 1.68 2.42 99.13

SB·ll·Sde 1.41 37.00 2.60 117.61 1.70 0.87 0.89 2.04 0.27 0.21 2.89 5.95 22.34 41.47 2.88 0.18 99.23

SB·ll·15a 2.14 52.20 6.10 328.66 4.80 0.18 0.16 0.44 0.06 0.07 3.38 0.19 0.76 17.39 0.51 0.35 98.73

SB·ll·15b 4.20 38.20 3.10 862.23 4.02 0.38 0.45 1.28 0.20 0.22 2.76 0.50 1.42 11.41 0.51 0.29 98.37

SB·24-6 5.60 43.70 5.30 639.84 23.20 0.93 0.94 2.48 0.37 0.38 8.61 2.79 5.99 19.76 2.70 0.51 98.10

SB-7-7 2.10 45.90 4.70 125.20 1.48 0.20 0.18 0.44 0.07 0.06 2.31 0.27 2.26 27.46 1.34 0.26 99.24

SB-OS·15 10.29 19.20 18.10 942.34 3.27 0.38 0.37 0.94 0.13 0.13 4.38 0.59 2.19 13.14 15.78 0.69 99.73

SB-OS·03 40.36 323.30 97.90 1631.91 2.76 0.72 0.91 2.40 0.34 0.32 2.26 0.54 0.49 3.37 0.87 0.64 98.22

SB-OS·21 18.73 17.80 31.60 1860.05 23.75 1.96 1.94 4.68 0.63 0.54 9.33 4.89 2.77 8.83 4.00 1.72 96.99

SB-OS·22 1.87 4.70 11.40 90.51 2.41 0.11 0.09 0.19 0.03 0.02 2.93 0.52 0.68 13.87 0.56 0.31 99.21

SB-OS·23 1.28 1.10 9.80 117.14 5.18 0.15 0.09 0.21 0.03 0.03 3.10 0.12 0.50 18.38 0.36 0.34 98.32

SB-OS-24 2.28 4.80 10.80 343.43 4.79 0.24 0.20 0.54 0.08 0.09 6.48 0.55 1.84 14.94 0.61 0.61 98.84

SB-OS·20 1.51 3.60 10.00 106.12 1.19 0.43 0.60 1.73 0.26 0.23 1.10 0.58 5.43 35.11 1.02 0.34 99.37

SB·OS·15b 24.00 340.50 134.40 1563.84 14.47 1.55 1.38 3.17 0.40 0.31 7.82 4.34 2.75 3.57 11.30 1.24 97.99

SB·OS-17 65.91 454.10 128.70 2474.42 2.55 0.71 0.92 2.47 0.36 0.33 1.52 0.20 0.48 2.01 0.32 0.83 98.43

SB-OS-16 5.58 18.60 40.40 633.07 15.97 0.64 0.44 1.02 0.13 0.11 5.33 0.46 2.67 14.71 2.65 0.67 98.19

SB-07-21 20.90 13.00 7.00 1387.19 4.89 0.72 0.81 2.10 0.30 0.29 2.18 0.54 1.01 6.61 1.62 0.71 97.40

SB-09-01 20.00 2.00 5.00 1635.22 3.01 0.66 0.65 1.55 0.20 0.16 1.13 0.25 0.80 7.10 2.81 1.32 97.42

SB-09-05 12.90 1.00 0.00 1611.92 6.92 0.96 1.05 2.76 DAD 0040 2.74 1.21 1.43 9.41 9.82 1.17 98.04

SB-09-07 36.90 416.00 325.00 2890.63 10.06 1.29 1.54 3.95 0.56 0.51 5.99 3.73 1.24 3.74 0.73 8.00 90.58

7-6bR 2.43 57.10 6.20 210.96 3.15 0.20 0.20 0.50 0.08 0.08 2.15 0.27 1.24 26.48 1.34 0.38 98.58
major elements are given as oxides in weight percent; trace elements are given in ppm (parts per million = micrograms/gram); values only re-calcu1ated to volatile-free
anhydrous basis; ** sum before normalization
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WSU XRF precision, limit of determination (2,,)
Replicate

6-Mar Replicate r2 LOD

Unnormalized Major Elements (Weight %):

SiO, 0.99929 0.58

TiO, 0.99992 0.017

AhO, 0.99949 0.16

FeO* 0.99948 0.20

MnO 0.99983 0.002

MgO 0.99994 0.076

CaO 0.99976 0.064

Na,O 0.99981 0.045

K,O 0.99992 0.031

P,O, 0.99990 0.005

Estimated LOI 0.966 1.00

SO, 0.989 0.07

CI 0.992 0.002

Normalized Major Elements (Weight %):

SiO, 0.99992 0.19

TiO, 0.99996 0.012

AhO, 0.99987 0.082

FeO* 0.99956 0.18

MnO 0.99988 0.002

MgO 0.99994 0.073

CaO 0.99998 0.043

Na,O 0.99989 0.036

K,O 0.99998 0.015

P,O, 0.99996 0.003

Trace Elements
(ppm):

Ni 0.9992 3.5

Cr 0.9998 3.0

Sc 0.997 1.6

V 0.9996 5.0

Ba 0.9997 11.7

Rb 0.9998 1.7

Sr 0.99992 4.6

Zr 0.99994 3.9
y 0.9987 1.2
Nb 0.99987 1.2

Ga 0.955 2.7

Cu 0.994 7.4

Zn 0.9991 3.3

Pb 0.9966 2.6

La 0.9941 5.7

Ce 0.996 7.9

Th 0.997 1.6

Nd 0.992 4.3

U 0.983 2.7

Bi 0.758 2.0

Cs 0.365 5.1
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Appendix B: Microprobe and Pressure-Temperature estimates

One sample was selected for detailed petrography and thermobarometric analysis from a

representative regional sampling of lithologies from the footwall of the OVF. The sample was
selected on the basis of preservation of equilibrium mineral assemblages useful for
thermobarometry, and lack of pervasive, low-grade retrogression of garnet, biotite and

hornblende. The metapelite sample (SB-08-12) was chosen from the most pelitic section ofthe

Okanagan gneiss at Vaseux cliffs.

Within the thin-section, mineral compositions from a garnet domain were quantitatively
analyzed using a Cameca SX 50 Scanning Electron Microprobe with 4 vertical wavelength

dispersion X-ray spectrometers and a fully-integrated SAMx energy-dispersion X-ray
spectrometer at the University of British Columbia. Analyses were run with a 20 kV accelerating
voltage and a 10 nA beam focused over a 3 /lm beam spot for a dwell time on the order of 10

seconds for most elements and longer dwell times for F and Cl. Quantitative data for garnet,
biotite, muscovite and plagioclase was obtained for the metapelitic gneiss.

Pressures and temperatures were calculated using the TWEEQU program (version 2.32)
of Berman (1991), which incorporates the thermodynamic database of Berman (1988) and uses
internally consistent end-member thermodynamic data to calculate the position of a set of

independent equilibria in P-T space. The equilibria selected for thermobarometry for the
metapelitic gneiss include: the garnet-biotite exchange equilibrium:

almandine + phlogopite =pyrope + annite,

and the GMAP net-transfer equilibrium:

almandine + grossular + muscovite = 3anorthite + annite.

(1)

(2)

The activity models used were that of Berman and Aranovich (1996) for garnet, Berman
et al. (2007) for biotite, and Fuhrman and Lindsley (1988) for plagioclase.

The garnet profile was not flat (Fig. 13, Chapter 2); they had a slight growth zoning

profile preserved indicating that the core is likely no longer in equilibrium with the compositions
of the matrix biotites. A representative point from the core and one from the rim were used to
create two P-T diagrams.

In the absence of more than a single thermometer and barometer, and since the range in
P-T estimates due to intracrystalline chemical variation may often far outweigh analytical and

thermodynamic data error, the P-T estimates are therefore given as a range using the minimum
and maximum composition values for each textural location. Where chemical composition data

are unavailable for greater than one textural location, a reasonable estimate of overall uncertainty

is taken as ± 50°C and 1 kbar, as suggested by Berman (1991). Errors involved in analyses

include: combined values of probe analyses, sample variation, TD data base error, and most

importantly activity model error. You cannot calculate errors based on estimated uncertainties in

thermodynamic data with TWQ because the database values do not have estimated uncertainties.
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Garnet composition EMP sample 08124

Label

08124-1

08124-2

08124-3

08124-4

08124-5

08124-6

08124-7

08124-8

08124-9

08124-10

08124-11

08124-12

08124-13

08124-14

08124-15

08124-16

08124-17

08124-18

08124-19

08124-21

08124-20

08124-22

08124-23

Ox%(Na)

0.00

0.01

0.02

0.00

0.00

0.03

0.00

0.03

0.00

0.04

0.02

0.00

0.03

0.04

0.01

0.00

0.00

0.00

0.00

0.00

0.00

0.01

0.01

Ox%(Mg)

2.95

2.99

2.90

3.05

2.91

2.49

2.60

2.63

2.58

2.61

2.35

2.72

2.72

2.70

2.38

2.64

2.62

2.59

2.47

2.59

2.56

2.57

2.54

Ox%(A1)

20.99

21.00

20.96

21.26

20.90

20.95

21.13

21.41

20.68

21.41

21.60

21.22

21.38

21.41

21.64

21.39

20.73

21.47

21.55

20.64

21.66

21.65

21.11

Ox%(Si)

36.22

36.31

36.25

36.68

36.18

36.82

36.39

36.61

36.04

36.58

36.26

36.31

36.41

36.56

35.78

36.51

36.03

37.21

36.24

36.02

36.40

36.51

36.23

Ox%(Ca)

2.02

1.95

1.95

2.19

2.08

2.29

2.37

2.16

2.35

2.18

2.25

2.07

1.96

2.25

2.15

2.28

2.32

2.32

2.31

2.40

2.29

2.37

2.37
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Ox%(Ti)

0.05

0.07

0.08

0.04

0.04

0.03

0.04

0.02

0.03

0.01

0.02

0.01

0.00

0.04

0.03

0.02

0.04

0.01

0.00

0.00

0.00

0.00

om

Ox%(Cr)

0.00

0.02

0.02

0.03

0.00

0.00

0.00

0.00

0.00

0.03

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.03

0.00

0.00

0.00

0.03

Ox%(Mn)

7.11

6.33

6.14

6.05

6.85

8.70

8.18

7.96

8.18

8.14

8.93

7.63

7.55

8.53

9.25

8.09

8.42

8.52

8.79

8.70

8.78

8.68

8.78

Ox%(Fe)

29.97

30.76

31.14

31.17

30.37

28.69

29.25

29.28

29.03

28.45

28.16

29.27

29.34

28.57

28.25

28.64

28.61

28.78

28.23

28.61

28.45

28.19

28.32

Total

99.30

99.45

99.46

100.46

99.33

99.99

99.96

100.09

98.89

99.44

99.59

99.23

99.38

100.09

99.49

99.57

98.77

100.89

99.62

98.96

100.14

99.98

99.40



Garnet composition EMP sample 08124

Label Ox%(Na) Ox%(Mg) Ox%(A1) Ox%(Si) Ox%(Ca) Ox%(Ti) Ox%(Cr) Ox%(Mn) Ox%(Fe) Total

08124-24 0.02 2.53 20.89 36.12 2.53 0.02 0.03 8.49 28.56 99.18

08124-25 0.02 2.63 21.05 36.33 2.21 0.02 0.00 8.16 29.15 99.58

08124-26 0.02 2.64 21.31 36.65 2.34 0.04 0.04 8.56 29.04 100.62

08124-27 0.01 2.49 21.11 36.02 2.45 0.00 0.00 8.57 28.28 98.93

08124-28 0.00 2.54 21.24 36.68 2.53 0.01 0.01 8.45 28.46 99.92

08124-29 0.01 2.69 21.23 36.26 2.38 0.03 0.00 8.75 28.24 99.60

08124-30 0.00 2.58 21.64 36.45 2.47 0.03 0.04 8.79 27.91 99.90

08124-31 0.00 2.61 21.29 36.44 2.33 0.03 0.00 8.54 28.84 100.08

08124-32 0.00 2.63 21.16 37.02 2.26 0.00 0.02 8.32 28.59 100.00

Fe as FeO except Fe,03 in feldspar. The values are wI. % with ±2o ranges (95% confidence)
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Biotite composition EMP

Label

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

24

25

26

27

28

42

43

44

45

46

Position

inside

inside

inside

inside

inside

inside

inside

inside

inside

inside

inside

inside

inside

inside

inside

inside

outside

outside

outside

outside

outside?

outside

outside

outside

outside

outside

Grain

A

A

A

A

A

A

A

B

B

B

B

B

B

C

C

D

F

F

F

F

F?

Ox%(F)

0.37

0.25

0.16

0.25

0.21

0.24

0.16

0.20

0.14

0.27

0.15

0.18

0.31

0.31

0.14

0.22

0.24

0.27

0.26

0.35

0.30

0.29

0.21

0.37

0.22

0.25

Ox%(Na)

0.13

0.14

0.15

0.14

0.14

0.14

0.13

0.14

0.18

0.16

0.16

0.14

0.09

0.13

0.13

0.14

0.13

0.11

0.08

0.13

0.13

0.15

0.13

0.12

0.12

0.14

Ox%(Ml:)

8.06

8.21

8.29

8.18

8.28

8.16

8.08

7.88

8.02

7.93

8.08

8.09

8.08

8.30

8.15

8.55

8.31

8.57

8.75

8.74

8.64

8.64

8.45

8.63

8.43

8.59

Ox%(Al)

19.18

18.86

18.88

18.84

19.27

19.06

18.95

18.89

19.42

19.11

19.84

19.47

19.05

19.10

19.07

18.74

18.13

18.44

18.25

18.58

18.25

18.66

18.29

18.64

18.24

18.21

Ox%(Si)

36.27

35.98

35.40

35.30

36.05

35.69

35.42

35.17

35.85

35.39

35.77

36.03

35.56

35.64

35.67

35.43

35.54

35.63

35.47

35.76

35.83

35.51

35.25

35.66

35.28

35.15

Ox%(CI)

0.05

0.05

0.03

0.05

0.05

0.04

0.07

0.04

0.03

0.06

0.05

0.07

0.05

0.06

0.04

0.05

0.06

0.04

0.05

0.05

0.05

0.06

0.02

0.06

0.06

0.06
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Ox%(K)

9.43

9.78

9.66

9.70

9.67

9.49

9.61

9.57

9.58

9.72

9.61

9.61

9.55

9.58

9.79

9.57

9.77

9.55

9.66

9.76

9.63

9.28

9.76

9.05

9.21

9.39

Ox%(Ca)

0.04

0.00

0.00

0.01

0.00

0.00

0.05

0.00

0.03

0.00

0.00

0.02

0.02

0.01

0.00

0.01

0.03

0.02

0.00

0.00

0.00

0.08

0.03

0.16

0.05

0.05

Ox%(Ti)

2.78

2.71

2.62

2.70

2.74

2.69

2.70

2.66

2.89

2.86

2.73

2.78

2.84

2.79

2.77

2.81

3.13

2.80

2.87

2.79

3.02

2.59

2.73

2.72

2.88

2.60

Ox%(Cr)

0.00

0.00

0.00

0.09

0.04

0.09

0.Q2

0.00

0.00

0.00

0.06

0.04

0.03

0.00

0.00

0.08

0.00

0.09

0.05

0.00

0.09

0.00

0.04

0.Q2

0.00

0.09

Ox%(Mn)

0.32

0.40

0.37

0.45

0.34

0.39

0.38

0.39

0.34

0.26

0.32

0.31

0.28

0.34

0.40

0.40

0.38

0.37

0.40

0.31

0.39

0.37

0.41

0.36

0.40

0.34

Ox%(Fe)

19.63

19.56

20.04

19.99

20.04

20.08

19.63

19.64

19.54

19.17

19.50

19.28

19.35

20.02

19.80

20.30

20.08

20.13

19.85

20.08

19.71

20.33

20.15

20.46

20.72

20.79

Total

96.26

95.94

95.62

95.70

96.83

96.05

95.19

94.57

96.01

94.93

96.28

96.01

95.21

96.28

95.96

96.30

95.80

96.02

95.70

96.55

96.04

95.95

95.48

96.26

95.60

95.66



Muscovite composition EMP

Label

17

18

19

20

21

22

23

29

30

31

32

33

34

35

36

37

38

39

40

47

48

49

50

51

Position

outside

outside

outside

outside

outside

outside

outside?

outside

outside

outside

outside

outside

outside

outside

outside

outside

outside

outside

outside

inside

inside

inside

inside

inside

Grain

E

E

E

E

E

E

E?

G

G

G

G

G

G

G

H

H

H

H

H

J

Ox%(F)

0.00

0.07

0.01

0.16

0.03

0.00

0.05

0.06

0.00

0.00

0.08

0.00

0.00

0.14

0.14

0.00

0.14

0.13

0.00

0.00

0.12

0.16

0.10

0.02

Ox%(Na)

0.50

0.43

0.45

0.50

0.51

0.50

0.50

0.43

0.45

0.44

0.47

0.49

0.45

0.37

0.43

0.43

0.36

0.40

0.43

0.42

0.53

0.55

0.60

0.52

Ox%(MI()

0.79

0.77

0.78

0.89

0.84

0.81

0.81

0.75

0.77

0.78

0.76

0.76

0.73

0.74

0.68

0.74

0.69

0.73

0.67

0.99

1.04

0.85

0.97

0.97

Ox%(AI)

34.39

34.26

34.22

33.87

34.42

34.00

34.57

34.78

34.25

34.35

34.47

34.60

34.10

34.71

34.36

34.47

34.14

34.41

34.37

33.52

33.92

34.14

33.54

34.06

Ox%(Si)

45.95

45.75

46.66

45.77

46.25

46.03

46.02

46.15

45.79

46.28

45.92

45.85

45.75

46.47

45.48

46.26

45.86

45.87

45.84

46.45

46.40

46.12

46.24

46.58

Ox%(CI)

0.00

0.00

0.00

0.01

0.01

0.00

0.00

0.01

om
0.00

0.02

0.01

0.00

0.00

0.00

0.00

0.02

0.01

0.02

0.01

0.02

0.01

0.01

0.00
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Ox%(K)

10.72

10.76

10.76

10.93

10.40

10.67

10.63

10.76

10.73

10.69

10.90

10.79

10.79

10.76

10.87

10.78

10.74

10.69

10.86

10.60

10.65

10.55

10.62

10.72

Ox%(Ca)

0.03

0.00

0.00

0.01

0.00

0.03

0.01

0.00

0.01

0.02

0.00

0.01

0.00

0.01

0.02

0.00

0.00

0.00

0.00

0.04

0.01

0.02

0.00

0.00

Ox%(Ti)

0.78

0.87

1.08

0.76

0.78

0.77

0.81

0.90

0.80

0.79

0.79

0.73

0.80

0.88

0.92

0.92

0.90

0.89

0.96

0.79

0.80

0.91

0.95

0.85

Ox%(Cr)

0.01

0.00

0.04

0.00

0.00

0.00

0.00

0.03

0.00

om
0.00

0.00

0.00

0.03

0.00

0.Q7

0.00

0.06

0.10

0.03

0.00

0.00

0.03

0.01

Ox%(Mn)

0.02

0.00

0.00

0.06

0.03

om
om
0.03

0.05

0.02

0.00

0.01

0.06

0.00

0.01

0.02

0.09

0.00

0.00

om
0.00

0.02

0.00

om

Ox%(Fe)

1.21

1.29

1.17

1.37

1.33

1.38

1.36

1.30

1.22

1.37

1.24

1.23

1.17

1.24

1.19

1.08

1.22

1.22

1.06

1.58

1.61

1.73

1.69

1.57

total

94.4

94.2

95.2

94.3

94.6

94.2

94.8

95.2

94.1

94.8

94.6

94.5

93.9

95.3

94.1

94.8

94.2

94.4

94.3

94.4

95.1

95.1

94.7

95.3



Label Position Grain Ox%(F) Ox%(Na) Ox%(Mg) Ox%(Al) Ox%(Si) Ox%(CI) Ox%(K) Ox%(Ca) Ox%(Ti) Ox%(Cr) Ox%(Mn) Ox%(Fe) total

52 inside J 0.18 0.58 0.91 33.86 46.05 0.01 10.72 0.00 1.02 0.00 0.07 1.68 95.1

53 inside J 0.12 0.56 0.88 34.04 46.27 0.00 10.79 om 0.94 0.03 0.04 1.74 95A

54 inside K 0.10 0.44 0.91 33.82 46.33 0.03 10.50 0.01 0.77 0.00 0.08 1.55 94.5

55 inside K 0.12 0.47 0.92 34.59 46.42 0.01 10.91 0.00 0.80 0.03 om 1.36 95.6

56 inside K 0.01 0.49 0.90 34.03 46.43 0.00 10.67 0.00 0.86 0.04 0.04 1.54 95.0

57 inside K 0.22 0.48 0.95 34.01 46.58 0.00 10.51 0.00 0.73 0.04 0.05 lAO 95.0

58 inside K 0.00 0.43 0.92 34.03 46.59 0.01 10.61 0.03 0.74 0.00 0.09 1A6 94.9

59 inside K 0.04 0.48 0.75 34.71 46.13 0.03 10.39 0.00 0.81 0.00 0.01 1.32 94.7

60 inside K 0.00 0.47 0.59 35.27 46.15 0.00 10.67 0.02 0.64 0.01 0.06 1.28 95.2
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Feldspar

Label Position Grain Ox%(Na) Ox%(M~) Ox%(Al) ilx%(Si) Ox%(K) Ox%(Ca)~x%(Mn) Ox%(Fez03) Total Type

inside A 7.92

2 inside A 8.09

3 inside A 7.94

4 inside A 8.09

5 inside A 8.04

6 inside A 8.02

7 inside A 7.75

8 inside A? 6.99

9 inside B 0.41

10 inside B 0.44

II inside B 0.44

12 inside B 0.43

13 inside B 0.45

14 inside C 7.02

15 inside C 6.00

16 outside D 7.87

17 outside D 7.98

18 outside D 7.83

19 outside D 8.00

20 outside D 7.88

21 outside D 7.91

23 outside E 7.67

23 outside E 7.71

25 outside E 7.90

26 outside E 7.72

27 outside E 7.75

0.00

0.00

0.00

0.00

0.00

0.01

0.00

0.00

0.90

0.90

0.86

0.82

0.88

0.01

0.00

0.01

0.00

0.00

0.00

0.00

0.00

0.02

0.00

0.01

0.00

0.00

24.38

24.23

24.06

24.25

24.04

24.29

24.17

26.13

34.12

33.92

34.51

34.36

34.65

26.10

27.10

24.40

24.33

24.29

24.17

24.53

23.99

24.62

24.86

24.66

24.58

24.90

61.53

61.36

61.45

61.28

61.53

61.08

61.90

58.85

46.10

45.85

46.09

45.69

45.65

58.55

57.21

61.22

61.16

61.30

61.18

61.32

61.60

61.25

59.75

61.02

60.64

60.39
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0.33

0.37

0.36

0.38

0.42

0.33

0.34

0.15

10.89

10.58

10.89

10.65

10.73

0.18

0.13

0.26

0.29

0.32

0.35

0.33

0.34

0.16

0.20

0.22

0.22

0.17

5.98

5.86

5.88

5.88

5.85

5.95

5.98

7.81

0.02

0.01

0.02

0.01

0.02

7.96

9.56

5.92

5.96

5.83

5.83

6.04

5.74

6.58

6.60

6.32

6.21

6.56

0.01

0.01

0.01

0.01

0.00

0.04

0.04

0.02

0.02

0.02

0.02

0.02

0.00

0.05

0.02

0.02

0.01

0.00

0.05

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.12

0.08

0.07

0.15

0.02

0.07

0.12

0.06

1.44

1.48.

1.51

1.54

1.62

0.28

0.16

0.04

0.06

0.04

0.00

0.04

0.05

0.14

0.13

0.06

0.03

0.22

100.28

99.99

99.77

100.05

99.92

99.80

100.31

100.00

93.90

93.19

94.34

93.51

94.00

100.14

100.18

99.73

99.79

99.62

99.58

100.12

99.63

100.42

99.26

100.19

99.40

99.98

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

K-feldspar

K-feldspar

K-feldspar

K-feldspar

K-feldspar

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase

plagioclase
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Appendix C: Previous geochronological data

The following table is a complitation of previous geochronological analyses from the
southern Okanagan region.
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Date (Ma) method Position Geological unit Reference

Okanagan gneiss

Orthogneiss

120 ±10 U-Pb Zrn L leucogneiss Parkinson, 1985

35 ±IO Rb-SrWR-Bt L Shuswap complex Ryan, 1973

53.3 +2.8 K-ArHbl L Monashee Grp Meford, 1975

47.8 +3.1 K-ArBt L Granodiorite, gneissic Wanless et aI., 1979

45.5 +3 K-ArMs L Granodiorite, gneissic Wanlessetal.,1979

Paragneiss

1899 ±24.5 U-Pb Zrn L Vaseux Formation Armstrong et aI., 1991

92.9 ±O.8 U-Pb Mnz L Vaseux Formation Armstrong et aI., 1991

2250 ±150 Sm-NdWR L Vaseux Formation Armstrong et aI., 1991

62.3 ±3.2 Rb-SrWR-Ms L Vaseux Formation Armstrong et aI., 1991

2059 ±1172 Rb-SrWR L Vaseux Formation Armstrong et aI., 1991

61 +4 K-ArHbl L Vaseux Formation Meford,1975

Gneiss intercalated with granitoid country rock

56.4 ±4 I K-ArBt L SMC Mathews & Armstrong unpub. *

59.4 +2.4 K-ArMs L Shuswap Complex Stevens et aI., 1982

Dikes & sills intruding gneiss

51 ±1 I U-Pb Zrn L Rhomb Porphyry dike Parrish et aI., 1988

48.9 ±4 K-ArMs L Pegmatite Parrish et aI., 1988

Undifferentiated gneiss

95.8 ±1.2 U-Pb Zrn L gneissic sill Parkinson 1985

49.9 ±2.1 U-PbZrn L sill, foliated and folded Parrish et aI., 1988

43.8 ±3.4 Rb-SrWR-Bt L Sill,SMC Armstrong unpub. *

58.6 ±4.2 Rb-SrWR L Sill,SMC Armstrong unpub. *

48.7 ±1 Ar-ArHbl L Okanagan gneiss Bardoux 1993

Mzg - Mesozoic granitoids

201.5 ±2.2 U-PbZrn L Unit V (Ryan, 1973) Osoyoos gneiss Parkinson 1985

152 ±4 U-PbZrn U Oliver pluton Armstrong & Ryan unpub. *

160.5 ±2 U-Pb Zrn ? Granite Parkinson 1985

135 Rb-SrWR-Bt L Unit Vl1l Ryan 1973

71.5 ±1.5 Rb-SrWR-Ms L? Unit Vll Ryan 1973

161 ±18 Rb-SrWR-Ms U Oliver pluton Armstrong unpub. *

162 ±16 Rb-SrWR-Ms U Oliver granite Armstrong unpub. *

62 ±2 Rb-SrWR L? Unit VI Ryan 1973

138 Rb-SrWR L? Unit Vll Ryan 1973

171 ±9 Rb-SrWR L? Unit VI Ryan 1973

180 ±12 K-ArHbl U Oliver pluton (Jd) Armstrong & Parkinson unpub.*

148 ±10 K-ArHbl U Oliver pluton (Jd) Armstrong & Parkinson unpub.*

54.9 ±3.8 K-ArHbl L Valhalla Granodiorite
Soregaroli & Christopher
unpub.*

52.7 ±3.2 K-ArBt L Valhalla Granodiorite Meford,1975

101 ±8 K-ArBt U Oliver Pluton White et aI., 1968
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Date (Ma) Method Position Geological unit Reference

120 ±8 K-ArBt V Oliver Pluton White et aI., 1968

104 ±8 K-Ar Bt V Oliver Pluton Sinclair et aI., 1984

87 ±6 K-ArBt V Oliver Pluton Mathews & Armstrong unpub.*

84 ±6 K-ArBt V Oliver Pluton White et aI., 1968

113 ±IO K-ArBt V Fairview granodiorite Sinclair et aI., 1984

141 ±IO K-ArMs V Oliver Granite White et aI., 1968

146 ±IO K-ArMs V Oliver Granite Mathews & Armstrong unpub. *

Kbs - Bighorn Sheep pluton

99.5 ±1.2 I V-Pb Zm L gneiss of Skaha Lake Parkinson 1985

Cpa - Anarchist Group

45 Rb-SrWR-Ms L? Vnit III, Shuswap Complex Ryan 1973

40 Rb-SrWR-Ms L? Vnit III, Shuswap Complex Ryan 1973

45 ±5 Rb-SrWR L? Vnit III, Shuswap Complex Ryan 1973

76 Rb-SrWR L? Vnit III, Shuswap Complex Ryan 1973

53.6 ±5.4 K-ArWR L? Anarchist Group Mathews unpub.*

Ec - Coryell Syenite

53 ±3.6 K/ArBt n/a Coryell Church unpub.*

54.5 ±3.8 K-ArBt n/a Eugene Creek Stock Watson et aI., 1982

Eocene Volcanic Rocks

52.5 ±3.6 K-ArBt V White Lake Formation, Dostal et aI., 2003

Penticton Grp

52.4 ±3.6 K-ArBt V Shingle Creek Porphyry, Dostal et aI., 2003

Kettle River Fm, Penticton Grp

53.5 ±4 K-ArBt V Dyke White et aI., 1968

48.4 ±3.2 K-ArWR V Skaha Fm, Penticton Grp Church unpub. *

44.3 ±3.6 K-ArWR V Sill Ross 1974

42.2 ±1.4 K-ArWR V Yellow Lake Mbr Ross 1974

of Marron Formation

Recalculated ages from BCAge 2004A-1, Breitsprecher and Mortensen, 2004

* unpublished records in Breitspecher and Mortensen, 2004

WR= whole rock

Mineral abbrevations after Kretz, 1983
Position refers to V(pper) versus L(ower )plate
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Appendix D: LA-ICPMS Analytical Methods

U-Pb dating of zircon crystals by laser ablation inductively coupled plasma mass

spectrometry (LA-ICPMS) was done at the GeoAnalytical Lab at Washington State University
following the methods of Chang et al. (2006).

Zircon samples were isolated using standard gravimetric and magnetic mineral separation
techniques, and then both standards and unknowns were mounted in 2.5 cm diameter epoxy pucks

that were ground and polished to expose the interiors of the grains. Cathodoluminescence (CL)
and electron (BSE) images of the polished zircon were taken to characterize the internal features
of the zircon such as zoning, cracks, inherited cores and inclusions, and to provide a base map for

targeting laser spot analyses.

A ThermoFinnigan Element2 magnetic sector double-focusing ICPMS coupled with a

New Wave Research UP-213 laser system was used, which created laser ablation pit sizes of
approximately 30 microns in diameter, 20-25 microns deep. The ablated material was delivered to
the torch by a mixed He and Ar gas.

Laser-induced time-dependent fractionation was corrected by normalizing measured

ratios in the standards and samples to the beginning of the analysis using the intercept method.
Static fractionation caused during laser ablation and due to instrumental discrimination is

corrected using external zircon standards. Total uncertainty for each laser analysis of an unknown
is combined quadratically from the uncertainty in the measured isotope ratios of the unknown

(uncertainties in the intercept of the unknown analyses) and the uncertainty in the fractionation

factors calculated from the measurement of standards. Based on a comparison of LA-ICPMS ages

with ages determined by IDTIMS, Chang et al. (2006) estimated the accuracy of age

determinations using this method to be on the order of 1% or better, but in order to account for all
sources of uncertainty, including unknown matrix effects between zircon samples and standards,

it has been suggested that a more realistic uncertainty for the LA-ICPMS U-Pb method is no less

than 2% (Christiansen and Vervoort, 2009).

At the beginning of each analytical session, 2-3 zircon standards were analyzed multiple
times until fractionation was stable. During a session, 2-3 of the standards were analyzed three to
five times for every 10-14 unknown analyses until stable. Data reduction was performed

separately using an Excel program with Visual Basic macros (Chang et aI, 2006) where the count

rates for blanks were calculated by averaging the signal intensities of 300 sweeps, with spikes
more than twice the average filtered out. The blank was then subtracted from the corresponding
sample analysis. The isotope ratios 206Pbp38U and 207PbPo6Pb were calculated for every sweep

using the blank-corrected signal intensities. The ratios of 300 sweeps were plotted on time series

diagrams, a straight line fit through the data by least squares regression, and points outside of the

95% confidence range (20') of the regression line removed by an Excel macro. The intercept and
standard error of the 206Pb;238u intercept were calculated using an Excel function. For the

207PbPo6Pb ratio, the in-run error is the standard error as calculated on the mean of the 207PbPo6Pb

measurements. Fractionation factors (FF) were determined on the basis of the ratio of the' 'true"
206PbP38U, 207Pb/235U, and 207PbP06Pb values for the standard to their measured values (FF =true
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ratio/measured ratio). Once the FF for all three unknowns were found, they were applied to the
unknowns in order to calculate the corrected ratios (corrected ratio =measured ratio x FF). Final
ages and uncertainties were calculated using the corrected ratios and their associated

uncertainties.

For LA-ICPMS, U and Th concentrations are not calculated, but approximate ThIU ratios
can be determined using the measured 232Th/238U ratios (10 SD). Often these ratios are highly

variable in the measurements so their use is considered to be an estimate.

Weighted average ages, U-Pb concordia plots and histograms, and Tera-Wasserburg

concordia (TW) plots were calculated using IsoPlot 3.0 (Ludwig, 2003). TW diagrams are more
informative as they use what is measured with the LA-ICPMS: 207pbP06pb and 238UP 06Pb. The

235UP07Pb is derivative from these two. If there was obvious common Pb in an analysis (i.e.

analyses that lie off the concordia line in the direction of common Pb) a fixed common Pb value
of 0.86 ± 0.06 was used to calculate for the corrected 206Pb/238U age, which follows the procedure

in DeGraaf-Surpless (2002).

Common Pb corrections where done on analyses where the 207PbP°6pb age exceeds the
206Pb/238U age by more than the error on the 207PbP°6pb age, but typically the correction at this

level is very low (0.1 Ma for Late Cretaceous zircon). It does not seem to start making a
significant difference until the 207PbP06Pb age is several hundred million years greater than the
206PbP38u.
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Ages (Ma)

spot 206Pb

238U

2cr '07pb

235U

Ratios

2cr 207Pb

206Pb

2cr ""'Pb

238U

207 corr

2cr 207Pb

235U

2cr RHO 232Th

238U

Measured

2cr

M10i_4b

MlOi_4a

M10Ub

MlOi_3a

MlOi_2c

M10i_2b

MlOi_2a

MlOUb

M10i_1a

M3i_5a

M3i_4a

M3i_3a

M3i_2b

M3i_2a

M3Ub

M3i_1a

M3U3a

M3i_12c

M3U2b

M3c_12a

M3UOc

M3UOb

0.00753

0.00761

0.00793

0.00737

0.00839

0.00786

0.00831

0.00793

0.00798

0.00780

0.00942

0.03108

0.01593

0.00816

0.00816

0.00778

0.00838

0.00760

0.00826

0.00825

0.00809

0.00808

0.00020

0.00023

0.00029

0.00020

0.00016

0.00019

0.00017

0.00024

0.00024

0.00021

0.00028

0.00103

0.00032

0.00019

0.00032

0.00029

0.00024

0.00026

0.00031

0.00019

0.00017

0.00017

0.0506

0.0544

0.0667

0.0505

0.0612

0.0530

0.0531

0.0534

0.0516

0.0519

0.1231

0.3554

0.1067

0.0531

0.0564 .

0.0454

0.0549

0.0562

0.0510

0.0546

0.0537

0.0607

0.0024

0.0038

0.0041

0.0023

0.0023

0.0028

0.0018

0.0032

0.0030

0.0029

0.0065

0.0178

0.0042

0.0027

0.0054

0.0040

0.0031

0.0034

0.0042

0.0023

0.0018

0.0025

0.0487

0.0519

0.0610

0.0497

0.0529

0.0489

0.0464

0.0488

0.0469

0.0483

0.0948

0.0829

0.0486

0.0472

0.0501

0.0423

0.0475

0.0536

0.0448

0.0480

0.0481

0.0545

0.0014

0.0024

0.0022

0.0014

0.0012

0.0017

0.0009

0.0019

0.0017

0.0017

0.0029

0.0021

0.0011

0.0015

0.0032

0.0025

0.0017

0.0020

0.0024

0.0012

0.0008

0.0013
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48.3

48.6

50.1

47.2

53.5

50.4

53.3

50.8

51.2

50.0

56.9

189.4

101.9

52.4

52.2

50.3

53.8

48.4

53.0

52.9

51.9

51.4

1.8

2.1

2.6

1.8

1.5

1.7

1.1

2.1

1.5

1.9

2.5

8.9

2.0

1.2

2.9

2.7

1.6

2.4

2.0

1.7

1.6

1.6

50.1

53.8

65.6

50.0

60.3

52.5

52.6

52.8

51.1

51.4

117.9

308.8

103.0

52.6

55.7

45.1

54.2

55.5

50.5

54.0

53.l

59.8

70.0

75.1

91.6

69.9

84.2

73.3

73.4

73.7

71.4

71.7

164.5

431.2

143.8

73.4

77.8

63.0

75.7

77.5

70.5

75.4

74.1

83.6

0.846

0.863

0.842

0.848

0.855

0.855

0.863

0.843

0.842

0.874

0.868

0.884

0.905

0.890

0.872

0.866

0.846

0.843

0.845

0.858

0.885

0.862

0.1730

0.1571

0.1732

0.2062

0.1046

0.2035

0.0961

0.2079

0.2110

0.1862

0.2238

0.1109

0.0447

0.1364

0.1246

0.1459

0.1611

0.1133

0.2499

0.0577

0.1111

0.1147

0.0289

0.0394

0.0437

0.0222

0.0296

0.0371

0.0256

0.0531

0.0411

0.0207

0.0301

Om05

Om05

0.0269

0.0229

0.0201

0.0309

0.0350

0.0287

0.0109

0.0083

0.0193



207 corr Measured

spot ""'Pb 2cr 2°'Pb 2cr 2°'Pb 2cr ""'Pb 2cr 2o'Pb 2cr RHO 232Th 2cr

23"U 235U 206Pb 2J8U 235U 238U

I SB-7-6b I Ratios I Ages (Ma) I I
M3c_IOa 0.00823 0.00017 0.0532 0.0018 0.0469 0.0008 52.9 1.1 52.7 73.5 0.882 0.0783 0.0177

M3i_9a 0.00804 0.00038 0.0518 0.0058 0.0468 0.0035 51.6 2.5 51.3 71.6 0.852 0.1923 0.0343

M3i_7a 0.00792 0.00022 0.0541 0.0028 0.0496 0.0016 50.7 2.0 53.5 74.7 0.848 0.1422 0.0151

M3i_6b 0.00822 0.00022 0.0523 0.0029 0.0461 0.0016 52.8 1.4 51.7 72.2 0.849 0.1282 0.0117

M3c_6a 0.00786 0.00023 0.0533 0.0035 0.0492 0.0021 50.3 2.1 52.7 73.6 0.852 0.1196 0.0238

M3Ub 0.00782 0.00023 0.0490 0.0032 0.0455 0.0020 50.2 1.5 48.6 67.9 0.853 0.1729 0.0229
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207 corr Measured

spot 206Pb 2cr 207Pb 2cr 207Pb 2cr 206Pb 2cr 207Pb 2cr RHO 232Th 2cr

238
U

235
U

206Pb 238U 235
U

238U

I SB-07-12 I Ratios I Ages (Mal I I
L5Ud

L5i_4a

L5Uf

L5c3d

L5c_3c

L5Ub

L5i_3a

L5c1e

L5i_1c

L5Ub

L5Ua

L5c_7a

L5c_8a

L5c_14a

L5U6b

L5c_16a

L5i_8b

L5Ub

L5i_6b

L5i_6a

L5i_4e

L5i_4d

0.00768

0.00789

0.00781

0.00783

0.00771

0.00766

0.00759

0.00799

0.00763

0.00805

0.00815

0.00775

0.00778

0.00760

0.00776

0.00766

0.00797

0.00780

0.00785

0.00780

0.00790

0.00786

0.00024

0.00027

0.00026

0.00025

0.00025

0.00027

0.00025

0.00026

0.00025

0.00026

0.00026

0.00022

0.00018

0.00018

0.00022

0.00026

0.00017

0.00021

0.00021

0.00019

0.00022

0.00020

0.0474

0.0499

0.0503

0.0539

0.0485

0.0511

0.0493

0.0507

0.0500

0.0525

0.0545

0.0492

0.0476

0.0510

0.0536

0.0548

0.0520

0.0487

0.0524

0.0511

0.0640

0.0584

0.0021

0.0025

0.0023

0.0024

0.0020

0.0024

0.0025

0.0024

0.0025

0.0024

0.0025

0.0024

0.0021

0.0025

0.0037

0.0040

0.0022

0.0020

0.0027

0.0024

0.0034

0.0028

0.0448

0.0459

0.0467

0.0499

0.0456

0.0484

0.0471

0.0460

0.0475

0.0473

0.0485

0.0461

0.0444

0.0486

0.0500

0.0519

0.0473

0.0453

0.0485

0.0475

0.0587

0.0538

0.0010

0.0012

0.0011

0.0012

0.0009

0.0011

0.0013

0.0012

0.0013

0.0011

0.0012

0.0013

0.0012

0.0015

0.0023

0.0024

0.0012

0.0010

0.0016

0.0014

0.0019

0.0015
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49.5

50.7

50.2

50.1

49.6

49.1

48.7

51.3

49.0

51.7

52.2

49.8

50.1

48.7

49.7

48.9

51.2

50.1

50.3

50.1

50.0

50.1

2.2

1.7

1.6

2.3

2.2

2.4

1.6

1.7

1.6

1.6

2.3

2.0

1.7

1.7

2.0

2.3

1.1

1.4

1.9

1.2

2.0

1.8

47.1

49.5

49.8

53.3

48.1

50.6

48.8

50.2

49.5

52.0

53.9

48.8

47.2

50.5

53.0

54.2

51.5

48.3

51.9

50.6

63.0

57.6

2.1

2.4

2.2

2.3

1.9

2.3

2.5

2.3

2.4

2.3

2.4

2.3

2.1

2.5

3.6

3.8

2.1

2.0

2.6

2.3

3.2

2.7

0.873

0.869

0.876

0.875

0.896

0.887

0.860

0.866

0.866

0.872

0.868

0.863

0.871

0.873

0.890

0.863

0.876

0.883

0.865

0.868

0.861

0.865

0.6266

1.0763

0.5712

0.9548

1.3090

1.1318

1.1807

0.5997

0.6340

0.9521

0.8790

0.5942

0.9382

0.5392

0.4272

0.5679

0.6885

0.8191

0.6853

0.6930

0.8024

1.0959

0.0670

0.0593

0.0834

0.2553

0.0907

0.1281

0.1364

0.0456

0.0499

0.0548

0.1919

0.0541

0.0860

0.0326

0.0375

0.1087

0.1100

0.1713

0.0756

0.0559

0.0543

0.1385



spot 206Pb 2cr 207
Pb 2cr 207

Pb 2cr

207 corr

206
Pb 2cr 207Pb 2cr RHO

Measured

232Th 2cr

238U 235U 206Pb 238
U

235U 238U

I 58-07-12 I Ratios I Ages (Mal I I
L5i_4c 0.00794 0.00022 0.0581 0.0032 0.0530 0.0019 50.6 2.0 57.3 3.1 0.865 0.9528 0.0704

M7i_9a

M7m_8a

M7m_6a

0.00797

0.00818

0.00793

0.00022

0.00026

0.00026

0.0489

0.0601

0.0552

0.0025

0.0036

0.0036

0.0445

0.0533

0.0505

0.0013

0.0019

0.0020
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51.4

52.1

50.7

2.0

2.4

2.4

48.5

59.2

54.6

2.4

3.5

3.5

0.919

0.894

0.889

1.2968

0.8084

0.8729

0.0780

0.Q708

0.0504



spot 2l"'Pb 2cr 207Pb 2cr 207Pb 2cr

207 corr

2lJ6Pb 2cr 207Pb 2cr RHO

Measured

232Th 2cr

238U 235U 2ll6Pb 238U 235U 238U

I SB-7-15a I Ratios I Ages (Ma) I I
L6i_2f

L6m_2e

L6m_2d

L6i_2c

L6Ub

L6i_2a

L6Uf

L6Ue

L6Ud

L6i_1c

L6Ub

L6Ua

L6i_9a

L6m_6c

L6i_6b

L6i_6a

L6i_4e

L6i_4d

L6i_4c

L6i_4b

L6i_4a

L6m_3c

L6m_3b

0.02530

0.02315

0.02469

0.02515

0.02586

0.02557

0.02538

0.02588

0.02770

0.02566

0.02452

0.02481

0.02473

0.02495

0.02551

0.02547

0.02618

0.02604

0.02627

0.02575

0.02658

0.02621

0.02556

0.00092

0.00085

0.00093

0.00091

0.00091

0.00089

0.00089

0.00092

0.00161

0.00086

0.00091

0.00092

0.00062

0.00076

0.00064

0.00065

0.00065

0.00064

0.00066

0.00063

0.00065

0.00076

0.00073

0.1709

0.1619

0.1716

0.1656

0.1722

0.1705

0.1778

0.1825

0.1829

0.1751

0.1667

0.1678

0.1710

0.1716

0.1762

0.1753

0.1807

0.1815

0.1821

0.1782

0.1815

0.1761

0.1744

0.0088

0.0094

0.0090

0.0082

0.0078

0.0074

0.0080

0.0081

0.0121

0.0069

0.0080

0.0087

0.0081

0.0095

0.0080

0.0081

0.0080

0.0082

0.0082

0.0083

0.0083

0.0096

0.0092

0.0490

0.0507

0.0504

0.0478

0.0483

0.0484

0.0508

0.0512

0.0479

0.0495

0.0493

0.0490

0.0502

0.0499

0.0501

0.0499

0.0500

0.0506

0.0503

0.0502

0.0495

0.0487

0.0495

0.0013

0.0017

0.0013

0.0012

0.0010

0.0009

0.0010

0.0009

0.0011

0.0007

0.0011

0.0013

0.0012

0.0015

0.0011

0.0011

0.0010

0.0011

0.0011

0.0012

0.0011

0.0015

0.0014
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161.1

147.2

157.0

160.1

164.6

162.8

161.3

164.3

176.2

163.3

156.2

158.0

157.5

158.9

162.4

162.1

166.6

165.5

167.0

163.9

169.1

166.8

162.7

5.8

7.7

8.4

5.7

5.7

5.6

8.0

8.2

10.1

7.7

5.7

5.8

3.9

4.8

4.0

4.1

4.1

5.8

5.9

4.0

4.1

4.7

4.6

160.2

152.4

160.8

155.6

161.4

159.8

166.2

170.2

170.5

163.8

156.5

157.5

160.3

160.8

164.7

164.0

168.6

169.4

169.8

166.5

169.3

164.7

163.2

7.6

8.2

7.8

7.1

6.7

6.4

6.9

6.9

10.4

5.9

6.9

7.5

7.0

8.2

6.9

7.0

6.9

7.0

7.0

7.1

7.1

8.3

8.0

0.877

0.852

0.880

0.886

0.907

0.919

0.909

0.921

0.941

0.947

0.903

0.880

0.958

0.915

0.967

0.961

0.975

0.971

0.969

0.965

0.969

0.920

0.926

0.1334

0.2376

0.2777

0.2714

0.2465

0.1751

0.4793

0.4237

0.5471

0.6110

0.3563

0.0788

0.5018

0.3488

0.4525

0.4310

0.1308

0.0806

0.0882

0.0986

0.0856

0.2266

0.2488

0.0778

0.0676

0.0432

0.0420

0.0441

0.0134

0.2862

0.1518

0.1951

0.0505

0.1261

0.0204

0.0790

0.0497

0.0373

0.0344

0.0093

0.0060

0.0093

0.0407

0.0093

0.0223

0.0446



spot 206Pb 2<> 207Pb 2<> 207Pb 2<>

207 corr

206Pb 2<> 207Pb 2<> RHO

Measured

"'Th 2<>

238U 235U 206Pb 238U mU 238U

I SB-7-15a I Ratios I Ages (Ma) I I
L6Ua 0.02590 0.00067 0.1743 0.0085 0.0488 0.0012 164.9 4.2 163.2 7.3 0.949 0.3301 0.0332

L6i_9b

L6m_14d

L6c_14c

L6c_14b

L6i_14a

L6m_13b

L6m_13a

L6U2b

L6U2a

L6i_Ilc

L6Ulb

L6Ula

L6UOb

L6i_lOa

a_4a

a_2a

a_Ia

a_12a

a_lOa

a_9a

a_8a

a_7a

0.02470

0.02514

0.02520

0.02395

0.02649

0.02583

0.02406

0.02548

0.02521

0.02529

0.02582

0.02569

0.02586

0.02499

0.02600

0.02515

0.02645

0.02511

0.02409

0.02600

0.02600

0.02502

0.00075

0.00072

0.00075

0.00082

0.00080

0.00079

0.00072

0.00076

0.00071

0.00071

0.00071

0.00072

0.00074

0.00070

0.00119

0.00116

0.00125

0.00071

0.00064

0.00068

0.00066

0.00069

0.1671

0.1747

0.1751

0.1800

0.1894

0.1775

0.1606

0.1707

0.1710

0.1778

0.1765

0.1766

0.1741

0.1724

0.1780

0.1698

0.1809

0.1747

0.1682

0.1770

0.1771

0.1720

0.0065

0.0061

0.0065

0.0099

0.0071

0.0073

0.0061

0.0064

0.0059

0.0063

0.0059

0.0057

0.0064

0.0058

0.0104

0.0100

om08

0.0059

0.0055

0.0057

0.0051

0.0070

0.0491

0.0504

0.0504

0.0545

0.0519

0.0499

0.0484

0.0486

0.0492

0.0510

0.0496

0.0499

0.0488

0.0500

0.0497

0.0490

0.0496

0.0504

0.0506

0.0494

0.0494

0.0498

0.0009

0.0007

0.0008

0.0017

0.0008

0.0009

0.0008

0.0008

0.0007

0.0008

0.0006

0.0005

0.0008

0.0006

0.0009

0.0009

0.0009

0.0006

0.0006

0.0006

0.0004

0.0010
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157.3

159.9

160.2

15\.6

168.0

164.4

153.2

162.2

160.5

160.7

164.4

163.4

164.6

159.0

165.0

160.0

168.0

159.6

153.2

165.4

165.4

159.2

4.7

6.4

6.7

7.3

7.1

4.9

4.5

4.8

4.5

6.3

4.5

6.5

4.6

6.3

I \.0

10.0

11.0

6.3

5.8

6.1

5.9

6.2

156.9

163.5

163.9

168.1

176.1

165.9

151.2

160.0

160.3

166.2

165.1

165.1

162.9

16\.5

166.4

159.2

168.8

163.5

157.8

165.5

165.6

161.1

5.7

5.3

5.6

8.5

6.1

6.2

5.3

5.5

5.1

5.4

5.1

4.9

5.5

5.0

8.9

8.6

9.2

5.0

4.8

4.9

4.4

6.1

0.902

0.924

0.917

0.866

0.918

0.897

0.911

0.915

0.929

0.914

0.929

0.945

0.910

0.931

0.972

0.9724

0.9725

0.9406

0.9331

0.9322

0.955

0.9023

0.4606

0.2318

0.2485

0.1324

0.2925

0.0911

0.2534

0.3637

0.3680

0.3099

0.3316

0.3401

0.3070

0.4927

0.1915

0.4006

0.4138

0.1394

0.0835

0.1432

0.3773

0.1966

0.0672

0.0377

0.0527

0.0384

0.0757

0.0327

0.1111

0.1339

0.0579

0.0177

0.0322

0.0250

0.0673

0.2008

0.0206

0.0637

0.2383

0.0275

0.0329

0.0215

0.0720

0.0297



207 carr Measured

spot 206Pb 2u 207Pb 2u 207Pb 2u 206Pb 2u 207Pb 2u RHO 232Th 2u

238U 235U 206Pb 238U 235U 238U

I SB-7-15a I Ratios I Ages (Ma) I I
a_6a 0.02639 0.00070 0.1822 0.0056 0.0501 0.0005 167.8 6.3 169.9 4.8 0.9491 0.3145 0.0470

a_22a 0.02471 0.00053 0.1709 0.0048 0.0502 0.0005 157.1 4.8 160.2 4.2 0.9527 0.0880 0.0175

a_2lb 0.02424 0.00052 0.1659 0.0049 0.0496 0.0006 154.3 4.7 155.8 4.2 0.9459 0.2876 0.0560

a_15a 0.02555 0.00057 0.1791 0.0058 0.0508 0.0007 162.4 5.1 167.2 5.0 0.9345 0.1807 0.1325

a_7b 0.02565 0.00088 0.1738 0.0070 0.0491 0.0006 163.3 7.9 162.7 6.0 0.9635 0.3046 0.0711

a_7a 0.02554 0.00091 0.1739 0.0073 0.0494 0.0006 162.6 8.1 162.8 6.3 0.9609 0.2819 0.0683

294



spot 206Pb 2cr 2°'Pb 2cr 2°'Pb 2cr

207 carr

206Pb 2cr 207Pb 2cr 207Pb 2cr RHO

Measured

232Th 2cr

238U 235U 206Pb 238U 235U 206Pb 238U

I SB-7-15b I Ratios I Ages (Ma) I I
lAUb 0.00772

L4i_5a 0.00859

lAi_4e 0.00827

lAi_4b 0.00935

lAi_4a 0.00822

lAUb 0.00830

lAi_3a 0.00807

lAi_2e 0.00840

lAi_2b 0.00852

lAi_2a 0.00843

lAUe 0.00864

lA_Ib 0.00868

lA_Ia 0.00854

lAU6a 0.00791

1212.0 39.0 1434.0 20.4 1711.8 28.2 0.962lAi_15a

lAi_13a

lAU2b

lAU2a

lAUlb

lAi_Ila

lAi_IOa

L4i_9a

0.21365

0.00834

0.00731

0.00817

0.00806

0.00841

0.00861

0.00793

0.00033

0.00032

0.00025

0.00029

0.00026

0.00032

0.00032

0.00023

0.00025

0.00025

0.00020

0.00022

0.00021

0.00022

0.00492

0.00031

0.00024

0.00022

0.00019

0.00025

0.00031

0.00016

0.0481

0.0567

0.0539

0.0623

0.0534

0.0596

0.0469

0.0751

0.0555

0.0628

0.0544

0.0569

0.0550

0.0532

3.1053

0.0586

0.0511

0.0574

0.0508

0.0552

0.0574

0.0496

0.0039

0.0049

0.0033

0.0042

0.0034

0.0045

0.0041

0.0045

0.0034

0.0046

0.0027

0.0032

0.0029

0.0034

0.0831

0.0049

0.0029

0.0032

0.0025

0.0032

0.0045

0.0020

0.0452

0.0479

0.0473

0.0483

0.0471

0.0521

0.0422

0.0648

0.0473

0.0540

0.0456

0.0475

0.0467

0.0488

0.1054

0.0510

0.0507

0.0510

0.0457

0.0476

0.0484

0.0453

0.0023

0.0027

0.0018

0.0021

0.0019

0.0024

0.0024

0.0025

0.0018

0.0026

0.0014

0.0017

0.0016

0.0020

0.0008

0.0028

0.0017

0.0018

0.0014

0.0017

0.0025

0.0011

49.5

55.1

53.1

59.9

52.8

52.9

52.1

52.8

54.7

53.7

55.5

55.7

54.8

50.7

53.3

46.7

52.2

51.9

54.0

55.2

51.1
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2.1

2.9

1.6

2.6

2.4

2.9

2.9

2.1

1.5

2.3

1.3

1.4

1.3

2.0

2.8

2.2

2.0

1.8

1.6

2.8

1.5

47.7

56.0

53.3

61.3

52.8

58.8

46.6

73.5

54.9

61.8

53.8

56.2

54.4

52.6

57.8

50.6

56.7

50.3

54.5

56.7

49.2

3.8

4.7

3.1

4.0

3.3

4.3

3.9

4.2

3.2

4.4

2.6

3.0

2.8

3.3

4.7

2.8

3.1

2.4

3.1

4.4

1.9

0.847

0.867

0.859

0.864

0.857

0.850

0.858

0.868

0.861

0.884

0.872

0.876

0.875

0.879

0.865

0.853

0.863

0.864

0.855

0.862

0.871

0.1742

0.1558

0.1720

0.2164

0.1594

0.2175

0.1817

0.2431

0.2585

0.1836

0.1725

0.1560

0.2863

0.2007

0.0920

0.1890

0.3080

0.2573

0.2258

0.3236

0.3790

0.0537

0.0383

0.0236

0.0180

0.0357

0.0146

0.0487

0.0246

0.0242

0.0471

0.0440

0.0146

0.0132

0.0560

0.0540

0.0163

0.0217

0.0636

0.0538

0.0659

0.1434

0.0463

0.0713



spot 206Pb 2cr 207Pb 2cr 207Pb 2cr

207 carr

206Pb 2cr 207Pb 2cr 207Pb 2cr RHO

Measured

232Th 2cr

238V 235V 206Pb 238V 235V 206Pb 238V

ISB-7-t5b I Ratios I Ages (Mal I I
L4Ub

L4i_8a

L4i_6a

0.00769

0.00795

0.08239

0.00026

0.00024

0.00209

0.0537

0.0516

0.6908

0.0037

0.0031

0.0214

0.0506

0.0471

0.0608

0.0022

0.0018

0.0007

49.2

51.0

508.0

296

2.4

1.5

18.0

53.1

51.1

533.3

3.6

3.0

12.8

0.855

0.858

614.6 37.6 0.937

0.1827

0.3145

0.5263

0.0342

0.0646

0.1242



spot 206Pb 2cr 207Pb 2cr 207Pb 2cr

207 corr

206Pb 2cr 207
Pb 2cr RHO

Measured

232Th 2cr

23'U 2JSu 206Pb 23'U 23SU 23'U

I S8-07-68 I Ratios I Ages (Mal I I
LI i_lc

L1Ub

L1Ua

L1i_7c

L1i_7a

L1i_4c

L1i_4b

L1i_4a

L1Ud

L1i_3c

L1Ub

L1i_3a

L1i_2c

L1c2b

L1i_2a

L1c_14b

L1c_14a

L1UOd

L1UOc

L1UOb

L1i_lOa

L1i_9d

L1i_9c

0.01133

0.02880

0.02406

0.02436

0.02415

0.01192

0.01653

0.01063

0.00946

0.01663

0.01680

0.01599

0.01650

0.01742

0.01660

0.00984

0.01984

0.00822

0.01607

0.01625

0.00818

0.01641

0.01634

0.00016

0.00049

0.00047

0.00065

0.00057

0.00040

0.00043

0.00024

0.00023

0.00044

0.00048

0.00043

0.00041

0.00043

0.00048

0.00015

0.00110

0.00016

0.00043

0.00043

0.00014

0.00034

0.00036

0.0738

0.2027

0.1626

0.1674

0.1646

0.0811

0.1108

0.0702

0.0639

0.1340

0.1139

0.1147

0.1094

0.1217

0.1130

0.0661

0.1451

0.0528

0.1053

0.1000

0.0540

0.1102

0.1087

0.0018

0.0065

0.0055

0.0084

0.0057

0.0034

0.0048

0.0021

0.0023

0.0064

0.0052

0.0049

0.0049

0.0050

0.0058

0.0014

0.0083

0.0015

0.0054

0.0050

0.0013

0.0045

0.0048

0.0473

0.0510

0.0490

0.0498

0.0494

0.0493

0.0486

0.0479

0.0490

0.0584

0.0492

0.0521

0.0481

0.0507

0.0494

0.0487

0.0530

0.0466

0.0475

0.0446

0.0479

0.0487

0.0483

0.0006

0.0010

0.0009

0.0016

0.0009

0.0008

0.0012

0.0006

0.0009

0.0017

0.0013

0.0012

0.0013

0.0012

0.0015

0.0005

0.0006

0.0007

0.0015

0.0014

0.0006

0.0013

0.0014
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72.6

182.8

153.2

155.0

153.8

76.2

105.7

68.1

60.6

105.0

107.4

101.7

105.5

111.0

106.0

63.0

126.0

52.8

102.8

104.4

52.5

104.9

104.5

1.0

4.4

3.0

5.8

3.6

3.6

2.8

2.2

2.1

3.9

3.0

3.9

2.6

3.9

4.4

1.4

9.8

1.0

2.7

3.9

0.9

2.1

2.3

72.3

187.4

153.0

157.1

154.7

79.1

106.7

68.9

62.9

127.7

109.5

110.3

105.4

116.6

108.7

65.0

137.6

52.2

101.7

96.8

53.4

106.1

104.8

1.7

5.5

4.8

7.3

5.0

3.2

4.4

2.0

2.2

5.7

4.8

4.5

4.5

4.5

5.3

1.3

7.4

1.4

4.9

4.6

1.3

4.1

4.4

0.924

0.886

0.879

0.849

0.888

0.921

0.859

0.923

0.883

0.851

0.859

0.864

0.854

0.862

0.849

0.899

0.980

0.865

0.832

0.832

0.880

0.837

0.836

0.0263

0.2862

0.1263

0.1517

0.2113

0.0646

0.2873

0.0088

0.0036

0.2529

0.1769

0.1170

0.1938

0.3562

0.2365

0.0039

0.3332

0.0016

0.1370

0.1788

0.0016

0.1698

0.2415

0.0180

0.0666

0.0135

0.0388

0.0158

0.0671

0.0400

0.0041

0.0017

0.0648

0.0204

0.0289

0.0234

0.0878

0.0378

0.0009

0.2606

0.0007

0.0257

0.0216

0.0007

0.0194

0.0393



spot 206Pb 2a 207
Pb 2a 207Pb 2a

207 carr

206Pb 2a 207Pb 2a RHO

Measured

232Th 2a

238U 235V 206Pb 238V 235V 238V

I SB-07-68 I Ratios I Ages (Mal I I
Lli_9b

Lli_9a

Lli_8c

LlUb

Lli_8a

LiI_20b

LiI_20a

Lil_19a

68_12c

68_12b

68_12a

68_19a

68_18a

68_17a

68_16b

68_16a

68_14b

68_14a

68_13b

68_13a

0.01642

0.01719

0.01692

0.01656

0.02587

0.01685

0.01367

0.02693

0.01681

0.01706

0.01571

0.01778

0.01714

0.01688

0.01773

0.01621

0.01664

0.01699

0.01756

0.01798

0.00035

0.00040

0.00032

0.00041

0.00048

0.00035

0.00052

0.00063

0.00052

0.00056

0.00055

0.00076

0.00071

0.00077

0.00069

0.00067

0.00085

0.00070

0.00066

0.00073

0.1099

0.1438

0.1133

0.1078

0.1757

0.1164

0.0872

0.1798

0.1117

0.1147

0.1057

0.1196

0.1136

0.1290

0.1181

0.1129

0.1190

0.1130

0.1168

0.1200

0.0038

0.0069

0.0036

0.0053

0.0049

0.0053

0.0048

0.0053

0.0046

0.0053

0.0054

0.0058

0.0055

0.0074

0.0056

0.0055

0.0086

0.0059

0.0055

0.0059

0.0485

0.0607

0.0486

0.0472

0.0492

0.0501

0.0463

0.0484

0.0482

0.0488

0.0488

0.0488

0.0481

0.0555

0.0483

0.0505

0.0518

0.0483

0.0482

0.0484

0.0010

0.0019

0.0009

0.0015

0.0008

0.0015

0.0014

0.0006

0.0008

0.0010

0.0011

0.0007

0.0008

0.0013

0.0009

0.0008

0.0018

0.0010

0.0009

0.0009
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105.0

108.2

108.2

105.9

164.7

107.5

87.5

171.3

107.5

109.0

100.4

113.6

109.6

106.9

113.3

103.3

105.9

108.6

112.2

114.9

2.2

3.6

2.0

2.6

3.0

3.1

3.3

3.9

4.7

5.1

4.9

6.8

6.4

6.9

6.3

6.1

7.7

6.3

6.0

6.5

105.9

136.4

109.0

104.0

164.3

111.8

84.9

167.9

107.6

110.3

102.1

114.7

109.3

123.2

113.3

108.6

114.1

108.7

112.1

115.1

3.4

6.1

3.3

4.9

4.3

4.8

4.5

4.5

4.2

4.8

5.0

5.2

5.0

6.7

5.1

5.0

7.8

5.4

5.0

5.3

0.850

0.837

0.847

0.833

0.864

0.862

0.866

0.922

0.939

0.931

0.925

0.954

0.943

0.924

0.932

0.946

0.904

0.924

0.928

0.932

0.3959

0.1599

0.1222

0.1223

0.3987

0.1854

0.2724

0.2858

0.1522

0.0920

0.1990

0.0730

0.1781

0.1118

0.1243

0.1451

0.1086

0.1116

0.1856

0.1945

0.1900

0.0172

0.0170

0.0165

0.0450

0.0590

0.0492

0.2183

0.0320

0.0381

0.0372

0.0274

0.0387

0.0233

0.0283

0.0324

0.0230

0.0241

0.0443

0.0732



spot 206Pb 20 207Pb 20 207Pb 20

207 corr

206Pb 20 207Pb 20 RHO

Measured

232Th 20

238U 235U 206Pb 238U 2J5U 238U

I SB-07-78 I Ratios I Ages (Mal I I
M4Ub

M4i_la

M4i_18a

M4U6a

M4U5a

M4i_13a

M4i_12a

M4i_lOa

M4Ub

M4i_8a

M4i_7b

M4i_7a

M4i_5a

M4Ub

M4i_3a

M4c_2a

M4i_23a

M4i_22a

M4i_21a

M4c20b

M4i_20a

M4i_18c

M4U8b

0.02518

0.02585

0.00842

0.00803

0.02654

0.03220

0.01037

0.03117

0.01044

0.01023

0.02559

0.02993

0.02375

0.03265

0.03578

0.02482

0.00973

0.00824

0.01339

0.01043

0.01259

0.00892

0.02448

0.00075

0.00066

0.00022

0.00038

0.00061

0.00111

0.00027

0.00087

0.00034

0.00030

0.00066

0.00067

0.00046

0.00088

0.00089

0.00052

0.00025

0.00023

0.00025

0.00026

0.00029

0.00031

0.00042

0.1691

0.1791

0.0589

0.0542

0.1804

0.2261

0.0693

0.2266

0.0690

0.0693

0.1742

0.2064

0.1621

0.2490

0.2540

0.1838

0.0624

0.1635

0.0888

0.0702

0.0928

0.0792

0.1955

0.0090

0.0082

0.0032

0.0050

0.0084

0.0189

0.0034

0.0132

0.0044

0.0040

0.0071

0.0080

0.0050

0.0124

0.0112

0.0058

0.0030

0.0079

0.0029

0.0035

0.0043

0.0059

0.0059

0.0487

0.0502

0.0507

0.0490

0.0493

0.0509

0.0485

0.0527

0.0479

0.0491

0.0494

0.0500

0.0495

0.0553

0.0515

0.0537

0.0465

0.1440

0.0481

0.0488

0.0535

0.0644

0.0579

0.0014

0.0012

0.0018

0.0029

0.0014

0.0029

0.0014

0.0020

0.0019

0.0018

0.0011

0.0011

0.0008

0.0017

0.0013

0.0008

0.0013

0.0039

0.0008

0.0015

0.0015

0.0031

0.0009
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160.4

164.4

53.8

51.4

168.9

204.1

66.4

197.2

66.9

65.5

162.9

190.1

151.2

205.8

226.4

157.2

62.5

46.6

85.7

66.9

80.0

56.0

154.2

6.8

5.9

2.0

3.5

3.8

9.9

2.4

7.8

3.1

2.8

5.9

4.2

4.2

7.8

7.9

4.7

2.3

2.1

2.3

1.6

2.6

2.8

3.7

158.6

167.3

58.1

53.6

168.4

206.9

68.0

207.4

67.7

68.0

163.1

190.5

152.6

225.7

229.8

171.3

61.5

153.7

86.4

68.9

90.1

77.4

181.3

7.8

7.1

3.1

4.8

7.2

15.6

3.2

10.9

4.2

3.8

6.1

6.7

4.4

10.0

9.1

5.0

2.9

6.9

2.7

3.3

4.0

5.6

5.0

0.908

0.936

0.860

0.836

0.868

0.867

0.859

0.856

0.847

0.851

0.878

0.878

0.907

0.858

0.865

0.911

0.875

0.875

0.927

0.879

0.888

0.859

0.943

0.2315

0.4563

0.0483

0.0564

0.3346

0.2248

0.1144

0.1306

0.1805

0.2417

0.1358

0.2800

0.0823

0.1550

0.1628

0.0585

0.1051

0.3233

0.0714

0.1663

0.2442

0.0153

0.2803

0.0445

0.0336

0.0661

0.0194

0.0349

0.1108

0.0224

0.0269

0.0656

0.0486

0.0166

0.0234

0.0068

0.0235

0.0193

0.0112

0.0082

0.0848

0.0087

0.0136

0.0873

0.0072

0.0916



207 corr Measured

spot 206Pb 2(; 207Pb 2(; 207Pb 2(; 206Pb 2(; 207Pb 2(; RHO 232Th 2(;

238U 235U 206Pb 238U 235U 238U

I SB-07-78 I Ratios I Ages (Mal I I
78_16a 0.00815 0.00034 0.0552 0.0039 0.0491 0.0019 52.2 3.1 54.5 3.8 0.897 0.1494 0.0278

78_14b 0.01013 0.00037 0.0660 0.0028 0.0472 0.0007 65.0 3.3 64.9 2.6 0.947 0.0820 0.0180

78_14a 0.01025 0.00037 0.0678 0.0027 0.0480 0.0005 65.7 3.3 66.6 2.6 0.961 0.0973 0.0431

78_9a 0.02596 0.00090 0.1727 0.0069 0.0483 0.0006 165.4 8.1 161.8 6.0 0.947 0.1664 0.0228

78_16b 0.00800 0.00036 0.0540 0.0041 0.0490 0.0020 51.3 3.3 53.4 4.0 0.896 0.0453 0.0200
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207

spot 206Pb 2cr 207Pb 2cr 2°'Pb 2cr

carr

206Pb 2cr 2°'Pb 2cr 2°'Pb 2cr RHO

Measured

"'Th 2cr

238U 2J5U 206Pb 238U 235U 206Pb 238U

ISB-II-15a I Ratios I Ages (Mal I I
L9i_2c 0.01630 0.00035 0.1121 0.0047 0.0499 0.0014

L9i_2b 0.01703 0.00039 0.1140 0.0054 0.0486 0.0015

L9i_2a 0.01145 0.00031 0.0730 0.0032 0.0462 0.0012

L9Uc 0.00993 0.00033 0.0673 0.0052 0.0492 0.0026

L9Ub Om022 0.00024 0.0706 0.0034 0.0501 0.0016

L9i_5c 0.00800 0.00029 0.0486 0.0038 0.0441 0.0023

L9Ub 0.00823 0.00026 0.0546 0.0040 0.0481 0.0024

L9Ua 0.00828 0.00022 0.0525 0.0029 0.0460 0.0016

L9i_4c 0.00847 0.00022 0.0579 0.0032 0.0496 0.0018

L9i_4b 0.00776 0.00018 0.0521 0.0023 0.0486 0.0012

L9i_4a 0.00837 0.00033 0.0482 0.0043 0.0418 0.0025

L9i_3e 0.01644 0.00032 0.1117 0.0041 0.0493 0.0010

L9Ud 0.01683 0.00035 0.1155 0.0045 0.0498 0.0011

L9i_3c 0.01711 0.00039 0.1088 0.0047 0.0461 0.0012

L9Ub 0.01662 0.00038 0.1142 0.0052 0.0499 0.0014

L9i_3a 0.01625 0.00043 0.1040 0.0045 0.0464 0.0010

L9Ud 0.01014 0.00039 0.0537 0.0061 0.0384 0.0031

L9Ua 0.00988 0.00032 0.0604 0.0039 0.0443 0.0019

M8U3b 0.00799 0.00019 0.0519 0.0022 0.0471 0.0010

M8c_13a 0.00930 0.00025 0.0654 0.0030 0.0510 0.0011

M8U2b 0.00843 0.00027 0.0577 0.0036 0.0497 0.0019

0.00796 0.00025 0.0522 0.0028 0.0475 0.0014

999.0 36.0 1118.0 27.3 1323.8 30.9 0.960

107.9 4.3

109.6 4.9

71.5 3.0

66.2 5.0

69.3 3.2

48.2 3.7

54.0 3.9

52.0 2.8

57.2 3.1

51.5 2.2

47.8 4.2

107.5 3.8

111.0 4.1

104.9 4.3

109.8 4.7

100.5 4.1

53.1 5.8

59.5 3.7

51.4 2.1

64.3 2.8

57.0 3.5

0.0168

0.0517

0.0050

0.0176

0.0421

0.0215

0.0256

0.0179

0.0237

0.0119

0.0288

0.0156

0.0140

0.0303

0.1195

0.0387

0.1488

0.1488

0.0054

0.0052

0.0092

0.0809

0.0199

0.1531

0.1211

0.0233

0.0784

0.3305

0.1264

0.1307

0.1455

0.0675

0.0579

0.1562

0.0909

0.1656

0.2851

0.2738

0.2154

0.3057

0.3057

0.0509

0.0228

0.0363

0.3614

0.14380.906

0.821

0.824

0.831

0.837

0.824

0.831

0.850

0.866

0.869

0.898

0.828

0.938

0.924

0.901

0.892

0.902

0.893

0.821

0.955

0.936

0.893

2.751.62.2

3.1

2.5

1.9

3.0

2.2

1.9

2.3

1.4

2.0

1.7

3.0

2.9

3.2

2.5

3.5

2.7

3.6

2.9

1.2

2.3

2.4

51.1

104.0

108.9

73.4

63.6

65.3

51.4

52.8

53.2

54.2

49.7

54.1

105.0

107.4

109.4

106.0

103.9

65.7

63.6

51.3

59.4

54.0

0.0817 0.0854 0.00150.17042 0.00442 2.0073M8i_12a

M8i_9b
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spot 206Pb 2cr 2°'Pb 2cr 2°'Pb 2cr

207
carr

206Pb 2cr 207Pb 2cr 2°'Pb 2cr RHO

Measured

232Th 2cr

238U 235U 206Pb 238U 235U 206Pb 238U

I~:;11- I Ratios I Ages (Mal I I
M8i_9a

M8Ub

M8i_2a

0.00765

0.00766

0.00792

0.00023 0.0498

0.00029 0.0529

0.00024 0.0536

0.0031

0.0042

0.0029

0.0472 0.0018

0.0501 0.0025

0.0490 0.0015

49.1

49.0

50.8
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2.1

2.7

2.2

49.4

52.4

53.0

3.0

4.0

2.8

0.897

0.874

0.904

0.1378

0.1414

0.2717

0.0164

0.0434

0.0227



spot 2ll6Pb 2cr 207Pb 2cr 207Pb 2cr

207 carr

2ll6Pb 2cr 207Pb 2cr RHO

Measured

"'Th 2cr

238U 2J5U 2ll6Pb 238U 235U 238U

I~:~11- I Ratios I Ages (Mal I I
L3_5b 0.01640 0.00044 0.1060

L3_5a 0.01624 0.00044 0.1094

L3_4c 0.01626 0.00044 0.1107

L3_4b 0.01387 0.00050 0.0909

L3_4a 0.01689 0.00043 0.1130

L3_3c 0.01621 0.00043 0.1075

L3_3b 0.01684 0.00041 0.1067

L3_3a 0.01701 0.00044 0.1166

L3_2b 0.02416 0.00057 0.1613

L3_2a 0.02198 0.00056 0.1482

L3_lb 0.01659 0.00043 0.1081

L3_la 0.03319 0.00073 0.2664

L3UOc 0.01643 0.00033 0.1127

L3UOb 0.01665 0.00042 0.1104

L3UOa 0.01603 0.00037 0.1082

L3i_9a 0.01588 0.00035 0.1069

L3i_8b 0.01605 0.00037 0.1050

L3i_8a 0.01616 0.00039 0.1068

L3c_7c 0.01715 0.00037 0.1118

L3c7b 0.01641 0.00039 0.1153

L3c_7a 0.01657 0.00037 0.1090

L3c_6b 0.02141 0.00053 0.1472

L3c_6a 0.02438 0.00051 0.1669

0.0045

0.0052

0.0050

0.0043

0.0055

0.0053

0.0048

0.0054

0.0068

0.0065

0.0055

0.0086

0.0042

0.0057

0.0046

0.0044

0.0042

0.0058

0.0045

0.0050

0.0043

0.0054

0.0054

0.0469

0.0488

0.0494

0.0475

0.0485

0.0481

0.0460

0.0497

0.0484

0.0489

0.0473

0.0582

0.0497

0.0481

0.0490

0.0489

0.0475

0.0479

0.0473

0.0510

0.0477

0.0498

0.0497

0.0011

0.0013

0.0012

0.0010

0.0014

0.0014

0.0012

0.0013

0.0012

0.0012

0.0015

0.0009

0.0011

0.0016

0.0013

0.0012

0.0012

0.0017

0.0012

0.0014

0.0011

0.0010

0.0009
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104.9

103.8

103.8

88.8

108.0

103.7

107.9

108.6

153.9

140.1

106.1

208.4

104.8

106.5

102.4

101.4

102.6

103.3

109.6

104.5

105.9

136.4

155.2

2.8

4.0

3.9

3.2

2.7

2.7

3.7

4.0

3.6

3.5

2.8

6.4

3.0

2.7

3.4

3.2

2.3

2.4

2.4

3.5

2.1

4.7

4.6

102.3

105.4

106.6

88.3

108.7

103.7

103.0

111.9

151.8

140.4

104.2

239.8

108.4

106.3

104.3

103.2

101.4

103.0

107.6

110.8

105.1

139.4

156.8

4.1 0.885

4.7 0.874

4.6 0.878

4.0 0.914

5.0 0.875

4.9 0.873

4.4 0.880

4.9 0.875

5.9 0.883

5.7 0.881

5.1 0.873

6.9 0.922

3.8 0.847

5.2 0.843

4.2 0.844

4.0 0.844

3.9 0.845

5.3 0.857

4.1 0.845

4.6 0.843

3.9 0.847

4.8 0.866

4.7 0.862

0.1393

0.1538

0.1698

0.1849

0.1483

0.1555

0.1588

0.2459

0.1371

0.1427

0.1369

0.0459

0.1340

0.2065

0.1685

0.1941

0.1971

0.2310

0.1565

0.2562

0.1433

0.2704

0.2319

0.0175

0.0387

0.0340

0.0328

0.0291

0.0310

0.0176

0.0542

0.0150

0.0136

0.0175

0.0068

0.0197

0.0234

0.0260

0.0265

0.0364

0.0283

0.0159

0.0264

0.0138

0.0932

0.1385



207 corr Measured

spot 2<)6Pb 2(; 207Pb 2(; 207Pb 2(; 206Pb 2(; 207Pb 2(; RHO 232Th 2(;

2.18U 235U 206Pb 238U 235U 238U

I SB-II- I Ratios I Ages (Ma) I I15b

L3U6a 0.01646 0.00044 0.1107 0.0063 0.0488 0.0018 105.2 3.9 106.6 5.7 0.856 0.1724 0.0211

L3U3a 0.01634 0.00061 0.1150 0.0071 0.0511 0.0018 104.1 5.5 110.6 6.5 0.849 0.2610 0.0183

L3c_12d 0.01651 0.00033 0.1117 0.0041 0.0491 0.0011 105.5 3.0 107.5 3.8 0.866 0.1881 0.0205

L3cl2c 0.01583 0.00046 0.1060 0.0054 0.0486 0.0015 101.1 4.2 102.3 5.0 0.850 0.1843 0.0379

L3c_12b 0.01575 0.00038 0.1067 0.0051 0.0492 0.0015 100.6 3.4 103.0 4.6 0.855 0.1853 0.0164

L3c12 0.01582 0.00027 0.1065 0.0030 0.0488 0.0007 101.1 2.4 102.8 2.7 0.894 0.1181 0.0136

L3c_Ila 0.01665 0.00044 0.1135 0.0060 0.0494 0.0017 106.3 4.0 109.1 5.5 0.851 0.2225 0.0337

M6i_6a 0.01675 0.00050 0.1104 0.0060 0.0478 0.0014 107.1 3.1 106.3 5.5 0.907 0.2473 0.0390
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spot 2ll6Pb 2cr 207
Pb 2cr 207Pb 2cr

207 corr

206
Pb 2cr 207Pb 2cr RHO

Measured

232Th 2cr

238U 2J5 U 206Pb 238U 235U 238U

I SB-24-6 I Ratios I Ages (Mal I I
L2i_5b

L2i_5a

L2i_2a

L2Ub

L2i_la

L2UOb

L2UOa

L2i_9b

L2i_9a

L2i_8c

L2i_8b

L2i_8a

L2i_7b

L2i_7a

L2i_6a

M5i_7a

M5Ub

M5i_5a

M5Ub

M5i_3a

M5i_2a

0.00786 0.00022

0.00769 0.00025

0.00800 0.00025

0.00798 0.00019

0.00830 0.00026

0.00821 0.00022

0.00782 0.00022

0.00791 0.00025

0.00751 0.00026

0.00774 0.00020

0.00796 0.00025

0.00800 0.00024

0.00758 0.00027

0.00782 0.00024

0.00801 0.00027

0.00792 0.00027

0.00844 0.00026

0.00807 0.00029

0.00776 0.00025

0.00817 0.00026

0.00809 0.00027

0.0489

0.0503

0.0617

0.0536

0.0612

0.0526

0.0535

0.0526

0.0715

0.0636

0.0505

0.0543

0.0582

0.0597

0.0574

0.0486

0.0731

0.0643

0.0568

0.0527

0.1009

0.0029

0.0031

0.0043

0.0025

0.0040

0.0030

0.0034

0.0036

0.0046

0.0037

0.0036

0.0036

0.0041

0.0039

0.0037

0.0035

0.0043

0.0047

0.0036

0.0035

0.0063

0.0451

0.0475

0.0559

0.0487

0.0535

0.0465

0.0496

0.0483

0.0691

0.0596

0.0460

0.0492

0.0557

0.0553

0.0520

0.0445

0.0629

0.0578

0.0531

0.0467

0.0905

0.0018

0.0018

0.0025

0.0014

0.0023

0.0017

0.0021

0.0022

0.0027

0.0022

0.0021

0.0021

0.0025

0.0024

0.0021

0.0020

0.0021

0.0026

0.0020

0.0019

0.0033

305

50.6

49.3

50.8

51.2

52.9

52.8

50.1

50.7

46.9

49.0

51.1

51.2

48.1

49.7

51.1

50.8

53.1

51.1

49.4

52.5

49.1

2.0

2.2

2.3

1.7

2.3

2.0

2.0

2.3

2.3

1.8

1.6

2.2

2.4

2.2

2.4

1.7

2.4

2.6

2.2

1.7

2.4

48.5

49.9

60.8

53.0

60.4

52.1

52.9

52.1

70.1

62.6

50.1

53.7

57.5

58.8

56.7

48.2

71.7

63.3

56.1

52.1

97.6

2.8 0.854

3.0 0.844

4.1 0.853

2.4 0.855

3.8 0.850

2.9 0.857

3.3 0.866

3.5 0.856

4.3 0.846

3.5 0.864

3.4 0.859

3.4 0.861

3.9 0.847

3.8 0.856

3.6 0.847

3.4 0.886

4.1 0.897

4.5 0.879

3.5 0.894

3.4 0.892

5.8 0.889

0.4246

0.6529

0.4811

0.5294

0.6275

0.5147

0.6637

0.5073

0.6086

0.5094

0.5785

0.6510

0.5056

0.5022

0.5429

0.5157

0.5664

0.6642

0.4511

0.5804

0.5817

0.0277

0.0459

0.0425

0.0491

0.0541

0.0346

0.0800

0.0461

0.0424

0.0961

0.0541

0.0558

0.0438

0.0444

0.0595

0.0797

0.0420

0.0950

0.0286

0.0468

0.0717



207 corr Measured

spot 206Pb 20" 2°'Pb 20" 207Pb 20" 206Pb 20" 2°'Pb 20" RHO 232Th 20"

238U 235U 206Pb 238
U 235U 238U

I SB-24-6 I Ratios I Ages (Ma) I I
Bp_16a 0.01494 0.00097 0.1043 0.0095 0.0506 0.0018 95.2 8.7 100.8 8.7 0.951 0.0104 0.0016

Bp_Ila 0.01390 0.00090 0.0898 0.0081 0.0468 0.0016 89.0 5.7 87.3 7.5 0.952 0.0040 0.0005

M9Ub 0.00816 0.00036 0.0579 0.0050 0.0515 0.0027 52.1 3.3 57.1 4.8 0.863 0.2360 0.0265

M9i_Ia 0.00774 0.00031 0.0439 0.0039 0.0411 0.0023 50.1 2.9 43.6 3.8 0.875 0.1967 0.0470
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207 corr Measured

spot 206Pb 2cr 20JPb 2cr 207Pb 2cr 206Pb 2cr 20JPb 2cr RHO 2J2Th 2cr

238V 2J5V 206Pb 238V 2J5V 2J8V

L8_1m_b

L8_1m_a

L8i_9a

L8i_lOa

L8c_6a

L8Ud

L8i_2c

L8i_2b

L8i_2a

L8Ug

L8Uf

L8c_le

L8i_12a

L8Ulb

L8i_9b

L8i_lla

L8U5d

L8U5c

L8U5b

L8i_15a

L8U4a

L8U3a

L8U8b

0.01514

0.01514

0.01365

0.01350

0.01226

0.01426

0.01515

0.01483

0.01473

0.01532

0.01555

0.01515

0.01409

0.01372

0.01412

0.01328

0.01450

0.01445

0.01457

0.01479

0.01396

0.01482

0.01441

0.00050

0.00050

0.00045

0.00045

0.00047

0.00049

0.00052

0.00052

0.00051

0.00050

0.00051

0.00056

0.00023

0.00019

0.00022

0.00019

0.00023

0.00024

0.00024

0.00023

0.00021

0.00023

0.00032

0.1008

0.1003

0.0912

0.0892

0.0889

0.1022

0.1104

0.1113

0.1003

0.1011

0.1035

0.1034

0.0925

0.0906

0.0937

0.0994

0.0967

0.0963

0.0998

0.0991

0.0925

0.1000

0.1034

0.0039

0.0039

0.0035

0.0035

0.0040

0.0042

0.0044

0.0047

0.0040

0.0039

0.0040

0.0048

0.0026

0.0021

0.0023

0.0027

0.0023

0.0023

0.0025

0.0025

0.0023

0.0025

0.0025

0.0483

0.0481

0.0485

0.0479

0.0526

0.0520

0.0528

0.0544

0.0494

0.0479

0.0483

0.0495

0.0476

0.0479

0.0481

0.0543

0.0484

0.0484

0.0497

0.0486

0.0480

0.0489

0.0521

0.0006

0.0005

0.0006

0.0006

0.0007

0.0007

0.0006

0.0008

0.0006

0.0005

0.0006

0.0009

0.0007

0.0006

0.0006

0.0009

0.0005

0.0005

0.0006

0.0006

0.0006

0.0006

0.0004
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96.9

96.8

87.3

86.4

78.1

90.8

96.3

94.9

94.1

98.0

99.4

96.7

90.2

87.8

90.4

84.4

92.8

92.4

93.0

94.6

89.3

94.7

91.7

3.2

3.2

4.0

2.8

4.3

4.4

4.6

2.4

4.6

3.2

3.2

5.1

1.4

1.2

1.4

1.7

2.1

2.1

2.1

2.1

1.9

2.1

2.9

97.5

97.1

88.7

86.8

86.5

98.8

106.3

107.1

97.0

97.8

100.0

99.9

89.8

88.0

90.9

96.2

93.8

93.4

96.6

95.9

89.8

96.8

99.9

3.6

3.6

3.3

3.2

3.7

3.9

4.0

4.3

3.7

3.6

3.7

4.5

2.4

2.0

2.1

2.5

2.1

2.2

2.3

2.3

2.2

2.3

2.3

0.960

0.963

0.958

0.959

0.957

0.949

0.962

0.944

0.961

0.962

0.959

0.924

0.900

0.933

0.929

0.912

0.935

0.935

0.930

0.924

0.920

0.926

0.950

0.0058

0.0051

0.0068

0.0070

0.0211

0.0051

0.0089

0.0097

0.0135

0.0081

0.0077

0.0082

0.0066

0.0059

0.0066

0.0048

0.0086

0.0097

0.0083

0.0077

0.0042

0.0088

0.0173

0.0019

0.0010

0.0008

0.0012

0.0053

0.0008

0.0028

0.0025

0.0015

0.0008

0.0009

0.0010

0.0017

0.0010

0.0007

0.0008

0.0012

0.0064

0.0009

0.0008

0.0009

0.0020

0.0028



207 carr Measured

spot 206Pb 2cr 20'Pb 2cr 207Pb 2cr 206Pb 2cr 207Pb 2cr RHO 232Th 2cr

238U 235U 206Pb 238U 235U 238U

I SB-7-6a I Ratios I Ages (Ma) I I
L8U8a 0.01488 0.00024 0.1049 0.0020 0.0512 0.0004 94.8 2.2 101.3 1.9 0.907 0.0076 0.0011

L8i_17c 0.01362 0.00026 0.0924 0.0021 0.0492 0.0005 87.1 2.4 89.7 2.0 0.909 0.0064 0.0034

L8U7b 0.01408 0.00022 0.0926 0.0018 0.0477 0.0004 90.1 1.4 89.9 1.7 0.901 0.0051 0.0009

L8i_17a 0.01348 0.00023 0.0896 0.0020 0.0482 0.0005 86.3 1.5 87.2 1.9 0.883 0.0041 0.0010

M9i_24a 0.01316 0.00031 0.1315 0.0051 0.0724 0.0012 81.8 2.7 125.4 4.6 0.971 0.0093 0.0005

M9i_4b 0.00796 0.00021 0.0516 0.0023 0.0470 0.0010 51.1 1.9 51.1 2.2 0.938 1.2052 0.1517

M9i_4a 0.00782 0.00023 0.0510 0.0027 0.0474 0.0014 50.2 1.5 50.5 2.6 0.908 1.3032 0.1828
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207 corr Measured

spot 206Pb 2cr 207Pb 2cr 207Pb 2cr 206Pb 2cr 207Pb 2cr RHO 232Th 2cr

238U 235U 206Pb 238U 235U 238UI SB-11- I Ratios I Ages (Ma) I I8de

LOUb 0.01157 0.00017 0.0911 0.0020 0.0571 0.0006 73.3 1.6 88.5 1.9 0.906 0.0218 0.0090

MOi_10a 0.01496 0.00143 0.4980 0.0578 0.2414 0.0119 73.0 11.0 410.3 38.6 0.909 0.0303 0.0162

MOi_9a 0.Ql144 0.00017 0.0760 0.0017 0.0482 0.0005 73.2 1.5 74.4 1.6 0.931 0.0141 0.0012

MOi_8a 0.03282 0.00211 1.8838 0.1290 0.4164 0.0069 115.0 18.0 1075.4 44.7 0.971 0.1145 0.0569

MOi_7b 0.01237 0.00019 0.1346 0.0051 0.0789 0.0019 76.2 1.7 128.3 4.5 0.901 0.0223 0.0089

MOi_7a 0.01078 0.00026 0.1667 0.0091 0.1121 0.0041 63.7 2.4 156.5 7.9 0.859 0.0188 0.0068

MOi_6a 0.01043 0.00024 0.1341 0.0089 0.0933 0.0043 63.1 2.2 127.8 7.9 0.909 0.0214 0.0031

MOi_5a 0.Ql088 0.00016 0.0807 0.0020 0.0538 0.0007 69.2 1.4 78.8 1.8 0.914 0.0194 0.0023

MOi_4a 0.01182 0.00016 0.0797 0.0019 0.0489 0.0006 75.6 1.4 77.9 1.7 0.922 0.0132 0.0013

MOi_3a 0.01169 0.00016 0.0852 0.0019 0.0529 0.0006 74.4 1.4 83.0 1.8 0.933 0.0162 0.0012

MOi_2a 0.01431 0.00031 0.3990 0.0186 0.2023 0.0061 74.2 3.6 340.9 13.4 0.858 0.0335 0.0459

MOi_la 0.01213 0.00016 0.0983 0.0029 0.0587 0.0010 76.7 1.5 95.2 2.6 0.907 0.0165 0.0013
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Appendix E: SHRIMP Analytical Methods

Sensitive High Resolution Ion Microprobe (SHRIMP) analytical procedures followed

those described by Stern (1997), with standards and U-Pb calibration methods following Stern
and Amelin (2003). Zircon crystals were cast in 2.5 cm diameter epoxy mounts (GSC #497)
along with fragments of the GSC laboratory standard zircon (z6266, with 206Pb/238U age =559

Ma). The mid-sections of the zircon were exposed using 9, 6, and 1 ~m diamond compound, and
the internal features of the zircons (such as zoning, structures, alteration, etc.) were characterized

in cathodoluminescence mode (CL). Mount surfaces were evaporatively coated with 10 nm of
high purity Au. Analyses were conducted using an 160 - primary beam, projected onto the zircon

at 10 kV. The sputtered area used for analysis was ca. 25 ~m in diameter with a beam current of
ca. 15 nA. The count rates of ten isotopes of Zr+, u+, Th+, and Pb+ in zircon were sequentially

measured over 6 scans with a single electron multiplier and a pulse counting system with
deadtime of 27 ns. Off-line data processing was accomplished using customized in-house
software (SQUID2). Due to a change in the primary beam conditions halfway through the

analytical session, two U-Pb fractionation calibrations were required. The 1t external errors of

2°6pbP38U ratios reported in the data table incorporate either a ~1.4 % or a 1.13% error in
calibrating the standard zircon (see Stern and Amelin, 2003). No fractionation correction was
applied to the Pb-isotope data; common Pb correction utilized the measured 207PbP°6pb and
compositions of the surface blank (Stern, 1997).

Analyses of a secondary zircon standard (Temora 2) were interspersed between the later

sample analyses to verify the accuracy of the second U-Pb calibration. Using the calibration
defined by the z6266 standard, the weighted mean 206PbP38U age of eight SHRIMP analyses of

Temora 2 zircon is 415.8 ± 3.4 Ma (95% conf.). The accepted 2°6pbP38U age of Temora 2 is 416.5

±O.22 Ma, based on 21 isotope dilution fractions (Black et ai., 2004).

The 207Pb corrected 206PbP38U weighted mean ages are presented. The Pb correction was

made using the common Pb composition of the surface Au coating (Au 207Pbp06Pb common Pb
ratio is 0.895, error 0.1 %). TW plots that use the 206Pb/238U were used as the ages of most zircon
crystals are younger than 1000 Ma, otherwise the 207Pb corrected 207PbP06Pb age is used. The

207Pb is too low in young zircons to get good counting statistics for a 207Pb/235U age; the count

duration used on the ion probe was enough to do a common Pb correction, not to calculate an age.
TW diagrams plot the uncorrected (for common Pb) data, with the distance from concordia

representing the extent of common Pb in the analysis. The upper intercept of a chord through data
(of the same age) would be the common 207PbP°6pb composition of that analysis. Plots and

calculations based on Isoplot of Ludwig (2003).

The negative values are the result of legitimate analytical scatter (a negative 204Pb value

results in addition of radiogenic Pb to the analysis). The ability of the SHRIMP to measure true

background and common Pb sometimes allows the return of negative values as background

counts will be higher than 204pb. In counting statistics, one expects a Gaussian (symmetrical)

distribution of measurements - if one arbitrarily removes the negative ones, the data is being

forced into a non-symmetrical distribution when there is no statistical justification to do so.

311



Sample SB-08-15b Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (I) 207 corrected (2)

err 207Pb* 206Pb*

ppm % 2l)4Pb 208Pb 238U ±
207Pb 207Pb* 206Pb* corr 206Pb* 238U

Spot U ThIU 1'206207 206Pb ±Icr 206Pb ±Icr 206Pb Icr 206Pb ±Icr 235U ±Icr 238U ±Icr (rho) Ma±2cr Ma±2cr

16.2 171 0.02 5.09 2.9E-3 6.1E-3 0.084 0.013 131.63 1.74 0.040 0.095 0.040 0.094 0.0072 0.0008 0.047 -- -- 46.7 0.9

20.2 401 0.01 0.97 5.6E-4 3.1E-4 0.029 0.003 126.65 1.54 0.048 0.005 0.052 0.005 0.0078 0.0001 0.132 110 330 50.1 0.9

3.1 705 0.Q7 0.10 5.6E-5 5.5E-5 0.028 0.001 65.63 0.76 0.049 0.001 0.103 0.002 0.0152 0.0002 0.491 162 67 97.2 1.6

11.1 986 0.05 0.13 7.3E-5 6.0E-5 0.021 0.001 65.51 0.75 0.049 0.001 0.102 0.002 0.0152 0.0002 0.483 131 69 97.5 1.6

1.1 1087 0.06 0.04 2.3E-5 9.9E-5 0.021 0.001 64.89 0.74 0.049 0.002 0.105 0.003 0.0154 0.0002 0.350 171 101 98.4 1.6

4.1 1416 0.05 0.14 8.1E-5 4.4E-5 0.018 0.001 64.60 0.74 0.048 0.001 0.102 0.002 0.0155 0.0002 0.578 102 53 98.9 1.6

16.1 79 0.11 1.80 I.OE-3 8.6E-4 0.119 0.018 61.28 1.25 0.065 0.013 0.143 0.029 0.0160 0.0004 0.127 769 585 100.5 2.9

20.1 35 0.16 4.97 2.9E-3 I.3E-3 0.144 0.012 40.06 0.77 0.041 0.020 0.135 0.066 0.0237 0.0007 0.062 -- -- 152.5 4.1

12.1 22 0.10 -- -5.5E-4 -2.4E-3 0.149 0.016 39.77 1.30 0.092 0.034 0.324 0.120 0.0254 0.0013 0.143 1477 974 153.4 7.1

6.1 101 0.04 2.92 1.7E-3 3.5E-4 0.041 0.004 40.41 0.51 0.030 0.006 0.101 0.018 0.0240 0.0003 0.077 -- -- 156.4 2.8

7.1 44 0.10 0.77 4.5E-4 5.0E-4 0.121 0.009 39.39 0.55 0.065 0.008 0.225 0.027 0.0252 0.0004 0.140 767 343 157.5 3.1

9.1 29 0.07 4.81 2.8E-3 9.0E-4 0.158 0.019 37.82 0.57 0.053 0.019 0.183 0.067 0.0252 0.0006 0.061 317 1158 159.6 4.9

19.1 52 0.02 2.27 1.3E-3 6.5E-4 0.066 0.007 38.68 0.55 0.055 0.010 0.191 0.035 0.0253 0.0005 0.101 402 567 159.8 3.2

13.1 28 0.D3 2.43 I.4E-3 1.0E-3 0.110 0.012 38.04 0.58 0.057 0.016 0.201 0.055 0.0257 0.0006 0.087 489 846 161.8 3.5

5.1 23 0.29 -- -5.2E-5 -1.0E-3 0.170 0.014 36.74 0.57 0.073 0.015 0.273 0.055 0.0272 0.0006 0.115 1005 567 168.6 3.7

Uncertainties reported at Icr (except for age values) and are calculated by using SQUID 2.23.08.10.21, rev. 21 Oct 2008

1'206207 refers to mole fraction of total 206Pb that is due to common Pb, calculated using the 207Pb_method; common Pb composition used is the surface blank (4/6:0.05770; 7/6:0.89500; 8/6:2.13840)

*refers to radiogenic Pb (corrected for common Pb) (1) based on 204 method; (2) based on 207 method

Discordance relative to origin =100 * «2071206 age-206/238 age)/(207Pb/206Pb age»

Calibration standard 6266; U = 910 ppm; Age = 559 Ma; 206Pb/238U = 0.09059

Error in 206Pb/238U calibration dependant on calibration run:

Calibration run 2 (CaI2) used in these analyses, error in 206pb/238U calibration 1.13% (1 cr external spot to spot error; included) and standard error in standard calibration was 0.34% (not included)
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Sample SB-08-21 Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (I) 207 corrected (2)

2°'Pb* 206Pb*
ppm % 204Pb 20'Pb 238U ± 2°'Pb 207pb* 206pb * err 206Pb* 238U

Spot U Th/U f206207
206Pb + lu 206Pb + lu 206Pb lu 206Pb +Iu 235U + lu 238U +Iu corr Ma+2u Ma±2u

35.1 592 0.01 0.72 4.2E-4 1.4E-4 0.Q25 0.002 68.86 0.80 0.051 0.002 0.101 0.005 0.0144 0.0002 0.264 229 140 92.0 1.5

117 489 0.01 0.61 3.5E-4 1.4E-4 0.020 0.001 68.96 0.80 0.049 0.002 0.097 0.004 0.0144 0.0002 0.261 146 144 92.1 1.5

15.1 351 0.Q2 1.66 9.6E-4 2.lE-4 0.025 0.003 67.03 0.79 0.045 0.003 0.090 0.007 0.0147 0.0002 0.168 -- -- 94.3 1.5

103 321 0.01 0.72 4.2E-4 2.IE-4 0.022 0.002 65.49 0.77 0.049 0.003 0.103 0.007 0.0152 0.0002 0.187 167 211 96.8 1.6

86.1 218 0.Ql 0.09 5.0E-5 3.9E-4 0.009 0.001 42.31 0.61 0.051 0.006 0.167 0.019 0.0236 0.0004 0.138 258 370 150.0 3.0

3.1 442 0.04 5.13 3.0E-3 2.3E-4 0.114 0.005 40.46 0.58 0.043 0.004 0.138 0.014 0.0234 0.0004 0.148 -- -- 150.5 3.0

2.1 284 0.03 0.75 4.3E-4 1.4E-4 0.032 0.002 40.90 0.48 0.050 0.002 0.167 0.008 0.0243 0.0003 0.259 197 145 154.4 2.5

29.1 327 0.24 0.89 5.lE-4 2.1E-4 0.084 0.004 39.95 0.47 0.049 0.003 0.169 O.QlI 0.0248 0.0003 0.184 169 213 157.9 2.6

46.1 267 0.01 0.57 3.3E-4 l.lE-4 0.016 0.001 39.94 0.49 0.050 0.002 0.172 0.006 0.0249 0.0003 0.339 205 III 158.3 2.7

21.1 432 0.04 0.67 3.9E-4 l.lE-4 0.030 0.001 39.97 0.46 0.048 0.002 0.166 0.006 0.0248 0.0003 0.303 119 122 158.4 2.5

17.1 379 0.04 0.34 2.0E-4 1.3E-4 0.021 0.002 39.90 0.46 0.051 0.002 0.176 0.007 0.0250 0.0003 0.286 249 128 158.7 2.6

9.1 403 0.50 0.\0 6.0E-5 2.2E-4 0.167 0.003 39.80 0.46 0.052 0.003 0.179 0.011 0.0251 0.0003 0.190 276 201 159.3 2.6

76.1 461 0.06 0.31 1.8E-4 9.8E-5 0.030 0.001 39.03 0.45 0.052 0.002 0.183 0.006 0.0255 0.0003 0.363 279 96 162.1 2.6

56.1 400 0.04 0.42 2.4E-4 7.5E-5 0.021 0.001 38.80 0.45 0.050 0.001 0.175 0.005 0.0257 0.0003 0.413 175 84 163.3 2.6

Calibration run I (Call) was used for spot analyses 86.1 and 3.1, the rest used Ca12, 1.4% (l u external spot to spot error) error in calibrating

the standard zircon (included) and standard error in standard calibration was 0.56% (not included in above errors but required when comparing data

from different mounts)

Calibration run 2 (CaI2), error in 2°6pb/238U calibration 1.13% (lu external spot to spot error; included)

and standard error in standard calibration was 0.34% (not included)
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Sample SB-08-22 Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (I)
207 corrected

(2)

207Pb* 206Pb*

ppm % 204Pb 2°'Pb 2.18U ± 207Pb 207Pb* 206pb* err 206Pb* 238U

Spot U ThfU f206207 206Pb ±lcr 206Pb ±lcr 206Pb lcr 206Pb ±lcr 235U + Icr 238U ±lcr corr Ma±2cr Ma±2cr

23.1 407 0.04 2.68 1.5E-3 3.7E+l 26.715 0.515 120.03 1.25 0.145 1.454 0.139 6.761 0.0081 1.6188 0.239 2022 162 47.3 0.8

6.2 13 0.23 34.42 2.0E-2 4.5E+l 1.018 6.602 76.48 2.14 0.385 3.578 0.138 159.717 0.0086 23.6730 0.148 1909 3959 50.5 2.4

25.1 47 0.34 13.50 7.8E-3 9.1E+1 0.329 7.609 112.03 \.74 0.135 4.623 0.017 770.117 0.0077 14.2907 0.019 -- -- 5\.4 1.4

27.1 61 0.42 8.32 4.8E-3 5.9E+I 0.394 6.281 112.00 \.53 0.123 3.629 0.060 86.526 0.0082 5.5939 0.065 320 2740 52.2 1.2

8.1 100 0.36 7.05 4.1E-3 4.4E+I 0.257 6.080 115.48 \.65 0.092 5.069 0.034 95.301 0.0080 3.7297 0.039 -- -- 52.7 1.3

6.1 37 0.19 26.01 1.5E-2 2.4E+I 0.654 5.758 93.97 \.95 0.237 3.100 0.005 1528.942 0.0079 8.7189 0.006 -- -- 53.1 \.7

3.1 385 0.47 0.38 2.2E-4 6.7E+I 0.158 2.905 60.83 \.25 0.050 1.605 0.106 5.077 0.0164 \.2741 0.251 49 164 104.9 \.8

2.1 339 0.40 0.24 I.4E-4 9.2E+I 0.130 3.316 60.17 1.33 0.053 1.627 0.117 4.270 0.0166 1.3483 0.316 246 130 105.6 2.0

18.2 52 0.34 3.04 \.8E-3 3.8E+I 25.957 0.503 18.79 \.28 0.178 \.282 1.105 6.175 0.0516 \.7591 0.285 2405 140 285.5 5.2

19.1 46 0.32 2.36 \.4E-3 3.3E+I 26.913 0.701 19.46 1.41 0.141 2.657 0.848 6.191 0.0502 \.6292 0.263 1995 148 289.7 6.0

18.1 25 0.25 2.78 \.6E-3 5.1E+I 26.160 0.531 9.65 1.38 0.153 1.462 1.830 8.788 0.1008 2.0004 0.228 2120 209 567.5 10.9

Calibration run 2 (CaI2) used in these analyses, error in 2°·Pb/238U calibration 1.13% (Icr external spot to spot error; included)

and standard error in standard calibration was 0.34% (not included)
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Sample SB-08-16 Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (I)
207

correcied (Z)

z07pb* Z06Pb*

ppm % Z04Pb Z08Pb Z38U ± Z07Pb Z07Pb* Z06Pb* err Z06Pb* 238U
Spot U ThIU f206Z07 Z06Pb ± 10 Z06Pb ±Io 206Pb 10 206Pb ±Io 235U ±Io 238U ±Io corr Ma±20 Ma±20

6.2 307 0.25 3.02 1.7E-3 4.4E-4 0.135 0.007 120.49 IA8 0.072 0.002 0.052 0.008 0.0080 0.0001 0.099 30 492 51.7 0.9

36.1 216 0.05 1.34 7.7E-4 7.1E-4 0.064 0.005 119.93 1.51 0.060 0.002 0.055 0.012 0.0082 0.0001 0.080 130 724 52.7 0.9

46.1 284 0.11 -- -5.0E-4 -1.1E-4 0.084 0.005 111.02 1.36 0.065 0.001 0.090 0.003 0.0091 0.0001 0.389 984 84 56.6 1.0

6.1 598 0.09 0.93 5.3E-4 1.6E-4 0.053 0.002 77.92 0.91 0.056 0.001 0.085 0.004 0.0127 0.0002 0.230 124 166 81.4 1.3

22.1 354 0.34 0.00 1.2E-6 1.2E-4 0.122 0.004 60.84 0.76 0.053 0.001 0.121 0.005 0.0164 0.0002 0.309 348 124 104A 1.8

33.1 360 OA7 0.23 I.3E-4 1.9E-4 0.170 0.005 59.75 0.70 0.053 0.001 0.118 0.007 0.0167 0.0002 0.208 253 185 106A 1.7

36.2 852 OAO 0.21 1.2E-4 7.6E-S 0.148 0.004 57.94 0.67 0.051 0.001 0.116 0.003 0.0172 0.0002 0.415 143 83 110.0 1.8

11.1 242 OA4 0.53 3.1E-4 2.0E-4 0.171 0.005 38.97 OA6 0.055 0.001 0.179 0.011 0.0255 0.0003 0.204 236 190 162.2 2.7

21.1 1016 0.30 0.04 2.3E-5 4.0E-5 0.099 0.002 38.05 OA4 0.050 0.000 0.181 0.003 0.0263 0.0003 0.640 197 45 167.0 2.7

23.1 1127 0.18 0.11 6.4E-5 3.9E-5 0.063 0.001 36.71 OA2 0.051 0.000 0.187 0.003 0.0272 0.0003 0.652 183 43 173.0 2.7

Calibration run 2 (CaI2) used in these analyses, error in 206PbP38U calibration 1.13% (10 external spot to spot error; included)

and standard error in standard calibration was 0.34% (not included)
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Sample SB-08-20 Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (I)
207 corrected

(2)

207Pb* 206Pb*

ppm % 204Pb 208Pb 238U ±
207Pb 207Pb* 206Pb* err 206pb* 238U

Spot U ThIU 1206207 206Pb + 1<> 206Pb +1<> 206Pb 1<> 206Pb +1<> 235U +1<> 238U + 1<> corr Ma+2<> Ma±2<>

12 182 0.44 -- -S.8E-4 -4.9E-4 0.218 0.012 118.36 1.55 0.069 0.002 0.090 0.009 0.0085 0.0001 0.163 1116 263 52.9 1.0

15 3719 0.03 0.41 2.4E-4 1.2E-4 0.022 0.001 109.33 1.58 0.051 0.001 0.060 0.003 0.0091 0.0001 0.342 80 133 58.4 1.2
2.1 4250 0.03 0.12 6.7E-S 4.9E-S 0.014 0.001 108.74 1.55 0.049 0.001 0.061 0.001 0.0092 0.0001 0.615 103 60 58.9 1.2
4.1 6808 0.03 1.99 l.lE-3 6.0E-S 0.056 0.001 102.33 1.45 0.066 0.000 0.066 0.002 0.0096 0.0001 0.579 178 65 61.3 1.2
4.2 6044 0.03 0.35 2.0E-4 3.0E-S 0.017 0.000 102.05 1.45 0.049 0.000 0.062 0.001 0.0098 0.0001 0.742 8 43 62.7 1.2

19 4374 0.00 0.01 6.2E-6 2.4E-S 0.002 0.000 37.58 0.44 0.050 0.000 0.182 0.003 0.0266 0.0003 0.822 174 27 169.3 2.8
3.1 5045 0.01 0.06 3.SE-S l.lE-S 0.004 0.000 35.58 0.50 0.050 0.000 0.191 0.003 0.0281 0.0004 0.949 169 15 178.6 3.5
8.1 257 0.46 0.08 4.4E-S 9.7E-S 0.160 0.004 33.96 0.49 0.053 0.001 0.213 0.007 0.0294 0.0004 0.424 305 98 186.4 3.7

23 1032 0.03 0.08 4.SE-S 4.0E-S 0.030 0.001 33.65 0.39 0.058 0.000 0.235 0.004 0.0297 0.0003 0.698 506 37 186.9 3.0
29 88 0.23 -- -1.2E-4 -S.2E-4 0.099 0.006 32.54 0.42 0.062 0.002 0.272 0.033 0.0308 0.0005 0.132 747 349 192.3 3.5
28 169 0.27 1.26 7.2E-4 2.1E-4 0.104 0.005 31.88 0.39 0.058 0.001 0.203 0.015 0.0310 0.0004 0.177 81 236 197.2 3.4
27 534 0.51 0.15 8.7E-S 9.4E-S 0.170 0.003 31.78 0.37 0.051 0.001 0.217 0.007 0.0314 0.0004 0.366 200 97 199.4 3.2
10 383 0.36 0.86 4.9E-4 1.6E-4 0.122 0.003 31.43 0.39 0.051 0.001 0.191 0.012 0.0315 0.0004 0.204 -- -- 201.6 3.5
16 310 0.34 0.19 l.lE-4 2.5E-4 0.109 0.003 31.21 0.37 0.053 0.001 0.228 0.017 0.0320 0.0004 0.169 271 233 202.6 3.3

Calibration run I (Call) was used for spot analyses 15.1, 2.1, 4.1,4.2,3.1,8.1, the rest used Ca12, 1.4% (1<> external spot to spot error) error in

calibrating the standard zircon (included) and standard error in standard calibration was 0.56% (not included in above errors but required when

comparing data from different mounts)

Calibration run 2 (CaI2), error in 206Pbt'38U calibration 1.13% (1<> external spot to spot error; included)

and standard error in standard calibration was 0.34% (not included)
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Sample SB-7-7 Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (I)
207 corrected

(2)

207Pb* 206Pb*

ppm % 204Ph 2°'Pb 238U ± 207Pb 207Pb* 206Pb* err 206pb* 238U

Spot U ThIU 1'206207
206Pb +10 206Pb +10 206Pb 10 206Pb +10 235U +10 23'U +10 corr Ma+20 Ma+20

26.1 120 0.48 1.69 9.8E-4 1.5E-3 0.205 0.012 123.92 1.64 0.068 0.004 0.059 0.025 0.0079 0.0002 0.070 372 1308 50.5 1.0

2.1 347 0.51 0.88 . 5.1E-4 8.6E-5 0.187 0.008 126.37 1.87 0.048 0.001 0.044 0.002 0.0078 0.0001 0.320 -- -- 50.7 1.0

13.1 58 0.25 5.58 3.2E-3 2.5E-4 0.185 0.016 117.82 1.77 0.104 0.004 0.063 0.006 0.0080 0.0001 0.156 488 305 50.9 1.1

14.1 114 0.47 3.65 2.1E-3 9.4E-4 0.200 0.012 122.11 1.63 0.071 0.002 0.044 0.016 0.0079 0.0002 0.059 -- -- 51.1 1.0

17.1 102 0.21 8.33 4.8E-3 1.5E-3 0.139 0.017 121.78 1.65 0.069 0.002 0.006 0.023 0.0075 0.0002 0.008 -- -- 51.3 1.0

4.1 139 0.60 1.45 8.4E-4 4.5E-4 0.234 0.014 121.83 1.95 0.067 0.002 0.062 0.008 0.0081 0.0001 0.139 422 396 51.4 1.2

6.1 152 0.38 0.04 2.2E-5 6.IE-4 0.145 0.010 122.62 1.89 0.058 0.002 0.065 0.010 0.0082 0.0002 0.118 515 481 51.7 1.1

3.1 48 0.22 2.79 1.6E-3 7.5E-4 0.180 0.021 116.54 2.23 0.094 0.005 0.081 0.014 0.0083 0.0002 0.135 943 489 52.1 1.5

21.1 294 0.35 1.15 6.7E-4 2.5E-4 0.134 0.006 121.48 1.47 0.051 0.001 0.046 0.004 0.0081 0.0001 0.132 -- -- 52.6 0.9

12.1 470 0.34 1.01 5.8E-4 1.6E-4 0.151 0.005 119.30 1.41 0.053 0.001 0.051 0.003 0.0083 0.0001 0.212 -- -- 53.4 0.9

1.1 2835 om 0.12 6.7E-5 3.3E-5 0.005 0.000 69.72 0.99 0.049 0.000 0.095 0.002 0.0143 0.0002 0.759 99 40 91.7 1.8

20.2 526 0.13 0.25 1.5E-4 1.1E-4 0.055 0.002 67.55 0.78 0.051 0.001 0.100 0.004 0.0148 0.0002 0.305 149 120 94.4 1.5

20.1 511 0.12 -- -4.7E-5 -9.4E-5 0.046 0.002 60.13 0.69 0.050 0.001 0.117 0.004 0.0166 0.0002 0.370 246 94 106.0 1.7

1.2 119 0.21 0.75 4.3E-4 3.0E-4 0.091 0.005 32.42 0.52 0.061 0.001 0.230 0.019 0.0306 0.0005 0.199 387 261 193.4 4.3

Calibration run I (Call) was used for spot analyses 2.1, 4.1, 6.1, 3.1, 1.1, 1.2, the rest used Ca12, 1.4% (10 external spot to spot error) error in

calibrating the standard zircon (included) and standard error in standard calibration was 0.56% (not included in above errors but required when

comparing data from different mounts)

Calibration run 2 (CaI2), error in 206PbP"U calibration 1.13% 00 external spot to spot error; included)

and standard error in standard calibration was 0.34% (not included)
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Sample SB-08-17 Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (I)
207

corrected (2)

207pb* 206Pb*

ppm % ""Pb 208Pb 238U ± 207Pb 207pb* 206Pb* err 206Pb* 238U
Spot U Th/U f206207 206Pb ±Icr 206Pb +Icr 206Pb Icr 206Pb + Icr 235U +Icr 238U +Icr corr Ma+2cr Ma±2cr

-1.9E-
31.1 214 0.38 -- 4 -1.5E-4 0.166 0.007 60.60 0.89 0.064 0.001 0.152 0.006 0.0166 0.0002 0.369 828 109 103.5 2.1

7.1 151 0.26 1.56 9.0E-4 4.5E-4 0.142 0.007 60.30 0.99 0.064 0.002 0.115 0.Ql5 0.0163 0.0003 0.135 237 431 104.0 2.4

8.1 186 0.20 0.23 1.3E-4 3.1E-4 0.076 0.005 59.07 0.93 0.055 0.001 0.125 0.011 0.0169 0.0003 0.185 349 279 107.3 2.4

20.1 227 0.31 2.25 l.3E-3 3.2E-4 0.140 0.006 58.03 0.85 0.064 0.001 0.103 0.012 0.0168 0.0003 0.139 -- -- 108.2 2.2

3.1 893 0.41 0.23 1.3E-4 6.5E-5 0.139 0.003 58.82 0.84 0.050 0.001 0.113 0.003 0.0170 0.0002 0.527 109 76 108.4 2.1

18.1 890 0.49 0.34 2.0E-4 1.2E-4 0.169 0.003 58.40 0.83 0.051 0.001 0.114 0.005 0.0171 0.0002 0.357 125 123 109.0 2.1

28.1 219 0.30 1.80 1.0E-3 5.4E-4 0.132 0.006 57.65 0.86 0.061 0.001 0.108 0.019 0.0170 0.0003 0.100 2 594 109.2 2.3

27.1 393 0.48 0.83 4.8E-4 1.7E-4 0.179 0.005 57.89 0.83 0.057 0.001 0.118 0.007 0.0171 0.0003 0.263 194 174 109.3 2.2

24.1 317 0.23 0.73 4.2E-4 3.2E-4 0.096 0.004 57.48 0.84 0.055 0.001 0.116 0.012 0.0173 0.0003 0.153 135 331 110.3 2.2
33.1 214 0.34 1.62 9.4E-4 3.5E-4 0.146 0.006 56.69 0.83 0.063 0.001 0.118 0.013 0.0174 0.0003 0.146 160 351 110.8 2.3

Calibration run I (Call) used in these analyses, 1.4% (I cr external spot to spot error) error in calibrating the standard zircon (included)

and standard error in standard calibration was 0.56% (not included in above errors but required when comparing data from different mounts)
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Sample SB-5-llc Atomic Ratios Uncorrected Atomic Ratios 204 Corrected (\)
207 corrected

(2)

207Pb* 206Pb*

ppm % 2()4Pb 208Pb 238U ± 207Pb 207Pb* 206Pb* err 206Pb* 238U

Spot U ThIU 1206207 206Pb +Icr 206Pb +Icr 206Pb Icr 206Pb +Icr 235U +Icr 238U +lcr corr Ma+2cr Ma+2cr

33.1 1928 0.01 0.11 6.6E-5 4.2E-5 0.006 0.001 67.14 0.96 0.047 0.001 0.095 0.002 0.0149 0.0002 0.629 25 59 95.4 1.9

21.\ 1342 0.01 -- -3.8E-5 ·3.6E-5 0.004 0.000 54.28 0.78 0.049 0.000 0.127 0.003 0.0184 0.0003 0.727 186 44 117.6 2.3

19.1 2489 0.01 -- -5.3E-6 -2.1E-5 0.003 0.000 48.50 0.68 0.049 0.000 0.140 0.002 0.0206 0.0003 0.861 154 27 131.5 2.6

29.1 2440 0.01 0.04 2.3E-5 2.5E-5 0.005 0.000 39.48 0.56 0.050 0.000 0.172 0.003 0.0253 0.0004 0.833 157 31 161.2 3.2

20.1 530 0.41 -- -2.3E-6 -3.7E-5 0.143 0.003 36.39 0.52 0.051 0.001 0.194 0.004 0.0275 0.0004 0.690 254 48 174.4 3.4

10.1 491 0.31 0.43 2.5E-4 6.9E-5 0.115 0.003 36.09 0.52 0.053 0.001 0.186 0.005 0.0276 0.0004 0.520 148 77 175.6 3.5

5.1 4875 0.01 0.02 1.3E-5 9.6E-6 0.003 0.000 35.88 0.51 0.050 0.000 0.191 0.003 0.0279 0.0004 0.953 186 IS 177.1 3.5

8.1 6248 om 0.08 4.7E-5 9.3E-6 0.004 0.000 35.04 0.49 0.050 0.000 0.193 0.003 0.0285 0.0004 0.928 ISO 19 181.4 3.5

9.1 293 0.39 0.24 1.4E-4 3.9E-5 0.220 0.002 7.35 0.10 0.102 0.000 1.868 0.030 0.1358 0.0019 0.896 1619 18 789.0 15.2

5.2 231 0.35 0.08 4.3E-5 1.9E-5 0.105 0.001 3.06 0.04 0.114 0.000 5.107 0.075 0.3267 0.0046 0.963 1854 10 1817.6 35.8

Calibration run 1 (CalJ) used in these analyses, 1.4% (lcr external spot to spot error) error in calibrating the standard zircon (included)

and standard error in standard calibration was 0.56% (not included in above errors but required when comparing data from different mounts)
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