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ABSTRACT

A local structural lithologic succession
comprised of 5 map-units totalling more than 4,000
feet in present thickness has been established in
the Vaseaux Formation (Bostock, 1940). Units 1-5
are comprised of high grade metamorphic rocks derived
from possible greywacke suite sediments and volcanics
that have undergone a complex 5-phase history of
deformation, metamorphism and igneous intrusion.

Phases 1, 2 and 3 each gave rise to large scale
recumbent fold sets along respective northerly, north-
westerly. and westerly trends. Each in turn brought
about tightening and re-folding of earlier formed
structures.

Associated metamorphlsm ‘reached upper greenschlst
facies during phase 1 and tulminated in middle
amphibolite facies at the time of emplacement of a
synklnematlc, agranitic pluton during phase 2. Meta-
morphism again reached at least lower amphibolite facies
during phase 3, possibly at a time of re-activation of
earlier formed phase 3 structures during the Upper
Jurassic. :

Phases 1, 2 and 3 are all of pre-late Mississippian
age but their exact ages are not known. . They are
believed to be all related in time to the lower Mississ-
ippian Caribooan Orogeny.

Phases 4 and 5 of deformatlon gave rise to respective
northerly and northwesterly open, flexural- -slip folds.
Phase 4 is associated in time with early Tertiary volcanism
and hydrothermal alteration and has been K/Ar dated at
44 m.y.B.P. (Ross and Barnes 1972).

.- Phase 5 folding, pre-Miocene in age is associated
with extensive fracturing and faulting in the district.
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CHAPTER ONE

GENERAL INTRODUCTION

PURfOSE AND SCOPE

This study was undertaken to deteimine the-geometry, égyle,
and.relative time of>deve10pment of successive phasesof polyphase
‘deformation within a small but well exposed segﬁent bf thé Shuswap
metamorphic complex. To this end, detailed mapping was necessary .
-to_establish loéal'Stratigraphy and structure, and to interrélate
isﬁ;ﬁqtural evolution, granitic intrusion, and metamorphic events.

" In addit;on, it Was anticipated that this study might gllow
gomé stétement'about,the'age of the Shﬁswap complex by means of -

structural comparison with'nearby lithologies of known age.

fLQCATIONIANDvACCESS
| | Vaseaux Lake mép-area is rdughly centered on the bkaﬁagéﬁ”
'Valley of south-central British Columbia, some 20 miles northx
.Of the'forty—hinth parallel. It'includes_about 60 squére miles
‘east of the Okanagan River betwéen,latitude§.49° 12'bénd.49° 21"
north ma?ped by the author, and an adjacent area west of the
Okanagan méépéd by J.V. Ross in 1968.. |

| Easy access is provided by Highway 97 iﬁ the Okaﬁagén
Valley, and Secondary road systems which leave the highway east
of Okanagan Fallé and east of Vaseaux Lake. These seconaary
foads were déveloped‘initially to service independent'logging

. operations, but at present are not much used for logging.
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The main roaas are in good repair and well travelled by the
'general public, but many of the branch roads have fallen into
disuse, although most are still passable by.vehicles.with
reasonable-elearance. , .

Access to southeastern parteﬁof the area is more difficult |
from the Wolfcub Creek road system which originates east of
Oliver on Indian Reserve No. 1.

All of the above mentioned roads are shown on accompanying

maps.
FIELD WORK
Mapping was carried through the 1967 and 1968 seasons with
a total of 9 months being devotéd to field work. During'this o

perlod most bedrock exposures were visited and mapped in detail
on aerlal photographs with approx1mate scale of 4" = 1 mlle.b
Geologic information thus reco;ded was later transferred to
ad&ance 1:50,000 topogrephic sheets which had been enlarged to
the scale of 4" = 1 mile. This transfer was accomplished'with
a Saltzman projector using a "best—fit".technique and dependent
on topographic features and baremetric elevatioﬁs recorded in

the field.

NATURE OF THE MAP AREA

Vaseaux Lake map-area is part of the steep and rocky western
flank of the Okanagan Highland (Holland 1964), formed through
deep dissection ef a highstanding Tertiary erosion surface by the
Okanagan River (local base-level about 1,100 feet) and trib-

utaries. At.elevatiohs above 4,500 feet gently sloping remnants
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of this erosion surface, vériably mantled by glacial drift,
stand out in contrast to.the steep valley slopes. |

Polished and striated bedrock exposures are found at all
elevations, and further evidence of glaciation is abundant.
Kettled outwash and glacial laké'déposits in the Okanagan Valley
are striking examples. Nasmith (1962), has studied and described
the late glacial history and surficial deposits of the région.

Vegetation is highly variable within the area. Except near
watercourses, the floor of the Okanagan Valley and the lbwer
slopes are extremely arid, supportiné little buﬁ sagebrush,
bunch-grass, cactus and scattered ponderosa pine.v At highef
elevations, and on porfh facing‘slopés fir and hemlock became'
dominant énd form dense forests. South facing siopes may haﬁe
1arge open grass—covefed tracts, or open forests of ponderosa .
pine, fir and hemlock.

Forest firés have laid to waste large areas in the uplands
which are presently covered by an almost impenetrable second- [

growth - of jack-pine and spruce.

PREVIOUS WOﬁK

Highgrade metamorphic rocks loosely referred to the Shuswap
terrane because of their highly crystalline nature or indeterminable
age‘have been mapped through south-central British Columbiad and
: north—centfal Washington State over an area of some 3000jsquare
miles. Whether the Shuswap as such contains rocks of a single
age, or includes rocks of many different ages is highly con-
jectural, but the latter seems probable.

Early geologisté‘hypothesised that parts of the Shuswap
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terrane represented a weéterly extension of the Precambrian
Shield, and that other parts included overlying Proterozoic and
possibly Lowef Paleozoic strata. Alternate suggestions have
resulted from subsequent studiés, but this original hypothesié
remains to be provén or discrediéed.

Difficultiés'arise in most aspects of Shuswap geology.
‘Foséils have seldom been found, and could hardly be expected eﬁen
if present originally, because of the extfeme deformatioh and
 metamorphism in these rocks. Contacts with dated rocks are
controversial or unknown for a variety of reasons, and thus far
radiometric ages determined by the K/ﬁr method have given only
ages of metamorphism and,igneouS intrusion. | e :

‘Many Shuswap proklems ariselfrom the fact that most of the
terréne haé been mapped in reconnéissance only, and details Qf
lithology and structure are poorly known. Thus lithologic
‘comparisons and correlations is extremely tenuous even though
some similaritiés have been noted between parts of the Shuswap
>and.Proterozoic and Lower Paleozoic sequences further east. Such
correlation is beyond the scobe of this thesis but it is necessary
to review previous work from other parts of the Shuswap te;rane to
see the background and dévelopment of geologic problems pertinenﬁ
to this study. ;~‘ ?

G.M. Dawson (1877), while conducting reconnaissance surveys
in the southern interior of British Columbia, described schists
‘and gneissic rocks in the vicinity of Shuswap Lake which he later
named the Shuswap Series. In l898vthe Shuswap Sheet, with geology

and explanatory notes by Dawson was published, and the Shuswap

Sefies was from then,&n‘referred to the Archaean on the basis of
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lithologic similarity with the Precambrian Grsnmille Series

of eastern Canada. Dawson placed the sedimentary Nisconolith
and volcanic Adams Lake Series of supposed Cambrian Age above
the Shuswap.

| R.A. Daly (1912) . condicted a geological survey of the
North American Cordillera along the 49th parallel. South of
Vaseaux Lake area, Daly mapped meta—sedimentary and volcanic rocks
of probable Paleozoic age which he named the Anarchist Series.
He also mapped several\granitic batholiths and stocks in the
region, but he did not associate anyiOf the above rocks with the
Shuswap‘comolex.

In 1911‘Daly compiled a compreheénsive report-on theTShuswao
Sheet, previously mapped by Dawson. Based on an unoonformity
at Albert Canyon, near}Rsvelstoke, which has since been discredited,
(Cunning, 1928 , Okulitoh l94§o,Wheeler, 1962 , Daly concluded
that both the Nisconolith and Adams Lake series were of Pre-
Beltian age and were stratigrabhically equivalent to the more
highly métamdrphosed Shuswap Series. Accordingly in;1915,'Daly

.enlaréed the Shuswap Series to include all of these ore—Beltian
rocks and further subdivided the Shuswap into formations. At
the same time he introduced the term Shuswap terrane im reference
to . the entire assemblage of metamorphic, granitic and pegmatic
rocks comprising the complex.

Throughout his work, Daly was impressed by the metamorphism
in the Shuswap which he considered a classic example of load
metamorphism. In a 1917 paper entitled Metamorphism and its
Phases;'Daly defined load metamorphism as one in which the stress

directing recrystallization was induced by deep burial and dead
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weight resulting in schistosity sensibly parallel to the planes
of stratification.

H.S. Bostock (1940—1941), mapping on a scale of 1 inch to
1 mile covered.part of the present map-area, and introduced the
name Vaseaux Formation for the:BChists and gneissic rocks around
~Vaseaux Lake. Bostock considered the Vaseaux Formation to be
older than the less mefamorphosed Kobau Group sediments of
questionable Carboniferous age, which he also named andiﬁapped
on Mt Kobau southwest of the Vaseaux Lake area.

In 1934 Daly's postulated load metamorphism in the Shuswap
was questioned by J.A. Gilluly who showed that the metamorphism
was of the'dynamic type by meaﬁs_of petrofabric interpretatioh of
planar and linear structures. In the same year B.B. Brock rélated
schistosity and . linear stfuctufe in Shuswap gneisses eaét of
Okénagan Mountain to the upward thrusting of grahitid magmas in
post-Triassic time.

The geology of Kettle River West map-sheet, on which Vaseaux
Lake is centrally located, was compiled by C.E. Cairnes in 1940._‘
Hé showed that the Shuswap metamorphic complex was continuous
from the Shuswap Lake area aioﬁg_the east side of the Okanagan
vValley, as far south asvthe 49th parallel. Cairnes presented
evidence to support his view that the metamorphism in the Shuswap
was a comparatively recent event in the geologic history of the
terrane,.and.was related to Mesozoic batholithic intrusioﬁs;_ He
believed that the "sill~-sediment complex" and structures con-
formable with bedding were fundamental characteristics of the
Shuéwap, while adjoining less metamorphosed formations where
éharacterized by steeper structures. These differences Cairnes

attributed to depth of burial during an episode of deformation,
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metamorphism and granitic intrusion which occurred during

Mesozoic time;b The large batholithic masses he said, represented
an extreme phase of granitization which occurred af great depth

in the metamorphic complex, and were gradational through the
"sill-sediment complex", a hybridized zoﬁe, to less altered
lithologies. -

Iin 1959 A.G. Jones mapped and described the Vernon map-area
which includes a large part of the Shuswap Sheet originally mapped
by Dawson. Jones re-organized the Shuswap stratigraphy and
divided the terrane into the Monasheé, Mt. Ida and Chapperon
Groups whose stratigraphic relations with one aﬁother are still
ﬁnceftain. Cache Creek rocks'of questionable Carboniferous. and
Permian age‘were said by Jones to ovérlie the Shuswap uncon-
fqrmably,~and a Precambrian age was postulated for the Shuswap.
Jones also recognized older and younger episodes of metamorphism,
deformation and granitic intrusion and assigned a pre-Permian and
probéble Precambrian age to the older of these.

H.W. Little (1961), revised Cairnes'Kettle River West map and
‘extended the undivided Monashee Group southward to include the
Vaseaux Formation. Little also correlated the granitic rocks of
the region with the Nelson and Valhalla plutonic rocks which occur
further east. .

In 1964 V.A. Preto attembted to document the unéonformity
between the Shuswap and the overlying Cache Cfeek by mapping in
detail the localities cited by Jones. He was unable to confirm
the existence of the unconformity except at Salmon River, where
the rocks involved may or may not belong to either the Shuswap or

the Permian Cache Creek Formation.
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J.R. Snook (1965) étudied the Tonasket Gneiss of north-
central Washington State, a direct southerly extension of the
Shuswap terrane. He was unable to determine the stratigraphic
position of the Tonasket Gneiss, but outlined a complex geologic
“history comprised of early higﬁggrade.metamorphism and déformation
follOwed.by later mylonization, gentle folding and faulting.

N.B. Church (1967), descriEed the Early Tertiary continentallv
volcanic and sédimentary rocks of White Lake map area whicﬁ lie
unconformably én various pre—Tértiary lithologies west of Vaseaux
Lake. Faulting at intervals duringland after deposition and an
episode of gentle.folding of probable pre-Miocene age were
recognized. ‘

In 1969 A.V. Okulitch described the geology of. Mt Kobau and
was concerned particularly with‘the geologic history of the Kobau
Group of meta—sedimenté and meta-volcanics. Okulitch correlatéd
the Kobau with the lower more deformed parts of the Anarchist
Group'which'are of pre-Permian or posSibly pre-Carboniferous age,
and suggested that the Kobau may‘bé equivalent with the:Chapperbn
Group (uppermost Shuswap in the Vernon area). He déscribéd a |
- 3-phase deformatibnal history in the Kobau and tentatively
correlated earliest Kobau stfuctures with phase 2 structures found
in the nearby Vaseaux Formation and suggested that this deformafion
is of pfe—Permian and possibly pre-Carboniferous age.

In recent years much geologic work has been done along the
eastern margin of the Shuswap and the adjoining Selkirk Mountains
and Kootenay Arc, and is pertinent to stratigfaphic ahd structural
correiations and radiometric dating within the Shuswap. Information

in papers by Fyles (1964), Hyndman (1968), Preto (1968), Read (1971),
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Reesor (19655, Ross (1968), and Wheeler (1962, 1964, 1966), is of

interest, but is much too complex and lengthy for review here.

GENERAL GEOLOGY

High grade metamorphic rock;“of the Shuswap complex
(Vaseaux Formation of this study) are the oldest known rocks
in the southern Okanagan region of British Columbia. | Their
contact relatioﬁships with rocks of known age may in some
instances be inferred, but are generally not well understood
for a variety of reasons, among which obliteration as a result
_of subsequent deforration and metamorphism is paramount.

Relationships with some older rocks in tﬁe>dis£rict—Kob5ﬁ
Group (Okulitch, 1970) an§ the:01d Tom andQShoemaker'Formations
(Ross. and Barnes, 1972)fhgve béen established as a result of
recent work, and it is now apparent that the Vaseaux Formation
was in existencé and uﬁderwentAan early (phase 1) episode of
deformation and metamorphism in which the Kobau, 0l1d Tom or

Shoemaker Formations did not participate. Later phase 2 and

phase 3 deformation affected all of the above—mentioned_lithélqgies

- and phase 3 has been shown to be of probable pre-late Mississippian

age. . (Ross and Barnes 1972).. The Vaseaux Formation is thereby

inferred to be of probable pre-mid-Paleozoic age.

The Vaseaux Formation is bounded in large part by granitic
rocks of Mesozoic and probably 6lder age (see fiqure 1-2) Which
comprise the "Okanagan Composite batholith" (Daly, 1912). On
the west volcanic and sedimentary rocks of early Tertiary age lie
_unconfofmably above and/or are in fault contact with the Vaseaux
Formation,vbut haveaparticipated in only the latest phases 4 and 5

of deformation.
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As a result of the present study, the Vaseaux Fdrmatiqn has
been shown to consist ef 5 distinctive map-units comprised of
granulite, schist and amphibolite with minor gquartzite and

carbonate. The specific mode og.origin and environment of
deposition of the succession is not known, but original bedded
character is implied by compositional layering preseht on all
scales. .Affinity with synorogenic sediments and basic volcanics
of the gfeywacke suite is suggested but not substantiated by
field evidence.

| Map-units 1-5 form a structural succession in which the
relative age of units is unknown. Fivevphases of deformation
are recognized, and large scale recumﬁent-folding associated
with each of phases 1-3 Has‘broﬁght about muchvrepetitien within
the succession. Metamorphism in the amphibolite facies and
intrusion of granitic plutons aéCompanied pheses 2 and 3.

Phases 4 and 5 of deformation gave rise to epen folds and
fractures and these same structures are developed in nearby early
Tertiary rocks. Phase 4 is related in time to early Tertiary
(44 m.y,.B.P,) volcanism and localized high heat flow (Ross and
Barnes, 1972). Phase 5 folding and faulting of probable pre-
Miocene age post-dates deposition of the early Tertiary Wﬁite

Lake sediments (Church, 1967).
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CHAPTER TWO

STRUCTURAL SUCCESSION

Prev1ous mapplng of hlgh grade metamorphlc rocks in the

Southern Okanagan was essentially reconnaissance in nature

'(Bostock,l928r30, Cairns, 1940, thtle 1961) and did little

~more than outline the principal masses of paragneiss and

orthogneiss, Bestock placed all of .the paragneiss into a

unit named- the Vaseaux Formation, and it is with a part of the

Vaseaux Formation that this study is concerned.

Within the Vaseaux Formation of the present map-area, a

local structural succession exceeding 4000 feet in present

|

thickness,has been eStablished, The succession is made up

of 5 11tholog1c unlts (Unlts 1+ 5), but neither top or. bottom

of the succes51on, nor the relatlve ages of the map-unlts are’

known.

Among the 5 map—unlts, Unit 2, composed largely of schlst,

and Unit 4, of amphlbolltlc character, are lithologically distinct

' markers. Units 1, 3 and 5, although differing slightly from

each other, consist almost entirely of various types of granulitel

1.

The A.G.I. Glossary defines granulite as follows:
"(1.) A metamorphic rock composed of even sized interlocking
granular minerals. (2.) A metamorphic belonging to
a high-temperature facies characterized by the presence
of mica and hornblende. Coarse and fine bands alternate’
to produce a regular planar schistosity.'

Turner and Verhoogen (1960, p.454) in defining qranullte state;

"Some degree of segregation banding and especially alignment
of flat lenses of quartz or feldspar typically impart a
regular foliation to the rock.
As a textural term used in the above sense, granulite describes
many of the granular gneissic rocks of Vaseaux Lake map-area

~more fully than the almost synonomous but more general term

gneiss. ‘Granulite is specifically not used as a qualifying
term for a metamorphic facies, and regional metamorphism which
gave rise to the granulites was in the amphibolite facies.
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‘and semi- pelltlc granulite, and are dlstlngulshed by subtle
-variatlons in- comp091tlon and. character as summarized in .
Table 2-1.

'Although'lithology is relatively simple, and the sudceéSion
superficiallytresembles a gentl&tfolded stratigraphiclsequence,
'many structural and'metamorphio'complexities exist and tequire
mention before the lithologic units are described. In detail,
the units aré déformed internally by numerous minor folds and
.associated transposition structures, and regionally by large
récumbent foids and slidesl. Deformation is polyphase, and
tHree superpoééd large scale recumbent foid sets have given rise
to much tepetition of map-units. Further compiexity stems.from.
shearing-ahd local imbrication étvlitholqgﬁc‘contactoﬁanq‘;_
dislocation aiong slioes, butEig most instances iithoiogy io‘
suffioiently distinctive to allow recognition of such-sttuctures
and,correlation across. them.

The oldest megasoopic fold in the map-area is a northerly
_trending, westerly closing isocline named Mcintyre Bluff Fold.

Whether it is an anticline or a syncline is not known, but parts

of its core and hinge have been mapped by Ross near McIntyre.Bluff,

The A.G.I. Glossary defines slide as follows;

Slide .
A term proposed by Fleuty (1964) for a fault formed in
close ‘connection with folding, and that is conformable with
the fold limb or axial surface. It is accompanied by
thinning and/or disappéarance of the folded beds.

Usage of the term slide in this study is con51stent w1th
the above definition.
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TABLE 2-1

SUMMARY OF THE CHARACTERISTICS OF MAP UNITS 1-5

Units ' _ Lithology

1. - biotite semi-pelitic granulite with very little
or no hornblende

- schistose biotite rich layers characteristic

2 - biotite ruscovite schists with 1nterbedded semi-
‘ pelitic granulite layers

- minor marble, calc-silicate, quartzite

3 o - semi- pelltlc granulltes typlcally w1th more
' hornblende than blOtlte

- thin biotite rich schistose layers common

4a - of amphibolitic character

- basal fissile biotite rich granulites grading to
laminated amphibkolites

- minor impure quartzite, calc-silicate, marble

4b - lamlnated and ma531ve amphlbolltes

- no granulltes

5 - basal fissile biotite semi-pelitic granulites
- upper hornblende:gfanulites-
- oécasional_amphibolite layers

- thin biotite rich layers common

* ' -Sée Chapter Five for Mineral Assemblages.
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and continuity.of the core lithclogy‘andvrepetitioh.of map-units
are e?idence cfbits regional_development. Because deformation
is‘polthase and nothing is known about relative ages of map-
units, it isvnecessary tc describe the uhits with respect to their
structural positions on the oldest fold recognized. .This has-
been done by numbering the Units 1-5 as they occur respectively
from core to envelope of McIntyre Blcff Fold asiillustrated
schematically on figure 2-1. Repetition of the units due to
later phase 2 and phase 3>folding is alsovillustrated,,by means
of schematic columnar sections representing different partsvof
the map—area. | |
| Thicknesses of the map—units are far from unlform Variation
‘from hinge to. llmbs of the larger folds accounts for s1gn1f1cant
dlfferences, but other factors.contrlbute to even_larger local
variations. v.Amoﬁg these gradual truncation»against slides,
dilation through injection of concordant granitic and pegmatitic
material; and repetition due.tovsmall-scale internal folding are
prominent."vIn yiew of these factcrs it is impractical to attempt
estimates of origihal thickness. Total present thickmess of the.
units has been estimatedfwhere.possible at several lccalities on
the limbs of phase 2 folds which are.structurally representative
of most of the area mapped ‘ Maximum differences obtained,are
expressed as thickness ranges, and are meaningfﬁl only as an.
approx1mation of thlckness most commonly observed.
ComplexlfabriCS characterized.by intersecting planarﬁand,
linear elements are found in all of the map-units. ~ Rather than
deal with such elements as cleavage and lineation in 1solated

lithologic descriptlons which would call for much repetltion, all.
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fabric eleménts ére described in context with structure and
metamorphism in Chapters 3 and 5. |

>Among the elements of fabric however, compositional layering
is of prime concern in lithologic description. Compdsitional
layering is seen on all scales ih all map-units and séme general-
izations may be made concerning its nature and origin in ofder to -
. avoid repetition; Thé terms segregation, layering, and gneissiq
structure, have beén ﬁsed here to describe different degrees of
development of compositional layering in response to dynamic and
metambrphic processes.

Quartzo—feldspathic segregationé impart a distinct‘layeréd
structure to all of the map—units.v Typically they form dis-
5continuous but;clqsely;Spaced_iqmeliae.a feW'frac£i0p§ ofganyinch
- thick parailel to‘lithologic léy;ring'of a prominent éleévage.v
Slightiy thicker tﬁrough—going’iamellae_have been lbcaliZed‘by
shear planés and separate areas .of discontinuous lameilae tovwhich
they are parallél or sub—?arallel.

Gneiséic.structure_is restricted to moré highly sheared parts
.of-thé map-units. Qua;tz—feldspathic layérs may be'ééveral-
times as'thick and4more.cohtinuous”than in rocks which are less
sheared. R Gneiséic zones_iﬁ some instances localized numerous
concordant.pégmatitic and»granitic sheets which further enhance

their gneissic structure.

LITHOLOGIC UNITS

Unit 1
Unit 1 consists entirely of grey to brownish grey semi-

pelitic granulffe wheréin medium to fine grained plagioclase
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~and quartz ére the most ébundant_mineral components; Biotite,
ranging up to about 40%, is a highiy variable component, while
hornblende, muscbVite, and reddish-brown garnet occur in minor
ﬁroportions only. - Compositional layering defined by inequai _
"distribution of biotite within Uhit 1 may be a relict feature

of pfimary sédimenfation and could represent bedding.‘ Biotite
benriched.layersvranging from thicknesses of 2-3 feet to thin |
-schistose partings-gréde both sharply and imperceptibly to
biotite deficient layers. Such layers are always bounded by
narrow Shear zones and cannot readily be éscribed'to a unique
primary sedimentation process. Mineral segregation layé:ing ;s
well.devéloped throughout Unit 1 and forms thé conspicuous |
fdliaﬁion. In expo§ur§s&near McIntyre B%fo gneigsic.s%;q?tg;e
locally predomihates; o : -i;' i | o o

The minimum thickneSé of Uﬁif 1 has been estima£ed at 156
feet,‘but.its tota} fhickness is unknown as the Unit is not:
completélyﬂeXposed. Contaqts with schists of Unit 2 are highly
'sheared and much of.the mévement has been within the:séhist.
AlthoUgh Units 1 and 2 appear conformablevit is likely that,parts
‘of both units are missing.due to this movement. '_Where Unit- 1 is
truncated by a.slide, imbrication of Units 1 andA2 on angétomosing
éecOndary shear planes isveQident.

Unit 1 ié restricted to the cores of the'phase 1 Mthtyre
Bluff Fold. East of the‘Okanagan River phase 2 and phase.3:folds'
have refolded and phase'l_structure, such that Unit 1 appearé on
the]lowe#_limb 6f'phase_2 Shuttleworth Creek Synfbrm, and further
.SOuth.oh thé inQerted iimb of bhasé»3 Gallagher Laké'Synforﬁ; At

both occurrences Unit 1 eventually disappears against a slide.



_20-

Unit 2

Unit 2 is composed primarily of reddish brown to.grey
weathering schist with interbedded semi—pelitic.granulite‘and
‘subordinate impure quartzite, marble and calc-silicate. Biotite.
is the dominant mineral component'of the schists, but coarse'
iflakes of muscovite lying in the plane of compositional layering
are a characteristic feature which persists especially in highly
.sheared portions of the unit. Quartz, feldspar and frequently
reddish~brown garnet are variable but significant components of
the mineral assemblages. Distribution of the various lithologicv
vtypes within Unit 2 is not uniform. Homogenous sections of.
schistAtens.of feetithick,separategiby guch_thinner»schist;layers

i
I

enveloped by semiepelitic,granulites areﬁoharactentisticﬁ %,ﬁi
. : S | o ' ' )

Layers of semi-pelitic granulite, medium‘to fine grained
mixtures of feldspar, quartz, and biotite with minor hornblende,
,epidotevand garnet, make up no more than 20% of Unit 2,_and are
fairly;evenly distributed. Thicknessiof the granulite beds is
never in‘exceSs'of 3 feet and is most commonly in‘thehOrder of
3-8 inches.

Blue;grey diopside marble and greenish grey to brown calc-
silicate granulite form less'than 1% of the total volume'of
Unit 2, but are-a widespread and distinctive part of the lithology.
iThese occur as disoontinuous layers-and pods which are as much as
20 feet thick on the hinges of phase 2 folds and continuous for
40-60 feetvalong strike. More commonly they are only a few feet

thick. and continue for l0—20,feet along strike.
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Mineral segregation layeringris'deVeloped within the schists
of Unit 2; but not to the extent that it is seen within the
interbedded granulites, or theuother granulitic units of the
' map-area. Gneissic etructure is only seen in association with
granitic_rocks where it is the reéult of lit-par-lit injection
of granitic materials and metasomatism. |

| Unit 2 ranges from 350-550 feet in thickness and contacts
.witn Units 1 and 3 are highly sheared as a result of slip.during
the various phaées of folding. = Changes in attitude are sometimes
seen across these contacts but more commonly they appear concordant'
and may have been initially conformable{ -Over much of the area
Units 2 and 3 are in contact across a slide along whlch both are
obllquely truncated b | !_ . . 3 _tj. ‘

Unit 2 is widely dlstrlbutedlthroughout the map- area ;Ad
is useful in conflrmlng all oft!the major structure. Unit 2
closes on the hinge of the phase 1 McIntyre Bluff Fold, and east
of the Okanagan it is present on the limbs of phase 2 folds.

East of Gallagher Lake imbricate slices of Unit 2voutline the

‘hinge of the phase 3 Gallagher Lake Synform.

Unit 3

A thick sequence of remarkably uniform grey to grey—brown
weathering granulites comprises'Unit 3. These rocke:include
bothufine‘to medium grained -andysemi—pelitic varieties of |
granulite in which feldspar and quartz comblned account for about
75% of the total mlneral assemblage.lA Hornblende is typlcally
somewhat more abundant than biotite, but biotite enriched layers
are present and include a little muscovite and garnet.

Bedding, if -.ever developed in Unit 3, is no longer easily

\
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recognized, but local subtle changes in proportions of hornblende
and biotite probably reflect original compositional differences..
Thin schistose partings enriched in biotite and inequally spacedv
'throughout the Unit may represent original bedding surfaces

Extremely well developed mineral segregation layering is
characteristic of the lithology of Unit 3 and is seen in Virtually
all exposures. Gne1551c structure is also well developed
-especially in the core of the Vaseaux Lake Antiform (phase 2) which
is exposed along the east shore of Vaseaux Lake.

Unit 3 is repeated at several,structural,levels.as a'result
of folding and appears on the limbs or in the cores of all major
folds Best exposures are in roadcuts near Vaseaux Lake, in

tne canyon section of McIntyre Creek and 1d the canyon sectionr
of'Shuttleworth Creeku North and southeast hf Shuttleworth a
Creek a thick section of Unit 3 lies above a slide developed-
during phase 3»deformation, and»probably occupies the core of

a najor-phase 2 antiform (plate 1l-pocket). ‘_Unit 3 at these
localities is greatly altered as a result of probable Early_t
Tertiary hydrothermal activity (Chapter 5).

Thickness of Unit 3 is difficult to_estimate,because of
incomplete_ekposure. North of McIntyre,Creekiup to 1300 feet
of section iS'present but ‘the Unit thins northward to about
' 200-feet against a slide. The contact With Unit 4 is grad-
ational, apparently conformable but weakly to strongly sheared.
~On the hinges of major phase 2. folds Unit 3 attains thicknesses
greatly in excess -of 1300 feet measured parallel to the.axial
planes. On the limbs of the Vaseaux Lake Antiform and the |

" structurally higher phase 2 antiform north of Shuttleworth Creek
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thicknesses of_l200—1500 feet have been estimated in sections

perpendicular to the strike of Unit 3.

Unit 4
Unit 4 consists of a mixed assemblage of metasedimentafy
apd metavelCanic :ocks which are.eharacterized by abundant
amphibole. 'Additional lithologic distinctions allow subdivision
into Uhits_4a and 4b within mest'of the map-area, as follows.
Unit 4a consists of highlylfissilé semi—peliticlgranulite
interbedded with amphibolite and minor impure quartzite,-calc¥
silicate and marble. The fissile granulites form_a zone,aboﬁt
100 feet thick at the base of Uhit 4e,»abeve'whichllayers of fine
grained laminated amphibolite ranging up to several feet in

thickness appear and become progre551vely more'abundanti ,A few

beds of rusty weathering quart21te as much as 12 feet thick and
a few discontinuous marble and calc—51llcate layers occur in the.
<st#ucturally higher parts of £he Unit.

Unit 4b is composed of several types of amphiboiite but-
contains littie"or no granulite. Well laminated medium to dark
gray'amﬁhibolite forms the bulk of the Unif within which layers
of fine'grainedvmassiye amphibelite'up to lO_feet‘thiek, and
;veryvthinflayers of biotite rich amphibolite are inequally}
distributed. | |

Laminated amphibolites consist of alternating dark ‘and light
Jlaye:s in which medium to fine grained mixtures of hqrnblende,
plagioclese, epidote, clinopyroxene, biotite and quaftz ﬁake up
“the mineral asseﬁblages. ~Colour variatioﬁ is dependent upon
respective dominance of hornbiende or piagioclase, and to.a lesser

extent biotite, which forms schistose partings between some layers.
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Invcontrast, massive amphibolites display little internal
variation inzcomposition, and medium to fine grained hornblende
is in excess of 70% of the total mineral content.

Mineral segregatlon layerlng is best developed w1th1n ‘the
granuiites of Unit 4a but is also seen within massive and_,
laminated amphibolites where lamellae rich invplagioclase and
ocoasionally clinopyro#ene_are present. Gross oompositionalv
layering in the laminated amphibolites, due possihly in'part to
primary sedimentation, is greatly enhanced by this segregation
layering.

Units 4a and 4b are well exposed on the ridge south of:
Shuttleworth Creekiwhere they-outline the hinge and iimhs of;
phase 2 Shuttleworth Creek Syﬁforé,‘and tﬁeyihave beEnbﬁappedq
in the same structural position west of the Okanagan River3
‘Further south they appear again on the hinge of phase 3 Gallagher
Lake Synform. ‘.Nea: Vaseaux Lake a few slices of Unit 4a are
present in,a gneissic zone within the cores of phase 2 Vaseaux
Lake Antiform, but the complete;section is not exposed.
| ‘The contact between Units 4a and 4b is'highly sheared and
shows some characteristics‘of a slide. Changes in.attitude across
: the-contact are'common‘and‘parts of one, or both Unitsvﬁay be
missing. Contacts with Units 3 and 5 are also sheared but .

: appear conformable.

Thickness of Unit 4a ranges from about 200-800 feet and
Unit 4b ranges from 300-850 feet. Much of the variation in
thickness is sympathetlc in the sense that combined thlckness of
Units 4a and 4b remalns fairly constant throughout the area.

Amphibolitic“rocks thought to be part of Unit 4a and mapped
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as Unit 4 undifferentiated on plate 1, are'exposed in northwest
.and northeast parts of the map-area, above the phase 3 slide

. At the northwest occurrence they lie on the lower limb of a major
phase 2 antiform while at the northeast they appear to lie in the
"core of the complimentary structurally higher synform.

| The rocks at the northwest occurrence are laminatedvamphib—
" olites much like Unit 4b but rocks resembling Unit 4a were not
found. These laminated amphibolites may be in tectonic contact
witthnits 3 and 5 such that part of Unit 4 is missing. Contact
‘relations are no longer easily discernable and lithology and
internal structure have;been obscured by pervasive hydrothermal
alteration which has drastically affected all of the rocks‘in_this

i . 1

~area (plate 4- pocket and Chapter 5) b o

At the northeastern occurrence alteration is. much less
"intense, and the lithologic succe551on comprising the amphibolitic
unit‘is somewhat different than that found elsewhere within Unit 4.
Above Unit 3 several hundred feet of fissile semi-pelitic granulite
‘with minor interbedded schist, quartzite and laminated amphibolite
| lead upwards to a contact with uniform amphibolitellloo feet or
more in thickness. .While the rocks beneath this contact are not
unlike the rocks of Unit 4a, the overlying uniform.amphibolites
bear little resemblance to the iaminated_amphibolites of Unit 4b.
They contain‘noticeabiy less hornblende and more plagioclase Which
here are present in about‘equal'proportions'and together form at
least 90% of the mineral assemblage. Minor quarté, hiotite,
epidote, garnet and sphene aiSo occur, but diopside.which is

rather abUndant in laminated amphibolites was not found. Segreg—

ation layering involving plagioclase and a little guartz is well
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developed within the uniform amphibolites, and apart from
_infrequent schistose and pegmatitic layers, forms the only

compositional layefing found therein.

Unit 5
Unit 5 is composed of brownish grey and grey semi-pelitic
oranulites rich in quartz, plagioclase and sometimes biotitel
with lesser hornblende, garnet, epidote and rare muscovite.
- Lower parts of the Unit are brownish fissile mica rich granulites,
~ but biotiteedecreases-upwards and the upper parts are grey hornf
blende granulites containing occasional layere of emphibolite.
Biotite enriched layersyand schistose partings occur.throughont
Unit 5-and may be an:expression ofﬁbedding; but segregetioﬂ
layering forms'the'most consoicuous folietion. |
Unit.5 occupiee’the core Of Shuttleworth Creek Synform
east and west of £he Okanagan River. It is also preeent in a
limited.area on the hinge of Gallagher Lake Synforh and is in
Iintrusive and faulﬁ oontact»with highly altered granitic rocks..
In the northwestern map-area part of Unit 5 may be'presentiin
tectonic contact with laminated amphibolites (Unit 4 undiffer-
entiated)»within a zone of intense hydrothermal alteratlon_above_
the'phase 3 sllde.
| Unit'S.is the nppefmost member of the structuralfsuccession
and its total thicknees‘ls.unknown. It is apparenfly'conformable
With Unit 4 and up to.660’feet of section is known within the

map-area.
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ORIGIN'AND DEPOSITIONAL ENVIRONMENT

Compiex metamorphism and'deformation within the Vaseaux
- Pormation make speculation on the'origin of these rocks tenuous.
‘Primary strﬁeture, if ever»presept, can no longer be recognized,
and knowledge ef the chemical cempesitibn offvarieus rock types
‘_comprising the Vaeeaux Formatioh is presently insufficient to
allow speculation}about oriéin from avcompositional basis.
Compositional layering on all scales within the Vaseaux

Forﬁatlon is thought to be in part an expression of an or1g1na1
'bedded character of the succe551on, and is the only real clue
as'tovthe origin. Several hypothetical origins and environments
of depesitien are therefore‘poseibie in view of the nature of
metamérphisﬁ and deformation. |

| The author would favour a view suggesting that the succe551on
has afflnlty w1th the greywacke suite. »Best.ev1dence for a near
shore environment is seen in the granulites and semi—pelitic.
granulites where alternating but tectonieally separated biotite
enrichedvand biotite deficient{layers suggest possible original
graded{bedding on many scales, and therefore a turbidite origin.
' Granulites are by far.the most.abuadant 1ithologic-type within the
maptarea aﬁd it seems possible.that they”are in fact ﬁetamorphosed
-greywackes..' Shales.and basic volcanic rocks, also sometimes part
of the greywacke suite, would under such a hypothesis be represented
by Units 2 and 4 of the Vaseaux Formation.

‘An_alterpate, perhaps lessftenable hypothesis, is that the

sucCession‘Wasvformed_in an open marine environment and is the.

product of metamorphism of a mixed assemblage of argillaceous

cherts, shalesfand basic volcanic rocks. Minor carbonate.found
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. within the succession could well be present in either open marine

or near shore environments.

LITHOLOGIC CORRELATION

Rocks of the Monashee Groupvof the Vernon area (Jones, 1959)
and the Tonasket Gneiss of Washington State (Snook, 1965) are
'similar in many wSys to the‘metamorphic rocks of the Vaseaux
IFormation. Although detailed méppind.has not been done in eithér
.oflthe above areas and comparison of stratigraphy is not possible,
it is éuggested that these rocks. may all be of approximatély the'
-same age and may have accumula£e§ in‘the same»basinlof deposition.

They all have undergone complex geologic histories, and now form

| : | S | L
~part of a northerly trending high grade metamorphic belt lying in -

large rart east of the Okahagan,Vailey. More‘easterly parts of
the Shuswap terrane are also lithologically similar to the Vaseaux
~ Formation but no basis for correlation has been established or is

warranted at this time.
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CHAPTER THREE

STRUCTURE

.INTRQDUCTION

o \Composite‘structure within the ﬁetamorphic rocks near

Véséaux Lake is the result of superposition of five successive
phases of deformation. Major folds have been formed during

éach successive phasé, and the later phases have in addition,
 produced fractures. Geometries of these fold sets and fractures
aré subject to comprehehsive description on_the folloWing pages,
as are theirvmutual time and interference relationships. Maps, -
,érbss—sections, schematic diagrams, lower hemisphere stereo;

!

- graphic pléts, and wherever possible photographs are used tér
: : : o 5

“illustrate .and substantiate these descriptions. | f
Associated metamorphism, plutonism; metasomatism, and the

evolution of fabric as seen in thin-section are subjects covered

in Chapters 4 -and 5.

QUTLINE OF STRUCTURAL HISTORY
| Table 3-1 summariies the evolution of structure within tﬁe
Vaseaux Lake,area and presents the structural elements related to
.eaéh phase of deforﬁation._ The earliest structures‘(phase 1)
are a northerly trending fold set upon which northwesterly trenaing
phase 2 folds have been superposed. Phase 1 and 2 folds are both -
of simiiar stylé, and are associated with contemporaneous regional
metamorphism which prbbably réached its highest grade during |
phase 2 folding.

Phase 3 fblds are of diverse trend and are grquped into

subsets 3a, 3b, 3c. Subset 3a structures include westnorthwesterly



"SUMMARY OF

TABLE 3-1

THE STRUCTURAL ELEMENTS
FOLD SETS | FOLD STYLE " PLANAR STRUCTURES | LINEAR STRUCTURES ’ASSOCIATED
’ ' DISCONTINUITIES

1 Similar; isoclinal Fl —axial cleavage, Ll‘—fold axes and pene- slides
rootless; long planar | quaquaversal dip trative lineations :
limbs, sub-rounded : : variably plunging N and S
hinge '

'2' Similar; tight often F2 -axial cleavage, | L2 -fold axes and pene- ,reactivatéd
rootless; planar | quaquaversal dip ‘trative lineations gently Fo/F1
limbs, sub-rounded to : - plunging NW and SE -
angular hinge

3a Similar; open, planar | F3 -axial strain- L3 -fold axes and pene- reactivated
limbs, sub-rounded to| slip cleavage, incl- trative lineations gently : Fo/Fl, F2
angular hinge ined gently to SSW plunging WNW and ESE :

3b Similar; tight Eo F3b -axial strain- L3b -fold axes and pene- slide inclined:
open minor folds slip cleavage, incl- trative lineations gently to NE

ined gently to NNE - | plunging WNW and ESE
locally developed -

3c - Flexural-flow, open F3c -axial cleavage L3c -minor fold axes slide inclined
minor folds- - variably inclined to | plunging NW and NE to NE

' : E and W - locally -. -

. developed )

4 Flexural-slip, open, J1 —steeply‘dipping- L4 -rare minor fold axes reactivated
.rounded limbs and’ NE'ly fractures gently plunging N and S earlier foliations
hinge . ' : : ‘

5 | Flexural-slip,. open, J2 and J3 -steeply ~]7L5 -minor fold axes gently steeply dipping
rounded limbs and dipping W to NNW _plunging NW and SE faults
hinge ~ fractures e
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'trending.megéscobic folds of similar style and were the.first.i
sfructures produced during phase 3. . Subsets 3b and 3c_f0rmed‘
latef and‘are,associated in space and time with the development
i.éf.a slide mafked.by mylonite. |

'?haseé 4 and 5Iof the polvphase deformation produced broad,
open flexural—slip folds along'successive north to northeasterly
andvnprthwesterly trends. Shear on the limbs of these folds
géve ﬁylonité and gouge. Steeply dipping joint and fault sets
(31, J2, J3, J4) are related to extensive fracturing which
accdmpaniedzthésé'latest phases of deformation,and perhaps éveh

ilater;faulting.

STRUCTURAL DOMAINS | T

. Selectipn of perfectly homogeneous strﬁctural domaiﬂsfﬁor:
analysis was impractical in view of all scale 5 phase folding..
Avvéry large number of domains would be fequired to isolate
properly zones of homogeneityJ and insufficient data was»aVailable
to allow thisff .It Was deéided-thatimost could beigained by
‘selecting domains sufficiently homogeneous to alléw analysis of
the effects of phase 2 and 3 deformations. This was done by
taking the axial traces of demonstrable major phase 2 and 3 folds,
and the phase 3 slide as domain boundaries. - The five‘resulting
domainsVaré shown on figure 3-1. .Attitudes.of compoéitional
layéring and phase 1, 2 ahd 3 planar and linear structures have
beén_blotted for each domain (figure 3-2 and‘3—10) and these
diagréﬁs'are utilized in the text.

Limitations-are impoéed by this selectioh of domains.

Isoclinai phase 1 fdlding has been ignored and Cannot'therefore

bé fully described, although the re—ofientation of phase 1
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‘Domain 3 )
Ei = 125 poles to F/F ,contoured
at 12 4 8 12°/o per unit area. o c-
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A structures ‘as a result ef later foldiﬁg may be seen. For the
samewreasen, no inference about the present orientation of bedding
 mey be drawn from the attitudes of_compqsitional layering which
are,pleftea‘for each domain. | |
'Open‘phase 4 andIS folding:has also been ignored in>the
selection of domains and this‘leads to scattering ofvdata.on
figures.3f2 to 3—10. Scattered data has been selected from
‘.thesevfigures and plotted with synoptic phase 4 and 5 data
'(figufe’14 and 15) to illustrate generally the geometries of

phase 4 and 5 folding.

FOLD SETS

'PHASE 1 - o B
vPhase 1 folds.are extremely.appressed recumbent‘isoélznes
fouﬁd on all scales. , Originally'they may haQe been-abundant;
but now are rare, Perhaps because of'almost ubiquitous destructieﬁ
fesulting from transposition of compositional layering whieh
outlines phase‘l folds. Where seen, they show all ef the
features of similar folds and are characterized by sub-rounded to.
sub-angular northerly trending hinges (plates 341,'3—2)} |
McIntyre Bluff Fold, named for the exposﬁre of its core and
hinge'néar McIntyre Bluff, is a megascopic phase 1 structure which
closes to the west and bringe aboﬁt repetition within the
succession. The limbs of McIntyre Bluff Fold are isoclinal, and
a system Qf.slides developed in the core have caused imbrication
~and slicing of Units 1-3, in response to extreme attenuation of
| this strueture'(élates 1, 2, S5-pocket).

. Minor folds are typically rootless cores in an envelope of
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Plate 3-1 Northerly trending phase 1 fold in Unit 3

1/4 mile north of McIntyre Canyon.

Plate 3-2 Isoclinal phase 1 fold in Unit 3 at

Shuttleworth Canyon.




| L'inﬂeations .L'1: -
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Synopsis of phase1'l'ihear

- structures.

“" .‘-0‘0" DomainS1-5
consecutively. |



Plate 3-3 Isoclinal phase 1 folds crossed by cleavage

F Unit 3 at Shuttleworth Canyon.

3b°

Plate 3-4 Northerly trending phase 1 folds deformed

about F2 and crossed by cleavage F3a'

Unit 2 south of Shuttleworth Creek.
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rock where compositional layering may be almost transposed to
the:plane of F} (plates 3~2, 3-3). = Thus Fy cleavaqe_which is
eitremely well.developed cannot always‘be readily'separated from
_compositional layering (F,) other than on the hinges of relict:
‘folds.' Lineations Ly includefelongate'mineral grains andh
aggregates,:crenulations and intersectiou structures. .’These
also are recognized mainly in proximity to relict phase 1 cores,
‘hav1ng been obliterated elsewhere by ensuing deformation and
:recrystallization,

Despite destructioh and obliterationvof phase.l structures’
~as a result of later deformation and metamorphism) enough data
:has»beeh,ohtained to outline roughly the geometric re—orientation
,of'phase‘l,structures resulting from re—folding.. 'Obviousbeffect54
~are seen where the limbs and axial_planeS'ofvmesoscopiciphaseil
folds,are deformed about phase 2 and phase 3 axial surfaoes
(plates 3-4 to 3-6). Similar relationships exist on a larger
scale (plate 5-pocket) and have been recognized by mapping and |
'observation of a systematlc change in the'orientation of L, across
the hinges of some‘major folds (figure 3-7, plate 24pocket);

In general Ll trends west of north on inverse limbs of phase

'5:2 folds and north to northeast on uprlght limbs, but thls is not

entirely ev1dent ohvflgure 3-7 which is a plot,of‘all measured Lj
data,‘ ”Somevambiguity stems from the fact that domain 2 contains
-a phase 2 antlformal hinge, and large phase 2 folds probably also
ex1st w1th1n domain 1 (plate 2-pocket). The linear structure Lj
has been. measured on both limbs of these folds.

Curv111near ‘phase: 1 fold axes (plates 3-7 and 3~ 8) must also
be respon51ble for some of the dlverslty in trend of Ll seen on

figure 347, Curved axes probably developed as phase 1 folds were
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Plate 3-5 Northerly trending phase 1 folds outlined by
early granitoid material in Unit 2 and re-

folded about Fy. South of Shuttleworth Creek.

Plate 3-6 Detail of above phase 1 hinge zones.
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Plate 3-7 Phase 1 folds with curvilinear axes exposed on
northerly trending Jl joint surface, and crossed

by later cleavages F3a’ F3b’ and fractures J2.

Plate 3-8 Phase 1 fold with curvilinear axis exposed on
an almost planar northerly trending surface.
Later cleavages F3a’ F3b’ and fractures J2 are

shown. Western end of Shuttleworth Canyon near

Oliver Ranch.
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tiéhténed ih later phases‘of deformation. in becoming_tightly
- appressed, any differential mo?ement'éf remobilized core material
within the plane-of Fi could easily give rise to the curvature.
 Variation in the trend of leresulting from phase 3 folding:
ia-nbt weil known because of limited exposure and oblitefation of
Livonvinvérted phase‘3 limbs; “With respect to Gallagher Lake
Synform (phase 3), L; ranges from northnorthwest to northnortheast
on_the lower'limb because of phase 2 re-folding, and appears to
change from a northnorthwesterly trend in domaiq'4 to a southsouth-
‘weéterly trend in damain-S across the hiﬁge'(compare domains 4 and
5 and:see figure 3-9).
. Thé orientation of L; has been further modified byllate
flexural- sllp fcldlng Phase 4 folding along northerly'axes
broadly parallel to Ll has had less effect than phase 5 foldlng
'_along lelque trends. . Phase 5 has brought about gentle cul~
mination and aepréssion of.Ll across the hinges of antlfqrmal‘and 
‘synformal falds, and therefore is reéponsible fot'mUCh of the.

- variation in.plunge angle seen on figure 3-7.

PHASE 2

Phase -2 falds are similar in style and are abﬁndant1on ail'
scales; vIn-many stfuctural positions thesebare tight recumbent
'folds.but are;usually more open than the isoclinal phase 1
strtcturea.‘ | | | o .

- Mégascapic phase‘z folds with amplitudes of 7-8 miles
'taominaté the local structure and include Vaseaux Lake Antiforﬁ;
Shuttleworth_Creek Synform; and a third poorly exposed antifotm
in domain 2, and probably part of the same antiform and com-

‘plimentary overlying synform in domain 1 which have been offset
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by'mévement on a phase 3 slide (plates 1—2f5—6‘poCket). . These
' majdr folds ars formed about rorthwesterly trenaing axes,‘and |
theiriakial planes dip.variabiy but seldom steeply northeéét and
southwest as.a_consequencévof later folding. - A#ial plane’cléaﬁage
Fé_outlined by mica and flatteped minéral aggregafes is extremély
penetrative and forms a smallrangle with qompositional layeringroh‘
theirAiimbg. Hinges are sub-rounded to aﬁgular, and the limbs of .
the major foldé'afe curyiplaﬁar.aﬁd alméét‘iéocliﬁal. |

Phaée 2 ﬁinor folds are congruent with the major‘stfuéturesj
'and feature small but measurable angles between their limbs
(plate 3-9). These minor folds may be either autochthqnbué.or
..rootleés interfolial‘fdlds in most rockvtypes, but within:semi_
pelitic rqcksvand schist‘they are nearly_always-réotless; and-may
be isoclinal. . | |

Linéar structures L2 associated with phase 2 folding consiét
of élongatevminéral grains, quartz rods, and the axes of small
.,folds,'c¥enulétions, and intersection structures all,of.which
pérallel the megascopic axes. |

,Re—folding of phase 2 structures along phase 3 . axes hés
taken place on all scales. Among major structures,_re¥folding
of Vaséaux Lake Antiform aboutlthe axial plane of phése 3 Gallagher
Lake Synform is best known (platés‘l and 5-pocket), and mesoscopic .
examples are numérous_(plate 3-10) . |

Megascqpic phase 3 re—folding has also had»thé effect of
’t;gﬁténing phase 2 foldé ébout their original axes,_by,flattening
 andAreﬁobili2ing rocks within their cores. Slides_have_deVelbﬁed'
And_rOCks'of Units 3 and 4 for exampié, are highly éhearéd in_the‘
.corebbf the Vaseaux Lake Ahtiform as seen in roadéuts east of

Vaseaux Lake.  Gneissic structure is extremely well developed and



Plate 3-9 Northwesterly trending phase 2 fold crosscut

by cleavage F3a and fractures P Unit 3

Shuttleworth Canyon.

Plate 3-10 Phase 2 folds outlined by sheared pegmatite

in Unit 2 and re-folded about F3a‘
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minor folds ate tightly appreséed. In some instances phase 2
minor folds form rootless cores wﬁich have moved en-mésse away
 ,'f:om the hinge of.Gallagher Lake Synform (plates 3-11 and 3-12).
‘Thefé:ahd-élsewhere, phase 2 folds_have'devéloped cufved’axes in-
?equnse to this tightening (piates 3-13 and 34l4), and in some 
insténces phése 2 folds are fe—folded about almost parallél axes
as a result of local reversals ‘in shear direction on their limbs.
| Re—orienﬁation of phase 2 structures as a.resuit of éhase 3
and 1atef‘foldin§ is also evident of stereographic plots. - Poies
~to F2' piottéd for each domain, are shown on figure 3-8 where they
are séattefed alghg a broad northeast-southwest trending zone
u,_which”repreSentsvthe.combinedIeffects of all later folding.  The
lécﬁs»qupoles.tQ deformed F, is no longer a simple great_cifcie?
althbugh‘phase.3 folding may have given a cylihdroidaiigeomeﬁry
(figure.3-9), The locus has been'médified:to"its present forﬁ‘
by oben fiexural-slip folding during phasés 4 and 5: _ The average
. locus related to northwesterly trending.phase 5 folds is shown on'v
figure 3—8,,11This locus is not well defined because poleévto.Fz
.were previOUSly épread along an almost perpendicula; locus related
to hortherly trending phase 4 folding.

| ‘Qn figure»3f8 domains 1-4 represent the lower iimb; and domain
"5 the inverted limb of Gallagher Lake Synform (Phasé 3frbl in:terms
of fhe_brientatioﬁ of Fy domains 1-4 were likely hompgenous_aftef
phasé 3, and an aQeragé F2 pole from these domain$ comparéd with
: An average from domain_Slwould éive an approximate locus representing
. the defbrmatioﬁ of F, during.phase 3. ﬂThis approximation-has‘been
madéHCn‘figure 3-8 and is»éigﬁificant in'that'the‘pre—phase 3

Qrientation of F, must be represented by a pole_lying on or close

to this locus, and its angle of dip must have been somewhat stéeper'
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Plate 3-11 Mobilized phase 2 hinge in core of

Vaseaux Lake Antiform.

Plate 3-12 Mobilized phase 2 hinge in core of

Vaseaux Lake Antiform.




Plate 3-13 Phase 1 folds re-folded by a phase 2 antiform
which has a curvilinear axis. L, trends almost
perpendicular to plane of photograph in upper

left but is almost parallel at lower center.

Plate 3-14 Detail from above showing curvilinear Lj,
northerly trending phase 1 hinges and deformed
Lj. Unit 4b Oliver Ranch south of Shuttleworth

Creek.
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'“thanﬂon_the present phase 3 lower limb. From thisllt may.be:
.cohcludea that prior to phase 3;F2 Was.inolined at some moderate:
angle to the northeast. | | |

f_Linearustructures Ly, also plottedxon,figureu3;8; are shownp
'_deformed along a-great‘circle«loous. Relationships'are soﬁeWhat
.confused becaus e of the regional culmination and depression of
Ly produced during northerly phase 4 folding w1th respective north— ?
weSterly‘and'southeasterly plunges of L2vcoincidlng with the dip
- directions of phase 4 limbs. |

Actually in many parts of the map-area, phase 2, 3 and,S axesb

aré_almoét parallel, and re—folding during the later of these
specificﬂphasee has not profoundly changed the orientation»of
earlier linearvstructures. Linear structures Lo, L3-and.L5Aare

.noW'all horizontal or sub-horizontal structures'ahd_have_pqobably
' v P

always been so.
: Slnce L2 ‘was. orlglnally a nearly horizontal structure 1t may
be further argued that phase 1 folds may have been orlglnally
brecumbent folds. This follows from the facts that Ly, is defined
by thefintersection,between planar structures F, and FO/Fl»and
that linear‘structures Lé and Lj make rather large angles with
eaoh'other» " The original dip'component of'Fl alongltheviuter—v
sectlon dlrectlon L2 may therefore have been small ~.and the.dlp
vangle of F] may not have been much greater than the or1g1nal plunge
of L2 An unknown amount of 1ntense flattenlng about F2/L2 durlng
'phase 2 or as a result of phase 3 precludes any deflnlte‘statement.

about the pre-phase 2 orientation of Fi.

' PHASE 3

Phase 3 folds are grouped into subsets 3a, 3b and 3c. This
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erder oflgroupiag dees not exactly correspond to the,relatlve;
ageé_of these'structures. .It is used as a convenient means df'
elassifying and separating distinctive fold geometries'developed
at vafious stagee in phase 3 deformation.
1§g§§et 3a

Subset 3a folds include Gallagher Lake Synform, a major'
southerly closing'recumbent structure; and congruent minor'folds
which are well developed on both limbs. Part of the inverted
 limb and hinge of Gallagher Lake Synform“are_exﬁosediin sOuthefn
parts of the map-area, (plates l—3—5—peeket) and its geometr§
there_isrsummarized on figdre 3-9. Its axial.surface dips.
_southsouthwest at.25° and contains a near hofizdntal‘fold axis
trendlng on the average 103°. Compositional 1ayering dios 4°
‘ and'40°vsouthsouthwest on respective average lower and 1nverted
limbs. With the exceptlon of the schists of Unlt 2 which form
an atfenuated wedge on the hinge of the synform, the other map
units‘haQe attained sub-rounded forms. |

‘Axial plane cleavage F3 is a penetrative structure ahd a
plane of flattenlng normally outllned by t1ny flakes of biotite.
The 1nten31ty of F3a ;ncreases towards the hinge of Gallagher :
Lake‘Synform, and within its core and‘on the in?erted limb'it_w
becomés extreﬁely penetrative and the rocks.are highly fissile
within the-F3a'plane. | Associated linear structure Lda include
1ntersectlon structures, elongate mineral aggregates, the axes
.of minor folds and crenulations, all of which are parallel w1th‘>
the axis of Gallagher Lake Synform (figure 3-9).

The o:ientatien Of’LBaf when considered acrqss_the>entire

map-area (plate 3-pocket, figure 3-10) varies moderately from



3b  struct ur‘es' o

. Lineations
Poles to F,,
a& ’ ) ‘: + ‘» o 3

*» Poles to F,

—-55-—

 Synopsis of subset 3a and

L:,al and Lap

cleavage and axial planes -
- in domains1-5 consecutwely
- all domams



-56-

Plate 3-15 Phase 3 fold (subset 3a) viewed from the

east. Unit 4a, south of Shuttleworth Creek.

Plate 3-16 Phase 3 folds (subset 3a) viewed from the west.
Unit 3 south of McIntyre Canyon near the core

of Gallagher Lake Synform.
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the'trend:of Gallagher Lake Synform. Some of this variation

© may. be attributed to the effects of superposition of F,_ on the

3a
‘limbs'of:pre-eXistent'folds which would give rise to variable
'L3_interséction'direCtions, and some of the variation is the

effect of later folding.

" Older linear structures Ly and L, appear to be systematically

: deférmed about.L3é as a result of subset 3a folding. Although

- data is scanty on figure 3-9, and difficult to analyse, both Ly

and Lé'appeaf to lie along a great circle loci indicating that

- the folding is probably similar in style (Ramsay 1960). .These

'gréat circles intersect the axial surface Fia along southsouth-

normal to L3. Alternately, since there is also a suggestion of

a small circle loci of'L2 and L3 flexural-slip folding'may have

peen a factor in phase 3 deformation. It is believed that phase

3 folds first may have developed by a mechanism of flexural-slip

but continued to develop by a mechanism of similar.folding_as they‘

became tighter.
Minor folds of subset 3a are abundant in all map units and

“resemble the major structure in geometry and style.' They are

corigruent with Gallagher Lake Synform and show the same northerly

vergence in-all positions. Because most of the map-area is

"-underlain by the lower gently dipping limb of the Synform subset

3a folds with the characteristic geometry of this limb position
are most abundant. These are relatively open int:afclial_and
| mesoscopic folds essentially of similar style characterized by a

planar.gently'dipping limb, and a steeper soﬁthwesterly dipping
. - -2 o : !

inVértedflimb (plates 3-15 to 3-17). Hinges of minor folds are-

sub-rounded in most rock types but may be angular to sub-angular

.-

weSteriy inclined lines (a-kinématic axes) which are approximately?
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Plate 3-17 Phase 3 folds (subset 3a) viewed from the

west. Unit 3 in roadcut near Vaseaux Lake.

Plate 3-18 Phase 3 folds (subset 3a) viewed from the

west. Unit 2 east of Vaseaux Lake.
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. in schist and SOme.semi—pelitic rocks (plates 3 18, 3—19) “On
the 1nverted llmb of Gallagher. Lake Synform and in its core,
subset 3a folds are tighter than on the- lower limb, and the core

structures_are much less assymetrlc than those on.elther limb.

_Subset 3b

Folds of subset 3b are restricted to mesoscoplc and micro-
scopic scales, .and are believed related in time and space to
outward (northerly) movement of a segment within the core of
Gallagher Lake Synform'along a northerly dipping slide.-. Thls
slide is marked by a mylonitic zone 40460 feet or more in tnickness
which-Cross—cuts:compositional_layering’and megascooic folds |
formed durlng the earlier ohase'l and phase 2 deformations »
(phase 3 mylonlte on plates 1-5-6- pocket) . Subset 3b folds'are

Lo .

found w1th1n and near proximity to the mylonites, andfa %énetrativeA;
.Cleavage FBb slightly oblique to the slide often forms their axial
surface. |

The‘mylonite zone itself, when considered in a redional
sense;‘includes sheared derivatlves of most rock:types known.in
the map-area. Tt also_exhibits extreme variation in degree of.
lshearing and groundmass recrystallization from olace to place;
‘and many lithologic and textnral variations are therefore found
Withiniit,” Characteristic rocks are wellvlaminated.fine grained
f mylonites'ranging in colour through light to very dark-grey and
~brown, often'with numerous fine augen of quarti-and feldspar
Mylonltlzed rocks. sometlmes form anastom051ng layers from a fewv
.incheés’ to tens of feet thlck, between»sllces“of coarser gralned
augen gneiss and even 1ess‘sheared and recrystallized wallrock.

Within the mylonites tight isoclinal folds with axial planes
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Plate 3-19 Phase 3 folds (subset 3a) viewed from the

west. Unit 4a south of Shuttleworth Creek.

Plate 3-20 Open subset 3b flexural-flow folds in
mylonitic rocks of Unit 4a. Viewed from

the west.
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barallel to trénsposéd layering occur. Their vergence is
coﬁsistent with northerly movement of the hahging—wéll'(samé”as
Gallagher'Lake Synform) and are therefore possibly éhase 3 folds
'formea during ﬁylonitization. Alternatively_they may be relict
phase_z foldé which survived mylonitizatioh as their‘Vergence.is
also consistent with an inverted limb position with respect to
Shuttleworth Creek Synform (phase 2) at thevlocalities where they
ha§e been_found. Subset 3b folds refold the isoclinal sﬁructure,
and their vergence is exactly opposite to that of the isoclinal
structure.

Subset 3b folds are often similar in sfyle; but are'sdmetimes
beﬁter’described as flexural-flow folds (Donath and Parker 1964),
as they often appear to have béen controlled by competent lith-
ologiesn(plates 3-21). They are co-axial with subsgt 3éfstfuctures,
but §erge.in an opposite (southwesterly) direction‘agoutiaxial‘
plahes'inclined to the northeast (plate 3-pocket, figure 3-10) .

Stréin*slip cleavage F3b may dr may not be well-de?elopéd.in
proximity to subset 3b folds within mylonites, and is evennless
“intense in other parts of the map-area. It is not uniformly
developed,>but appears from place to place as é spaced Strain;slip‘
cleavage énd gives rise to weak crenﬁlation structures. - | |
" Subset 3¢

- Membefs of a third set of minor folds related to phase 3
deforhatidn also}oécuf within the myionitic zoneband thése‘in many
ways resemble subset 3b strudtures. They are flexural-flow folds
‘(Donath and Parker'1964) outlined by lithologies which appear to
have been the more competent at the time of deformation.. 'Sﬁbset

3c folds'diminish rapidly in amplitude both up and down their axial
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surfaces and die out on passing into more highly sheared

lifhologieé. In most instances subset 3c folds_afe rooted in -

- these sheared materials which appear to have been simply injected

into their cores.
.Subset 3c folds are formed along highly variable north-.

easterly‘and northwesterly trends (figure 3-13) and occur as

~single folds and in conjugate arrangements_(platel3—22). AS;

a whole, the orientations of these folds are broadly consistent

 with a conjugate pattern, but do not relate in any obvious way

to-the'geometfy of phase 3.

Relationships between Subsets 3a, 3b and 3c folds

Subset 3a and 3b folds, as'illustrated on figures 3-10 and
3-11, appear £o be a conjugate fold set developed about strain-

and F Qf the two, F

3a 3p° 3a 15 by far the best |
and most uniformly developed and is the dominant structural element

of phase 3 deformation. The cleavage F3a

a strain-slip structure and continued to localize componential

probably briginated as

movements thrdughout phasé 3 deformation. It also.aCted'as a

plane‘of flattening in- the later stages of phase 3 deformation,»

- and movement -on F,, Probably outlasted significant movement -on

valthoughvlocally.F3b

has produced weak crenulation across
subset 3a folds,

The cleavage Fyy is thought to have developed at an inter-

1mediate stage in phase 3 deformation, perhaps as the style of

~deformation chahged from flexural-slip to simildr folding. This

would be the. time when the slide bounded wedge began to move out

of the core of Gallagher Lake Synform and mylonite was formgd,

'RéSistance'to_this northerly motion may have given rise to_;hé
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Plate 3-21 Phase 3 folds (subset 3b) within mylonite
north of Shuttleworth Creek. Viewed from

the east.

Plate 3-22 Phase 3 folds (subset 3c) developed about

conjugate axial surfaces.



g-
-ftcleavage FBBhas well as'the southwesterly-verging flexural;flow.
)ffolds ofhsubset 3b (figure 3*12)v Subset 3c folds were probably
f.formed at about the same time and may owe their orlgln to lateral
‘frestrlctlon w1th1n the" developlng mylonltes. As shown on flgure
'3-13, subset 3c geometry does not dlrectly relate to the overall
hphase -3 geometry, and cannot therefore reflect the mean: ‘strain
.;fwhlch occurred within the mylonlte zone. - |
After the . mylonltes were developed, and movement on the sllde
ﬁhad ceased, phase 3 deformation continued by movement parallel to
’fyFsé; , The pa531ve mylonite zone became deformed into open subset
F‘3a folds, and the penetratlve cleavage F3 was developed across it.
| The reason for the change 1n style of deformatlon durlng phase ‘

h1,3, and the contlnued development of F3 fafter other movements had

:gceased 1s not known,‘but a tentatlve explanatlon is glven 1n

f'Chapters 4 and 5. Slmply stated the forceful emplacement of?

'.synklnematlc pluton (Unit B) along the inverted limb of Gallagher-ﬂ
‘hake_Synformlappearseto have been in_part responsible forfthehe
continued development of F3 , and may have also brought.aboutia
change in style of deformatlon by changlng the P/T env1ronment

”1(flgure 3- 12)

'PHASE 4
: Total geometry of phase 4 foldlng is not known. The -hinge

and.parts,of the limbs of a single megascopic antiform are seen

within the map-areay and parasitic minor folds are rare. The major

o antlform is outllned by comp051tlonal layerlng and culmlnates east

of Vaseaux Lake along a northerly trendlng axis which is poorly
‘,deflned because of interference with later phase 5 folds (plate

‘4—pocket);' The hinge and limbs are rounded (plate 6-pocket) and



-68-

" the style of folding is flexural—slio. Shear.parallel'to
.older foliations Fo/Fl and Fz, isvcharacteristic of phase 4
”'ldeformation and narrow zones of darknmy1onite have formedﬁalong'

‘ re-activated surfaces. Phase 3 structures ared offSet,.ﬁiqas__:
are sheeted, and'trains of-granﬁlated mineral fragmentsrarek
ldrawn out in an east-west direction approximately normal-to tJe
~ phase 4 fold axis. . i

Minor folds are-occasionally developed alongvphase 4 T
directions (plate 4-pocket, figure 3-14) and these 1nclude opgn
flexuresuand crenulation structures. Crenulations in'particular
are associated withln closely spaced fractures (Jl) in an axial

‘plane orientation. , a . e

'l ’ ’ 1 v

, |
Varlatlon 1n the orlentatlon of Jl throuqhout the area 1s

shown on plate 4 (pocket) and is plotted on figure. 3-14 wherngl

ﬁsuperflc;ally appears to be a fanned fracture.cleavage.i However;‘
field relationships are not always consistent with this interwtﬂ
pretation'under a hypothesis of flexural-slip folding, becauseE'
at many localities two independent steeply dipping fracture sets
:are developed and are.perhaps better termed ab joints.

-;Maximum de&elopﬁent of J, fractures near the ninge of the

'_major'antiform.indiéates that Jl fracturing may have served as aQ,

 release mechanism within the core zone as folding progressed.

They may_or-may not be exactly parallel to the phase 4 axial plane.l

lsince the exact trend of phase 4 folding isvnot,knOWn these Jiﬁ
fracturesrmight‘conceivably be an oblique set of shear fractures
related to failure at the final stage of phase 4 folding.

In either case, Jq fractures are the earliest post phase 3

fracture set, -and the only fractures which have consistently
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'\_ _Partial phase 4 ‘|
S girdle  craiss
RPN ¥

2°6. per unit area :
contourson Fo/F .-
from domams 1-3

E.Lgu.l:e_:i;]A. Synopsis of phase 4 structures.

- 1 J, fractures | | .
+ axes of minor folds and crenulations.
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localized hydrothermal depositiOn of quartz, epidote, sericite,
and chlorite. Frequently slickensides are developed in these
hydrothermal materials providing evidence of re—activatidn, and’

this is discussed more fully in Chapter 5.

'PHASE 5

Phase 5 folds outlined by compos1tlonal layerlng, are found
on all scales and are typically of flexural- ~slip style ‘These
are northwesterly trendlng, gently plunging flexures and include.
a broad antiformal. structure culminating in the vicinity of
vaseaux Lake, and a complimentary sYnform (Church 1967, Okanaéan
Falls Syncline) which‘isihinged just north of the map-area (plate
4 and 5-pocket). Minor folds on several scaies are faiflyv'
abundant on the gently rounded hinges and limbs'of the major
structures. Phase 5 folds are open structures de?eloped about
steeply dipping planes, ahd poles to compositional layering are
Qeakly spread along a great circle locus‘(figufe 3-15) as a
fesult of theifdlding.

Fracture set J2 appears to be associated with phase 5'fdlding

in much the same way as J, fractures are related to phase 4.

1
These J2 fractures vary con51derab1y in attitude from one expoaure
to'the_next (figure 3- 15 and plate 4-pocket) and may actually
con51st of 2 or more 1nd1v1dual sets. At some localltles these
are closely spaced and bear an ax1al plane relatlonshlp to mlnor
folds and crenulations (figure 3-16), but elsewhere they are a
joint set approximately parallel ﬁo the trend of phase 4. It
therefore does not appear that ali J2 fractgres are axial plane‘

cleavage, but they do seem to be planes of failure related to

phase 5 folding. These J, fractures are illustrated on a number



"E"iggr"e _3-15 Synopsis of phase 5 str'uctures.-_

A "'j.L Jz fractures |
e axes of minor folds.
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1-foot - -, | '
Eigure 3-16 Phase 5 folds with fractures
J, in axial plane orientation. Unit 2" south
‘of Shuttieworth Creek (sketched from

~ photograph). | - g

re s,

77 7 »

\ \\J‘\\ (

{g ! 717

-17 Break thrusts associated
with phase 5 minor folds viewed from
‘the east (sketched from photograph).
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of precedlng photographs

Ev1dence of slip within the plane of compositional lavprlng,
normally expected in association with flexural—slip folding,’is
abundaﬁt, especiélly whete phase 5 minor folds are developed.
Gouge_filled break thrusts (figure 3-17) and limb shears are
very commoh, and fractures of set Jl are offset against these

younger  shear surfaces.

Faulting related to Phase 5

Faulting was an integral part oprhase 5 deformation, and
appdrently facilitated the development to folds by seperating
blOcks then able to buekle independently This faultlng may
have proceeded by development of a new set of fractures (J )
and reactlvatlon of earller Jl fractures whlch happened to be
in a'eonyenlent orlentatlon to allow buckllng. © Among the
finnumerable fractures developed ohly a few show appreciable
offsets, and these afe the faults showh on accompanying mape{

| None of the faults are well exposed as they uﬁderlie linear.

topographic_depressiens filled with talus and glacial debris.
jAdjacent.cioseiy spaced fractures show occasional.slickensides
- but iittle or no offset, and it appears that most of the movement
occufred aieng,é central fracture. :Slickensides pitch from

—90°1within'tﬁeee'surfaces at different chalities, and thisd
vpettern is probably coﬁsistent with the sort of movements which
took place as'felding progressed.
| ..To further1illustrate-the nature of phase 5 defermation
eléboration on theienvironment, and preéexisting geometryvof the -
rocks is_useful.», Attthe.time of deformation the rocks were

brittle, neafﬂgurface and had previously been deformed into:a



"_'F’iﬁggre 3-18 Phase 5 and/orlla'rer. fractures.

e 1 Jy frac'rurés‘j
- x 1 J,  fractures



~-75-

: broad northerly trending antiforml -Complimentary synforms
may haQeVexisted beyond the map-area. l These pre-existent folds.
Aappear to have made phase 5 cross—folding difficult} in that a
’reglonally continuous fold pattern could not develop, and fallure
was by fracturlng rather than folding. The rocks must also have
"been strongly cohfined horizontallyisuch that strlke—sllp move-.
ments'could not be sustainedtoﬁ the faults. Rather, fracturing
weakened the northerly grain and allowed folding to proceed
within the smaller fault bounded blocks. Thereafter thedfaults
simply provided free surfaces along which the hecessary horizontal -
and vertical movements resulting from folding could be taken up.
Phase 5 folds are essentially normal to these bounding faults and
their axes tend to be dlscontlnmous across them (plate 4- pocket)
The downthrowns1de of each fault is 1nd1dated by a bar}on
‘plate 4. Of partLCular note are the two main faults_whrch:branch
~ in the sOuth,Jas\both superficially appear to be hinge faults.
bTheseAapparent hinge effects are related to buckling ofbthebblock
ﬁ.between, and the upthrown sides of each bound theﬁmainbphaseb5
lantiformalvzone.southeast of Vaseaux Lake. To the_north,on
passing into the realm.of Okanagaﬁ_Falls Syncline'the sense of
movemeﬁt is-reversed on the more easterly'fault aﬁd a similar
reversal may occur on the more westerly as it approaches the
yncllne northwest of the map-area. The youngest fracture sets.
recognlzed (J3 and.J4 on plate 4-pocket andvfigure 3—l8) may be

relatedvto phase S_deformation.' In particular J fractures’may

3
» be‘early or late~formed oblique planes of failure developed .
independently within fault bounded blocks.. = The J4.fractures.may

be of similar origin, or altogether younger.
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Interference of Phase 3, 4 and 5 structures

Antiformal phase 4 and 5 folds intersect to form a regional °
: domical structure culminating in an area ofiflat to gently dipping
A comp051tlonal layering southeast of Vaseaux Lake (plates 4, S—pocket).
.ThlS structure, in terms of the attltude of compos1t10nal layering,
1s far from an 1deal quaquaversally dlpplnq dome. The flanks are

actually greatly disrupted by pre- ex1stent phase 3 folds wh1ch are
relatively open, and 1nhomogenous.fault bounded phase 5 folds,
both of which are developed on several scales.

Phasev3”pianar and linear structures have been,re—orientated

in a manner consistent w1th this domal 1nterference pattern In
general, the northerly trending phase 4 component has caused L3

to culmlnate on the crest and depress on, the flanks of the dome,

x | | !

whlle the northwesterly phase 5 component Wthh 1s broadly Darallel
with Lé‘has_caused little re-orientation. | Planar structures
Faygr 3b’ and F3' have been re-orientated, and their poles are

scattered along a poorly defined loci representing a combined

effect of the two'later phases of folding (figures 3-10 and 3-13).

SUMMARY

‘After"depositionvof an-interbedded sedimentary and volcanic
success1on‘exceed1ng 4000 feet in thlckness,‘the.following complex
'sequence of structural events was 1mposed on the rocks of Vaseaux
Lake map-area. |

A‘(l) Phase:l folding, similar in style_and'along northerly
‘trends, gave rise to McIntyre Bluff Fold'and»associated minor |
_strcctures. “These folds were probably originally recumbent, but

their vergence is unknown. Tectonic slides were developed and
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. probably continued to be active at various times during later
deformatién.i |
| (2) Phasé'2 foidiﬁg,_aléo similar in style but along north-
_westéfly'tfends re-folded and tightened the earlier recumbent
structures. Majdr:folds formed “during phaée»Z are Vaseaux Laké
1Antifqrm, Shuttieworth Creek Synform, and other unnamed'sﬁructures,
éhd congruénflminor:folds are abundant in association witﬁvthese.>
Axiai planes of phaSefZ fblds were originally inclined at some
.modérate'angle to the northeast»and their axes were almost
horizontal. |

-»(3)» Phase 3 deformation, commenced with fleguralfslip
folding aiohg westnorthwesterly trends but progressed to a more
ductile tyée.of,deformation (similarifolding) ét a.iater;stage.
GallaQHér_Lake»éynform and éonéruent‘minor folds Were forméé
eariy aboutvsouthwééterly dipping axial planes and near horizontal
éxes and éontinued to develop about the same direbtions'throughout
'phase:3.  vAs Gallagher Lake Synform cqhtinued.to close a slidé
,devéloped and'gave rise to mylohite and lodai minor fblds of
diVerse trend. Eaflier formed phase 1 and 2 structurés we#e
re-folded, tightened and variously re-orientated.

(4) . Phasé 4 foldihg, flexural-slip in style, gave rise to a
major northerly trending antiform with a‘steeply dippin§ axiai-
_planerand‘geptly.plungihgvaxis. Earlier structures were slightly
re—orieﬁtated on the 1imbs of this large’antiform, aﬁd slip within
the planes of bfe—ékisting foliation$ gave local discontinuities
along which thin zones of ﬁylonite were developed. =~ Fracturing
along steeply dipping horthnortheasterly trending surfaces

accompanied and/orvfollowed_phasé 4]folding{

(5) Phase 5 folding, also flexural-slip in style, produced
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Qpeh all scale nofthwesteriy trendiﬁgifolds with steeply dipping
axial plaﬁes and shallowly plunging axes. These folds have |
ersulted in further’re-orientation of the earlier struetures,-

and a large antifdrm intersects the earlier phase 4 antiform to
give a broad domal etructure neéf the‘eenter‘of the mepéarea.
Phase:S folding was achmpahied-by‘extensive fracturing and
faulting and was accbmpiished primarily by bucklin§ of independent

fault bounded blocks.
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CHAPTER FOUR

IGNEOUS ROCKS

INTRODUCTION -

.Ignéous rocké,‘principalIYVOf granitic composition, but
also'includ;ng intermediéte, baéic and ultra-basic types, have
been"emplaced into the metamorphic complex at various stages of
iﬁs structﬁrai development.- The oldest are minor sheets 6f
quartz‘mohzonitevwhich were emplaced into the successioﬁ befofé
or dﬁring”the first phase of deformation. These were»sﬁcceeded
by muéh larger vqlumes of granitic rock and pegmatite emplaced
during the second phadse. These older granitic rocks together
férm.a granitic gneiss—?egmatitgicomplex refg;red‘toicqglé%t%vely,
‘as Unit A. o | | IR R

'Yoﬁhger,less conspicuously foliated granitic rocks (Unit B) -
~were emplaced late in the third phase of deformation. They .
include a westerly segment of aﬁ extensive,batholithic complex
'which_ﬁnderlies much of 6kanagan Highland, satelitic stocks, dykes,
sills and pegmatites. |

: 'Naf:ow basic to intermediate dykes intruaed'theréuCCession
ét some timeibetween the second and third phasés of deformation
and became folded and metamorphosed during phasé 3. Ultra-basic
sheefs,'pyroxenites, dunites and amphiboliteé,varé probably older
than theSe.dYkes( and may have been tectonically emplaced at some
Aeafly stage in the second or even the first deformation.
Tﬁe younger igneous rocks to cut the succession are'fhombé
porphyry énd,basic to intermediate dykes and sills thought to be:
: roughly eqﬁivalent iniage to the nearby Early Tertiary Marron lavas.

These rocks are involved in the phase 4 and 5 deformations.
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The prinéipél masses of granitic rock have not,reéeived
intensive mapping and petrographic study, for the puréose of
'délihéafingvihternal variationé in composition,.whiéh undoUbtedly_
eiist. Emphaéis haé been placed on their relative ages with
respect to the polyphase deformation and the broadest aspects of
their mode of origin and emplaéemenf.

" To allow feasonably accurate description of the igneous
rocks 51 rocks were examined in thin—section,iand of these 30
were of granitic compositioh. Point cdunts were made on large
sbdium cobaltinitrate stained slabs for 8 of these, and the
results were visually extrapolgted to the remginder of the 30,
and to a. few additional specimens which were ‘also stained. The
modél éompositions g%vep oq the Fo}lowiné ?age§1are thus Only:
approximations of thé aétuél modeszof thesé grépitiq ropksymf

Plagioélase compositions were determined principally by flat-
- stage techniques, but in several instances it wés necessary to

make use of a universal stage.

. UNIT A

| éRANITiq'GNEJSSQPEGMATlrg‘COMPLEx_a,
Sheeﬁs offleuéocratiq granodiorite'and rarer‘Quartz‘monzonite-»
“and tfondhjémite:grading-to:éegmétite afe collectively referred
to‘éé granitic gneiéé,'éhd are abuﬁdahf Within'the succession. A
few of:these form an older phase and are involved in the first
deformation (plate 3-5, 3-6) but the vast majority were emplaced
over an interval of time, during the second defcrmétion.'
Principal features of the granitic gneiéses are strong

secondary -foliations parallel to Fo/Fl and/or F, outlined by mica,



-81- ' B

flattened quartz lenticles and alternating coarse and finer
grained 1ayers'(shear domains) . A usually weaker foliation
F3, also outlined by quartz and mica, intersects £he older planar
structures to define a prominent linear étruétufe L, slightly |

oblique to the older linear structure L,.

Size and Contact Relations

Sheets of granitic gneiss are found ranging»from fractions»k I
of aﬁ inch to a few tens of feet thiékvand theselare most abundantI
adjacent to the major sheets which are hundreds of feet thick.

Major sheets, 3 in number, are shown ‘as Unit A on accompaAYing
maps.'v-Among these a lower sheet exposed on both sides of
OkanaganAValley near Vaseaux Léke is prominent, loéally reaching
1500 feet in%thiqknessu ?yerlying sheetsiapewfﬂiﬁﬁéffCGOb?feet_

| . . ) : | . ’ ' ! 1

maximum) and are likely crésscutting apophysés“of‘thé'loﬁérl

(plate 5 - sections in pocket).

Lithology

The major sheets of granitic gneiss are pfincipally composed
of leucocratic granodiorite and are of rather uniform internal
composition. Their modes, as approximately estimated from
stained slabsband_thin—sections, range from plagioclase (43-55%),
quartz (19—30%); orthoclase (15-30%), biotite (4-10%), hornblende
(0-4%) , muscovite (0-2%) with accessory sphene, apatite, zircon,
opagues and with minor garnet and epidote of possible metamorphic
origin.  Rocks of slightly different composition, notably quartz
monzonite and trondhjemite appear to be confined to smaller |
ahcillary sheets found elsewhere, and in bbrder migmatite complexes
édjacent.to the main sheets where théy are associated with

pegmatites and metasomatic looking granitic rocks.
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In thih-section the granitic gneisses exhibit cataclastic
augen textures, and their original textures, whether igneous or
metamorphic, have been destroyed. Plagioclase (An 20-31) in
15 thin-sections is.the principal augen forming mineral. It
displays very weak normal zoning‘but the overall composiﬁion of
plagioclaée Within a_given specimen appears remarkably uhifdrm. 
Presumébly'plagioclase compositions were homogeﬁized‘as a result
ofvmetamorphiSm,and variations now seen, éuch as the occurrenée
of more calcic plagioclase in hornblende bearing rocks is a
function of the original bulk.composition.

Plagioclasé augen have also contributed to t@e annealed
groundmassv(piate 4-1) in which they are containéd. Highly
strained quartz forms a matrix-wpich abpears tgihave b%eh'mdré
mobile than the other silicates auring deformation. ftézeXt#eme
mobility lead to mechanical grihdihg and abrasion of the other
.'silicates caught up in the deforming quartz matrix but less able

to deform internally.

Contact Relations

The contacts between the major sheets of granitic gneiss and
the invaded metafsediments are of diversé'charécter both from
place to place and in different rock types. Contacts with schist
.may bé knife sharp along-the-lower surfaces of major sheets but
grade to narrow zones of migmatite. Upper surfaces tend to be
moré complex broader zones of migmatite  which may contain smaller
sheets.of uniform granitic gneiss, pegmatite; and hosts of (narrow)
-metasomatic veins parallel to compositional‘layering. Semi-
pelitic granulites in the vicinity of the contacts are often

'differentially feldspathized along inch to foot thick layers



Plate 4-1 Penetrative foliations F, in granitic gneiss
outlined by deformed quartz and biotite.

Crossed polarizers. Field 4.7 mm.

Plate 4-2 Phase 3 folds developed in Unit A (granitic
gneiss) outlined by the earlier foliation F,

on the hinge of Gallagher Lake Synform.
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'greatly accéntuating their original layering. They also may
contain ancillary sheets of uniform granitic gheiss ahd'pegmatite
aﬂd at a few localities the transition from semi-pelitic Qranulite
to grahite gheiss is so gradational that a contact cannot be
distinguished.

Aside from the metasomatic effects which are pfominent at
=contacté of major sheets,'there is no obvious thermal auredle
assoqiated with'them. One sample of muscdvite—biotite schist
taken from a contact migmatite zone east of Dutton Creek contains
micrdscopic_sillimanite after muscovite, but this is the only
occurrence of the mineral or of any aluminum silicate polymorph
known within the map-area. .Admittedly the immediaté contact
zohe-has not received detailed sampliné andmip is probablejtéet
sillimanite may occur elsewhere at the dontéct; | | : E

The metamorphic state of the invaded rocks'at the time of
vintrusion‘is in doubt. They may have been‘already metamorphosed
to amphibolite facies assemblages and were therefqre ﬁot responsive
to the thermal conditions imposed by the granitic gneiss. |

The majdr sheets of granitic gneiss are notvobviously folded
as é‘resuiﬁ of phase 2 deformation but iie along the limbs and
axial planes of the megaécopic phase 2 foids. They appear to have
been emplaced along phase 2 structures which were already in
existence and are therefore thought to haveAparticipated in only
the final stages of the second deformation. Some of the minor
granitic sheets and pegmatites diéplay identicél relationships
with_minér‘phase 2 structures, but many are anomalously.ihvolved'
iﬁ tight phase 2 minor folds. Some of these may beiong to the

earlier phase of granitic gneiss known to have participated in



_.85_.

the first deformation, but no trace of a phase 1 structure can
be found in these rocks. The author favours a view that small
sheets of granitic gneiss and pégmatite wéfe eﬁplaced and extensivé
métasomatism'affected,the entire succession before the major sheets
.came in. The.emplacement of the major sheets may coincide with
cuimination'of-the thermal event associated with phase 2‘and may
héVe been a time of intense deformation.

The time of development of the earliest foliation in the
- major sheets of éranite gneiss is not exactly known. It'maynbe
partially of protoclastic origin but has.clearly éontinued to
deVelop»in the solid state as the result of the ductile flow of
quartz. (plate 4-1). It was highly developed by the time it
became deformed about the penetrative foliation F5 (plate 4-2).
Alﬁhough there is evidence of re-activation of earliervfoliations'
.during'phase 3 (see Chapters 3 and 5), the author is inciined to
beiie&e that phase 2 folds continued to close after the major |
-sheets of granitic gneiss were emplaced, and that some of the
catacléstic and ductile deformation textures found therein were
formed‘during‘the waning stages of the second deformation, and
“thatnsomé formed during the re-activation of F) by phase 3 re-

folding.

" Origin and Emplacement

The granitic gneiss-pegmatite complex of'the Vaéeaux Lake
 area are'thought to represent the differentiateditop, abothses
early and late-stage pegmatitic and metésématic derivatives of a
major éranitic pluton which rose and was frozen in its present
positioﬁ towards the end of the sécond deformation. Evidence foﬁ

this hypbthesis was obtained by reconnaissaﬁce mapping in an area’

‘immediately north of Vaseaux Lake map-area. Although the total
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Figure 4-1 Schematic Cross-Section Illustrating Relationships
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Granitic Gneiss Pluton ( Unit A) at the End

of Phase 2 Deformation.
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structure in this northern area is not yet understood, it is
'apparent that major portions of the same pluton have been un-
roofed over an areé of some 30 square miles east of the north
ehd of Skaha Lake.

The.focks in this northern area are hornblende granodiorite
and quartz diorite gneisses which conﬁrast sharply with the
leucocratic rocks of Vaseauk Lake area. They represent a much
deeper level in the pluton and their mofe mafic character suggests
that crystallization and differentiation of the pluton may have
beeﬁ almost compléte when it reached the leveis now seen in
Vaseaux Lake aréa. The major sheets of leucocratic grano-
diorite gneiss are therefore thought to have beén formed by a
last u?ward surge of perhaps largely crystalline.magma at the
top of thisbfreezing differentiated pluton. Metasomatizing
fluids and pegmatites may have arrived well in advance of the
crystallizing magmas and-therefore may have become more involved
in phase 2 deformation than the later magmatic phases. The
forceful emplacement of the major sheets, probably is responsible
for some of thebdeformation affecting these earlier formed granitic
phases.

Emplacement and iocalization of the major granitic sheets‘Was
.controlled by pfe-existing planes»of weakness Within the succession.
Lithologic layering, most notably within the schists of Unit 2, and
the axial foliation F,

magmas were injected along these zones of weakness and made room

were important localizers. . Granitic

for themselves by dilation of the succession. Since the majdr
sheets lie along megascopic phase 2 folds it is thought these folds
may have absorbed the resulting dilation by slowly becoming tighter.

This tightening may have been accomplished by successive injections
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Qf magma which "built up" the major sheets té their'bresent
thickness'ieéving narrow-screens of meta—sediment-between
" successive sheets.

Figure 4-1 is a schematic cross-section along the Okanagan
Valley which‘illustrates the structural relationships betweén
the plutoh.and megascopic phase 2 folds as they may have éxisted
. at the close df the secoﬁd deformation. Figure 4-2 represents
the presenf diSﬁribufion of grénitic gneiss resultiﬁg-from.the
iﬁfluence of later phase 3, 4.and 5 foldiﬁg. i The hornblende
granodiorite gheiss east of Skaha Lake, a deeper level in the
pluton, now‘has:the form of a gneiss dome resultiqg from the
‘interferencevof large phase 4 and 5 folds (northerly and wésterly
trends) although this is not obvious from the mapfpatfern'(Lﬂttle

‘ |
1961) because of local topography. : E co

Little (1961), based on:his expefience with granitic rocks:
in §outﬁerh pafts of the Shuswap terrane aﬁd further east,
considered the older granitic gneisses fodhd in the Southern
Okaﬁagan'regioh to be roughly equivalent in age tovthe Jurassic
Nelson Plutonic Rocks. Thé Nelson Batholith and ‘similar nearby
plutons have since been shown to be of late and post-kinematic
types at the eastern margin of the Shuswap Complex (Ross 1968;
- Hyndman 1971, Read 1971). - Late and post—kinematic plutons
(Unit B), in Vaseaui Lake area, are assoéiated with ?hase 3
deformatién which is of Jurassic or older‘age (this study) , and
these younger granitic rocks cut the granitic gneiss (Unith).
For_tﬁe above reason, and because the granitic,gneisSes are

associated with an older phase of deformation (phase 2), they are
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considered to be older, and pefhaps are much older than Jurassic.

‘UNIT B

LATE-KINEMATIC GRANODIORITE—QUARTZ MONZONITE

“The metamorphic rocks of Vaseaux Lake area are bounded on
the south and east by avwesterly extehsion of a batholithic complex
which underlies huch of Okanagan‘Highland further east. Within
the map-area these rocks are granodiorites and quartz monzonites
characterized by well developed marginal foliations in the
Vicinity of their contacts, and a less conspioﬁous but penetfative
.regiohal foliation F3 (plate 4—3). *vCommonly these rocks contain
poikilitic orthoclase megacrysts which are typically much larger
than associated quartz and plagioclase (plate:4—45. Rel;ted .
~dykes, sills ana‘pegmatite cut the succession and are foliated
parallel to F3, but like the pluton are only involved in the
" latest part of phase 3 deformation, and. do not, theﬁselves,
outliﬁe phase”3 folds' A small stock exposed east of Vaseaux
Lake is of similar comp051tlon but is not follated parallel to
F3.,_ It is. thought to be a post- klnematlc phase of Unit B, and
in some ways resembles the Oliver Quartz Monzonite which is

exposed southwest of the map-area.

"Lithology

Unit B consists prinoipally of biotite Qranodioritevbut.
-grades eastward tovbiotite quartz monzonite as orthoclase'megecrysts
become’ larger and more abundant. No contact was observed between
these two rock types and mapping is not suff1c1ently detailed to

be assured that they are not separate phaSesg'

‘Estimated modal abundances of the primary minerals range as



Plate 4-3 Poikilitic orthoclase megacrysts in foliated
border phase of Unit B. Weaker F3 cleavage

crosses obliquely.

Plate 4-4 Poikilitic habit of orthoclase in granodiorites

of Unit B. Crossed polarizers. Field 4.7 mm.
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follows; plagioclase (36-60%), guartz (16-30%), orthoclase
(13-328%), biotite (4-15%), hornblende (0-2%). Accessories
‘afé apatite, sphéne, zifcon and opaques. In thin-section
,cataclastic>textures are dominént but quartz forms a matrix

wﬁich has undergone ductile flow. Mortar structure is developed
along felaspar boundariés, and biotite is shredded and bent |
arbﬁnd the feldépar grains. In contact with quartz,-biotite is-
sub—parallel td.F3,'and.partially defines this plahar structure.

Plagioclase (An 18-35) exhibits complex zoning (plate 4—5);

a relict of an original igneous texture. Its maréins are embayed
but this may be the result of deformation rather tﬁan a magmatic
'.reactioh.

Orthoclase occurs in all grain sizes from)micrdscopicgséecs
in the matrik to ihch.lOng megacrysts, and larger gréins tjpiéally
contain inclusions of plagioClase and quartz (plate 4-4). Thesé
inclusions are always much smaller than grains of the same
minerals outside the ofthoélase, and may have been reduéed in
size by participétion in the reaction which gave rise to these
large crystals; -Opﬁically continuous inclusioﬁs of plagioclaéé
found in one thin-sectioh support ﬁhis hypothesis.

'_Crysﬁallization of orthoclase may héve consumed most of the
rémaining liguid phase iﬁ fhese rocks, and sﬁalllintergréwths of
myrmekite found along its marginslcould represent crystallization
of the final liguids (plate 4-4). Typically larger crystals of
orthoclase, neaf,extinction}positions, exhibit striking internal

strain patterns as shown on plate (4-4).

Cohtact Relations

Contacts between the metamorphic rocks, and the westerly
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Plate 4-5 Oscillatory zoned plagioclase in granodiorite
of Unit B. Crossed polarizers. Field approx-

imately 1.6 mm.

Plate 4-6 Xenolith of granite gneiss (Unit A) within
granodiorite dyke-rock of Unit B as seen in

coarse float at the contact between the two units.
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extension of thé baﬁholith complex (the pluton), ére anbmalous
-énd'interesting. The walls of the pluton dip moderately south
and east away from the metamorphic complex suchvthat_ﬁhe>meta—
mqrphié rocks ermIa somewhat ifregular’footﬁall agaihst which

the ?lutén'résts. Further, the COntact\crosscuts all of the
lithologic units suggesting thatvlithologic control haé had

little influence on‘the loéaiization and emplacement of the
-pluﬁon, and is not reéponsible for the observed shallow dips'of
.fhé’plutons' Qalls. Although some randémly orientated xenoliths
occur wifhin the pluton neaf its marginé, the walls tend to be
smooth,-and stoping may not have been important in the emplacement
pfocess. Border phases are strongly foliated pafallel to the

v wailé, and forceful shouldering éside of the wall-roéks méy{have

|
, ‘ N
played a much larger role in the emplacement process than might

|

be suspedted in view of the discordant contact relationships.

The thermal aureole which must have surrounded this pluton
_did nbt_cauée striking mineralogical changes in the pre-existing
amphibolite facies assemblagés of the wall-rocks, aﬁd metésomatism
has been limited to a narrow:zdne (several hundred feet) adjacent
to Ehe contéct. | Semi-pelitic granulites have beeﬁ metasomatized
to.the greatest extent. . They forﬁ gradational contacts withithe
,pluton and are greatly enriched in potassium féldspar. Schists
and calcfsiiicates are also enriched in orthoclase. Samples of
muscovite-biotite schist, quartz-calcite marble and calc-silicate
téken further from the contact in zoneé impreghatea with sills and
_'pégmatite, ao not appear to have developed new mineral assemblages,
althoughbthey are intensely deformed. Again} the immediate contact
zone hés not been studied in sufficient detail to be absolutely.

certain that new mineral assemblages do not occur in some rocks,
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rlght at the contact.

The narrowness of the obvious’ metasomatlc zone adjacent to
the pluton might be_explalned in terms of the footwall position
that Vaseaux Lake area rocks occupied with respect to the plutonQ
~Volatile phases would presumably tend to move towards an ugward

facing wall or a higher level, where they might escape more easily.

Emplacement and Relation to Structure

Although structure and contact relationships are largely
nknown for the entire batholith eomplex to the east, that part
of it seen in Vaseaux Lake area is clearly related to phase 3
deformatlon, and may be in part respons1ble for that deformatlon
At thekaanagan Valley the pluton appears to have come up along
'the.invertedglimb of the megascopic phase 3 struCture, Gallagher
Lake'Synferm. :_Yet in an easterly direction it truncates this
structure and'reaehes its hinge north of McIntyre Creek.
Assuminé that stopingkdid not play an increasingly important
role in the.emplacement proceSSvin an easterly direction, the limb
of the Synform may not alone have localized the intrusion, although
the inverted limb would have been thinning and highly strained
durlng late phase 3.

An alternate hypothe51s, preferred by the writer, is that
the pluton.rose along a phase 3 structure that cross—cut the
inverted limb something like the shear zone hypothetically
illustrated on figure 4-3. Such a structure mith have
developed during phase 3 deformation as a result of the anisotropy»
impesed by the limbs of megascopic phase 2 folds, which at this
stage, were being re—felded by a mechanism of flexure strongly

influenced by the more competent lithologies.
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The pluton may have worked its way up such a zone of’
weakness by slbwly shouldering»the walls aside. By'adding heat
to hhe wall-rock, it may have brought about a change in the style
of.deformation from a brittle to a mofe ductile type. The wall?
rocks might then have more easily responded by moving outward,
absorblng some of the shoulderlng stresses, but the advanc1ng
pluton may also have begun to lift its' roof.

In Vaseaux Lake area, rocks whlch compriseathe'footWall of
the plutoh prebablyvresponded to the shouldering effects of
intrusion by fenewed closure {(and flattening) of phase 3 and
| earlier,foids, .. The slide and mylonite found in ﬁhe northern parﬁ'
.ofethe map-area, associated with outward (northerly) movement of
a segment inithe core of Gallagher Lake Synform, may have:beVeloped
’ - . . bt
to alleviate a room problem in the core of the Synform brehdht on
by further closure. Emplacement of the pluton‘might also be;
reSpohsible in large part fer the flatness of dip, and the atten-

uation of Gallagher Lake Synform and paraeitic,sttuctures.

- Age and Significance

. The rbcks'of Unit B cannot be directly dated on geological
grounds,‘and'no radiometric ages are available within the‘map—area.
They are however, lithologically very similar to the intermediate
"phase of the composite Oliver stock, a biotite quartz menzonite
characterized'by up to inch long poikilitie microcline "phenocrysts"
(Richards, 1968). The Oliver stock lies just beyend the south-
wesf coﬁner of'the map~area, on strike with Unit B,,and.has been
dated at 136-144+6 million years by the K/Ar method (White, et al,
1967, and White, et al, 1968). |

Structurally, the Oliver stock is marginally foliated, but
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has no penetrative regional foliation parailei to“F3; and is more
_iike»the small stock east of Vaseaux Lake’than>other_parts of

Unit B.  These stocks are thought to be the latest post-kinematic
phases.of-Uhit B, and the radiometric age l44i6 miliion years is

therefore considered to represent.a minimum age for phase 3

deformation.

METAMORPHOSED INTERMEDIATE TO BASIC DYKES
A few fine gréined dykes composed principally of biotite,

Vhornblende and andesine with minor quartz,“potaesium feldspar,
vepidote,_séhene and apatite'are_found in Vaseaux Lake map-area.
“With respect to'deformation and metamofphism these are dated as
boet-phase;Z and pre- or syn- phase 3 on the basis of their.
contact‘relationships and internal structure. They ma§ or may

not all be of identical age, but they have in comﬁon well developed
maréinal, and secohdary'foliations parallel to F3..
| At Shuttleworth Canyon one such dyke crosscuts a major sheet
of phase.2 granitic gneiss (Unit A), hut_is deformed with.the' |
.gﬁeisstintq oéen phese 3 folds, clearly dating the relative time
.of dyke emplacement. These dykes are significant in that they
suggest bhases 2 and 3 were separated by some interval of time in
which the rocks hecame cool and fractured. The.two‘phasesiof
_deformation may‘net have evolved from a single contihuous dyna-

mothermal event as might be suggested by the almost co-axial

phase 2 and phase 3 fold sets.

ULTRA*BASIC ROCKS AND AMPHIBOLITES
Elongate lenticular bodies and sheets of basic to ultra-

. basic rock with thicknesses to several hundred feet, lie parallel»

to compositional layering in the northeastern part of the map-area.
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'These rocks are coarse gralned biotite calcic plaqloclase
amphlbolltes, calcic plagioclase Clan pyroxenltes and clino-
pyroxene dunltes. | Their age and origin is uncertaln, but their
present- form and mineralogy is probably the resultvef a ieng and
_eemplex history of deformation and metasomatiem.

The age of the ultra~ba51c rocks is clearly greater than
“Unit B, as they are crosscut at many localltles by weakly
foliated dykes and simple pegmatites related to Unit B. At one
loeeliry a small body of coarse grained amphibolite is cut and
veined by granitic gneiss (Unit A), and it is therefore posSible
tﬁat_all'of the ultra-basic rocks date back to an early stage ef-
the second or even the first deformation. They may be fragments
of some early ultra-basic mass which became “sliced—up"‘ahd
tectonically.emplaced.during an early phase of deformatioe.' They
might equally well be parts of an oceanic lithospheric plate
perhaps related to a continental collision which gave'rise to
phase 1 folds? | |

Extensive metasomatiem which accompanied the}emplecement of
granitic gneiss (Unit A) in a middle .amphibolite facies environ-
ment, may have drastically altered these rocks and established
their present miheralogy. At one locality olivine clino;pyro—
xenite ie partially altered to biotite amphibolite_suggesfing
that tﬁe emphiboiite may have been a final stable assemblage.
The pyroxenite however} may itself be a metasomatic rock as the
coarse diopsidic pyroxene is extremely poikilitic with respect
to fine grained anhedral magnetite, which may be reliets from
some eariier (serpentinite ?) stage. Inclusions of magnetite

persist in the repiacing amphibole, and are characteristic of the
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'_coarse’grained amphibolites found elsewnefe;

Partial serpentinization of dunite and‘pyroxenite may have
ocCurfed during phase 3 deformation or earlier. Evidenoe for
this_may be seen where dykes of Unit'B cut the pyroxeniteS4 and
metasonatic chrysotile, phlogophite tremolite-actinolite |
assemblages have oeen produced'in the wall-rocks adjacent to the
dykes and pass outwards to partially serpentinized rock. These
minerals also occur along fractures throughout partiallyvser—
pentlnlzed pyroxenites, ‘and with talc and carbonate in small

zones of hydrothermal alteratlon not related to dykes

eTERTIARY DYKES

A few dykes and sills of probable Early Tertiary_age cut _
thevmetamorphic complex. . These have compositions simllat %o
volcanic focks of the Marron Formation found northwest of tne
anap—area (Chnrch 1967), with which they are probably'contempor—
aneons. Unlike their volcanic equivalents, these dykes are
strongly foliated'and weakly metamorphosed, as a result of phase
4 defornation, and are therefore useful in datlng the later nhases
of'defofmation.in Vaéeaux Lake area. o | |

Anorthoclase bearing rhomb-porphyry sills and irregular dykes
found in the map—area,‘are similar to rocks of the basal Yellow
Lake Porphyry Member of the Marron Formation. These have narrow
chill zones at their contacts, and sills in particnlar have
developed penetrative foliations parallel to their margins.
Deformation-of these rocks may have commenced_befofe they were
completely solid, and probably continued as they cooled Their

‘ metamorphlc features such as the replacement of cllnopyroxene by

blOtlte and hornblende, and the unmixing of two feldspars from
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énorthoclase méy be related to simultaneéus hydrothermal
acti§ity and shéariﬁg, as these sills cooled;

,lother dykés, fine graihed light t04dark_cdloured rocks,
- may be equivalent to soﬁe of the younger Marroh Laﬁas. Unlike
the rhomb porphyry sills, theirnemplaéemenf was strongly con-
£rolled.by the northerly trending Jl fracture set, and they are
themselvesvfoliated parallel to the fractﬁres in which they lie.
.Théir margins are distinctly chilled,‘and in thih—sectibn'céntain
zoned piagidclase microlites in an extremely fihe,graiﬁed'matrix.

With respect to dating the later phases of deformation,

_develdpment of-dl fractures,-a late-stage phase 4 event (Chapter
3),”would appear to coinéide in time with volcanism which gave
rise to the YOungerrparts of the Marron Formation. ‘Empiagement
of.fhomb-porphyry sills and shearing in the ﬁlanerf coﬁposifional
layering, which are perhapé expressions of the earlier flexural-
:slip folding aspect of phase 4 deformation;‘ﬁay have been in'
prdgress at the time Yellow Lake Porphyry'laVas reached surface

in the Eariy Eocene.
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" CHAPTER FIVE

METAMORPHISM

INTRODUCTION

'Study of the metamorphism in Vaseaux Lake area is in many
.ways ﬁnreWardihg. Mineral assemblages are relatively simple, -
and are not themselves diagnostic of a precise type or physical
condition of metamorphism, that may be simply illustrated as a

point on a P/T diagram. Further, no systematic variation of
e»mineral aesemblages occurs within rocks of similar composition,A
‘and.lh geaeral'there would appear to be near equality oflmeta—
morphic grade-thrOughout the whole area.

Metamorphlsm, Wthh accompanled tPe secohd phase of def—
;lormatlon gave rise to the amphlbollte facies mlneral assemblages
‘now found in Vaeeaux Lake area. The nature of this metamorphism,
" and timeﬂrelationehips between metamorphic recrystallization and .
‘defofmation are no longer easily recognized. They have been
»complicated by metasomatie and thermal conditions imposed by
inVadingAgranitic plutons of two ages,'cataclasie associated with‘
three later phases of deformatien, and widespread.hydrothermal

alteration which accompanied the latest of these.

EARLY METAMORPHISM

. While two early phases of_deforﬁation (phases 1 and 2) have
. been recogﬁized, accompanying metamorphism was of a'progressiQe
natufeL - It appears to have reached middle to upper greenschist
faéiesvdﬁrinq phase 1, and gone on to amphibolite faeies duringl’
lphase.z, and no evidence was found to suggest whether or not a

long period of time intervened.. Conceivably, phase 1vand phase 2
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folds ‘may have been successively formed under the continued
influence of a broad phase of progressive reglonal metamorphlsm,'
Wthh culminated with plutonism and metasomatism during the second '
deformation,; and gave rise to the present mineral assemblages.
Later deformation, metamorphism and alteration has had the effect
:of mechanically re—arranging and partially re-crystallizing these
assemblages, but only locally have they been drastlcally changed

or completely obliterated.

Mineral assemblages found within the succession, and thought
to be representative of the early metamorphism are listed on table
5-1, where they are grouped on the basis of rock type. These
assemblages, on the basis of plagioclase compos1t10ns, the presence
of dlops1de 1n amphlbolltes ‘and calc Qﬁllcates, and garnet 7n most
assemblages, are a551gned to the lower or mlddle ‘part ‘of the
amphlbollte fac1es of Turner (1968) (almandlne amphlbollte facies'
of_Winkler 1965 -~ Turner and Verhoogen 1960). Index minerals,
such as staurolite, andalusite, kyanite etc.,.necessary to classify
the’metamorphism more specifically, are not found. Pelitic rocks
must have'been,originally somewhat impoverished}in alumina such
“that micas,‘feldspars and garnet, trapped alumina in their structures
as it became aVailable, and the more aluminas index minerals could
not form.
| - Temperatures corresponding to the highest part of the amphlb-
olite facies (qlll1man1te ~almandine- orthoclase subfac1es), char-
acterlzed by the breakdown of muscovite in favour of 51111manite
and K- feldspar, were not attalned Muscovite is a stable part of

‘most pelltlc assemblages, and those assemblages which contaln a,'

.single mica (biotite) lack sillimanite. Further, epldote persists



TABLE 5-1

. MINERAL ASSEMBLAGES FORMED DURING EARLY METAMORPHISM (PHASE 2)

NUMBER OF

Cal, Qtz, Diop, Epid, Scap.

.~ ROCK TYPE AND | :
© . LITHOLOGIC UNIT OCCURRENCES' IN ASSEMRLAGE
: ‘ THIN-SECTION
5 Qtz, Plag.(An28_35), Biot, K-Felds.
3 Qtz, P%ﬁgw(An3o_89), Biot, Garn.
3 Qtz, Plag (An ), Biot, Musc.
21-29 h
SCHISTS . sphene
_ 5 Qtz, Plag (An18_30), Biot, Musc, + apatite
UNITS 2, 4 K-Felds. zircon |
: opagques —
8 otz, Plag_(An28_40), Biot, Musc, 2
Garn. , 1
1 Qtz, P;ggd(An30), Biot, Musc,
K-felds, S$ill; " (local Garn.).
1 Otz, Biot, Musc.
IMPURE i
2 thz, B;ot, Musc, Plag (An26—38)' zircon
QUARTZITES - : ’ + apatites
EalR 2 'gzié Biot, Musg, Plag (An40_42), opaques -
UNITS 2, 4 ) ,
1 Qtz, Biot, Musc, K-felds.
2 Cal. _
1 Cal, Qtz, Diop, Epid.
1

Cbnt'd..



ROCK TYPE AND
- LITHOLOGIC UNIT

NUMBER OF
OCCURRENCES IN
THIN-SECTION

ASSEMBLAGE

Hb, Plag (An48_74), Diop.

Cont'd..

Cont'd.. 3 Cai,,Qtz,nDiop, Epid, Scap, Gros.
1 Cal, Qtz, Diop, Epid, Scap, Gros,
Plag (calcic).
3 Cal, Qtz, Diop, Epid, Scap, Plag musc
CARBONATES . (An68_74),'K—Fe1ds. sphene
' ' zircon
CALC-SILICATES 1 Cal, Qtz, Scap, K-Felds. + phlogophite
- . S zircon
UNITS 2, 4 1 Diop, Epid, Qtz, Scap, K-Felds. opagues
1 Biot, Epid, Qtz, Gros, Plag (An38), |
' K-Felds. =
- _ o
[e)}
1 Biot, Hb, Qtz, Gros, Plag (An38). !
1 Qtz, Plag’(An32), Biot, Hb.
GRANULITES AND 2 Qtz, Plag (Anyq_34), Biot, Hb,
. K-Felds. :
SEMI-PELITIC 4 otz, Plég (An30;37), Biot, Hb, sphene
' v ' K-Felds, Epid- o : zlrcon
GRANULITES i : _ + apatite
o . allanite
' _ 4 Qtz, Plag (An,, .,), Biot, Hb,
UNITS 1-5 Epid, Garn. 31-39 opagues
1 Qtz, Plag (An73), Biot, Hb,
Epid, Garn, Diop.
1 Hb, Plag (An32).
2



ROCK TYPE AND

. LITHOLOGIC UNIT

NUMBER OF _
OCCURRENCES 1IN
THIN~SECTION

ASSEMBLAGE

Cont'd. .

2 : Hb, Plag (calcic), Diop, Biot,
Epid. =~
, : : g » sphene
AMPHIBOLITES . . . .
o C 2 Hb, Plag (An ), Biot, Epid, apatite
' G 32-41 — zircon
UNIT 4 arn. _ : ' . ‘
: . opaques
3 Hb, Plagw(An4O_42), qut, Epid,
Garn, Qtz.
Abbreviations:
Qtz. - quartz Sill. - sillimanite
Plag. - plagioclase. Cal. = . calcite
K-Felds. - K—Feldspar Diop. - - diopside
Biot. - biotite Epid. -~ — - epidote
Musc. - muscovite Scap L= scapolite
Garn. = - garnet Gros. = - grossularite
Hb. hornblende |

=L0T-
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in many quartz bearing assemblages, but should have been elim-
inated had cénditions of the highest amphibolite subfacies pre-
vailed (Winkler 1965).
7Regional metamorphism in Vaseaux Lake aréa cannot be

entirely separated from synkinematic plutonism (granitic gneissés
of Unit A) and associated metasomatism. Potaéh metasomatism, in
particular, has given rise to orthoclase in assemblages. which
otherwise might not include K-feldspar. ‘Rocks such as the semi-
pelitic gfanulite, shown on plate 5-1, usually conﬁain biotiﬁe}
vhornblénde,'quartz, plagioclase and possibly epidote and garnet.
In this instance 1arge porphyroblasts of orthoclase, as well as.
matrix orthoclase are also present, and are»clearly metasomatic.
:Atvthe localitx shown on plate 5-1, thg Fetasoﬁatic‘zéné{i§ several
hundred feet tHick ahd lies above a hajor sheet of granific‘gneiss.
Here the metasomatism was a late phase 2 event, as porphyroblasts
have grown across phase 2 structures on the hinges and in the cores
of phase 2 minor folds, and are themselves but weakly deformed.

| In rocks such as schist, which have undergone considerably
moré defprmation since the emplacement of:grahitic'gneiss,vmeta—
somatic K-feldspar is difficult to recognize. .Whére the K-feldspar
is restricteé;to:pegmatitic and quartzo-feldspathic layers, a more
normal situation, it is easily attributed to the metasomatism.
Where it forms part_of a fine grained matrix, such as in the K-
feldspaf'bearing assemblages reported on table 5-1, its origin.is
’léss certain. In these rocks the K-feldspar may be‘part of the
original assemblage, as it is not found in contact with garnét and
farely.occursfin layers containing garnet. Biotite or muscovite
wduld be expected to form rather than K—feldspar, if excess Kéo

were available in an almandine bearing assemblage metamorphosed
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Plate 5-1 Metasomatic orthoclase porphyroblasts in
semi-pelitic granulite above a major sheet

of granitic gneiss.

Plate 5-2 Laminated plagioclase diopside amphibolite
displaying weakly developed cleavage Fj.

Plane polarized light. Field approximately 4.7 mm.
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in the:lower part of the amphibolite facies (Winkler 1965).

- fime relationships between defofmation, crystallization of
thélvériéus minerals, piﬁtonism aﬁd metasomatism are not entirely
, clear. i Thelhighest temperature assemblagé recorded (silli%
manite aftér huscovite) occurs ‘at the contact of a major sheet
- of granitic gneiss, but metamorphism probably reached amphibolite
facies befére granitic magmas weré emplaced; Whether metasomatié
fiuids, in advance of the rising magmas, carried heat upwards and
 caused ﬁetamorphism to reach the amphibolite facies, or whether
' the metamorphism is part of broader high grade regional metamorphic
picture,'éahnot readily be said because of the sméllness of the
map-area.

. . ‘ ‘ : |
' The principal reason for associating the culmination of meta-
: : Do i | oy

{morphism with.phaSeEZ aeformaﬁioﬁ is‘'the strong prgfe}réa‘grientQ
ation of hornblende parallel to L2, but hornblende appears to have
formed at an early syn-kinematic stage. Hornblende, once formed,
became affected in various ways by later parts of the same def-
ormation.. In quartz rich semi-pelitic granulites for example,
hornblendehbecame subject to a high degree of cataclasis as a'
result of the ihternal deformation and flow of qpértz. In quartz
deficiept_amphibolites, cataclasis was less significant. Hornblende,
diopsidé, piégioélase assemblages had greater strength,.and did not
deform so much internally by a flow mechanism, (piate 5-2). Cata-
clasis was reStricted to discrete shears developed parallel to F,
and to the hinges of phase 2 folds.

The'orientétion of hornblende prisms may have. been goVerned by
mimétié crystallization along foliation intersections, becéuse it

has also .grown parallel to Ll' most notably on the hinges of relict
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phase 1 folds. Otherwise two generations of ho#nblende, and
area—wiaé recrystallization of hornblende during phase 2.deformation,'
aré implied.  There seems to be no reason to expect such wide-
spréad recrystallization if the metamorphism were 6f a progressive
nature; Evidence for late- or post-kinematic growth of other
,minerals is also hard to find, élthough the true relationships are

'~ obscured by phase 3‘and later deformation. In schists where F2

is a tranSpOSitioﬁ structure, criss-crossing and intergrown micas
suggest mdre>than one period of growth beforé phase 3, but it.is
impdssiblé to relate the growth of micas to any particular part
of phase 2 deformation.. In some less deformed rocks, quartz rich
- semi-pelitic granulites in particular, micas exhibit relationships
" suggesting pre- or early ppase 2agrowth,‘fol;owed‘by Eoﬁation-into
| aititudes Sub;parallel‘to F2, latgr in bhase 2 deformation. ' For
example plates.5—3.and.5—4 show the hinge of a minor phase 2 fold
outlined_by'layers rich in biotite; as they appear in thin-section.
_,Réther_than sweeping_smoothly around the hinges, many_individual |
micas éppear to have béen rotated away from the'plane FO/F1 and now
lie sub-parallellto FZ' Their new attitudes, as seen_ﬁith crossed
polarizers, are governed by grain boundaries of quartz, which as a
. result of flattening‘have become elongate ﬁarallel to Fz, Micag
trépped between fiattening grains of guartz appear to have become
well.orientatéd, while those bouhding on feldspar are not so well
orientated and are often bent or broken. Alﬁhough some grthh of
biotite parallel to F2 may have occurred;‘the main period of mica"
growth preceded at least the final movements on Fz, and‘may‘date
back to an earlier stage in the second or evén the first deformation.
}The ¢dnditions'of metamorphism that may have prevailed du;ing

phase 1 deformation are part of the same perplexing problem.
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Plate 5-3 Phase 2 minor fold hinge displaying micas
parallel and sub-parallel to Fo/Fl and Foe

Plane polarized light. Field approximately 4.7 mm.

Plate 5-4 Same field as above but with polarizers crossed

to illustrate strain pattern in quartz. See text.
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Quartz-feldspar (largely plagioclase) segregation layers and
lamellae are the obvious fabric elements developed during the
firSt_phase of deformation and metamorphism. Where relict phase
1 folds are found, segregation layers are deformed on the hinges
‘(plafes'3+l to 3-8), but are also developed to a lesserldegree
parailei:to Fl'. It therefore appears, that the development of
segregation'layering preceded and overlapped the development of
Fl' ahd that‘segregation was controlled by an earlief foliation,
oerhaps parallel to bedding.

Segregatlon layerlnq is known to be well developed in rocks
deformed and metamorphosed in the upper greenschist facies, such
as 1n the Otago schists of New Zealand (Turner, 1968). By
analogy(.and lacking any evidence to suggest*otherwise, oonéitiOns
g of»at least middle to upper gfeengohist;faoies‘are-therefOre*
suggested for tre first deformation in Vaseaux Lake area. During
thislmetamorphism,‘fhe development of segregation layering might
relate in time to gross chemical re—arrangeﬁentiand dehydration
» associated with the breakdown of clays and chlorites, and the
formation of mioas., Released water may ﬁave migrated along shear
planes and given rise to segregation layering by a-solutioa—‘l
nucieation_process{

The degree of development of the axial foliation Fqi during
early'deformation is not known, and whether it was originally a
strain-siip structure or a flow-type cleavage cannot’be said with
'cerfainty. Where possible vestiges of this early cleavage are
 seen in thin—section, such as within the impure quartzite shown on
plates 5-5 and 5%6, Fl is outlined by flattened quartz and biotite.
The_mode‘of occurrence of these minerals suggest that ductile flow

barallel to F, was at least a contributing factor in thelearly
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Plate 5-5 Penetrative foliations F,? and F, and bedding
Fo, in garnet plagioclase (An38) biotite quartzite
from Unit 4a. Plane polarized light. Field

approximately 4.7 mm.

Plate 5-6 Same field as above but with polarizers crossed

to illustrate strain patterns in quartz. See text.
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deformatien, and that synkiﬁematic biotite‘may'have'formed and
'_'become eoarse grained. Neither segregation layering eor Fi A#e'
well developed in piates 5-5 and 5-6, and the observed compositionalt
layering mey be bedding (F,). Biotite lies parallel to F, and Fq,
and both are planes of flettening, in which quartz grains have
elongate shapes. The penetrative foliationin, also outlined by
quartz and biotite, cuts obliquely across both of these earlier

,structures.

Conclusions:
It would appear that‘metamorphism'aecompanying phase 1
deformation in Vaseaux Lake area reached, at least, upper greene

SChlSt facies ‘and gave rise to mica bearing assemblages and: prlmltlve

\”

1

'segregatlon layerlng At some later tlme, durlﬂg pﬂase'Z def—
ormatlon, metamorphlsm progressed to the amphlbollte fa01es, ahd
synklnematlc erystalllzatlon resulted in hornblende allgned par—
ellei to L, and mimetically along vestiges of theleerlier linear
Strpctﬁre Ly. licas probably continued to increase in size in |
the_plahestFo/fl and new mices may have grown parallel to Foy.

Seme mica bounding:on quartz as the result of flattening end
ductile flow of quartz‘appears to have been rotated into attitudes
sﬁb—parallel to-F2.
. Later,'prObably'at_the,thermal culmination associated with
phase 2 deformation, the succession was extensively metasomatized
and veined with pegmatite, in advance of a rising plutonv(Unit.A).
Maximum grain size was probably attained as thick granitic sheets
were emplaced perucing local higher temperature sillimanite
vbearlﬂg assemblages at their immediate contacts.

Wlth wanlng temperature, phase 2 deformatlon appears to have



-1l6-

'cbntinuéd.to afféct the succession, but was of a mofe‘brittle‘
éharacter} ' Alternatively brittle deformation parallel to lemay
be almost entirely the result ofbrenewed closure of'phése 2 folds
during phase 3 or later deformations, as will be seen in theb

following sections.

PHASE 3 METAMORPHISM

In Chapters 3 and 4 it has been suggested that phase 3 def-
-ormation progréssed with increasing temperature from flexural-slip
folding, to a hore ductile type of deformation, as late-kinematic
granitic pluto%s (Unit B) were emplacéd. Emplacement of the‘main
granitic mass'hay'be responsible for the iater more extreme part
of the>def6rmaﬁion. It appeéfs to have made room for itself by
flattening anditightening Gallaéher'Lake Synfofm and some;éarlier
’-‘folés. Emplacement of Uni£ B prbbably also marked avlocalyihermal

high associated with phase 3 deformation, and may in a general way

be considered [the cause of metamorphism.

MineraloQically, phase 3 was by nature, a physically des-
I :
tructive evenﬁ characterized by recrystallization pre-existing
amphibolite facies mineral assemblages. New mineral assemblages,

|
either prograde or retrograde, did not form, and new minerals

grown from coJminuted materials are those present in the original
'assemblages.v4 Deformation and metamorphism,are,thefefore thought
to have culminated at temperatures and pressures that were'neifher
much greater or less than those that produced the middle amphibolite .
facies assemblages during phase 2 deformation. Although temp-
eratures probably decreased with distancé from ﬁnit B, conditions

" of at least lowest amphibolite facies are implied throughout the

area at the culmination phase 3.
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Direct evidence of'metamorphism'in the lower»amphibolitel
'faéiesvcomes-from a few basic and intermediate dykes which were
metamorphosed for the firét time during phase 3 (Chapter 4).
Mineral assemblages in these rocks consist principally of andesine,
biotite and hornbiende with miﬁbf quartz; K-feldépar, epidote,
‘sphenéy opaqués; - |

In préviouSly metamorphosed rocks, growth of a new_generation
of biotite parallel £o-F3, such as shown on plate 5-7, is not in-
consistent with lower amphibolité fécies metamorphism. Biotite,
is the only mineral that can be definitely shown to.have grown
during phase 3, although in some schists tiny euhedral garnets
in association with large flattened garnets also ﬁay have .grown

during phase 3. | N o

|
| : -
i 1

Pyroxenites and dunites, as indicated in Chapter‘4,‘ﬁay have
been.partially serpentinized during phase 3, suggesting an upper
: teﬁper;tureilimit Qf about 500°C (Turner, l§68) within.the limited
afea that such rocks are found. Metamorphism would then be
restricted td the lowermoét amphibblite facies, but there is
unfortunately no way to exactly date the time of serpentinization,
and itwcould,:for example, be a very late phase 3 phenomenon,
accomplished as temperatufes waned.

Although?the rocks were not chemically responsive to temp-
eratures and pressures prevaiiing duringvphasél3,‘théy responded
'pﬁysically by deformiﬁg; Again various minerals present part-
icipated in different wéys and responded differently depending on
their Struqtural position, and the mineralogical composition of ‘the
rodk in which they occur. Quartz, for example, in weakly deformed
sémi*peiitic granulites such as shown on plate 5-8, deformed by

ductile flow parallel to Fg and developed pronounced strain
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Plate 5-7 Phase 3 biotite aligned parallel to the axial
plane F3 of a minor fold. Plane polarized light.

Field approximately 4.7 mm.

Plate 5-8 Strain pattern in quartz outlining the foliation
F, across the hinge and limbs of a minor phase 2
fold. Plane polarized light. Field approximately

4.7 mm.
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_‘patterns (deformation bands of Carter et al.1964). More ‘brittle -
mineréls such as feldspars, amphibolités and micas were mech- |
anically abraded and sometimes marginally recrystallized.

. Exfreme-defbrmation related to phase 3 was highly loéalized‘
by lithology (schist), pre-existing structure (phase 2 folds) and
newly developed'mylonitic zoneé of which the slide in the northern
map—areé is a large-scale example. = Some similarities in ﬁhe
sequence of events comprising phase 3 defdrmation, may be seen in
these intensély‘deformed rocks. |

Within schists, large garnets have been flattenéd in the
plane of F2,'butiare also slightly to conspicuous;y elongate
parallel'or sub—parallel to L3,rwhich suggests that their def-
ormation must be a phase 3‘feature. Just how they attéihed“such
éhapes during,phaée 3 is a matter involving soﬂe speculatioﬁ.

Many of these garnets, as indicated by obliquely orientated
inclusions'of mica, have been rotéted a£ some stage in their
history (plate 5-9). Whether rotation accoﬁpanied growth during
phasev2, or occurred later, cannot be exactly said, but it is
' thought.likely thatfat least some of the rotation occurred during
phasev3; and ﬁight be thé reason:for elongation parallel té L3.

It is argued that at some early stage in phase 3 deformation,
flattening and rotational shear acted simultaneousiy in the plane
of F, sﬁch thatléarnets were rolled»into "spindle-shapes", elongate
app;oximately.parallel to L3. At a iater stage, an episode of |

non-rotational flattening in the plane of F commenced,‘and

2
garnets continued to flatten, but retained,‘to_various degrees,
elements of their original elongation parallel to L3. The non-

. rotational episode of flattening is thought to coincide in time..

- with the late development of strain-slip cleavage F3, (plate 5-10)



s
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Plate 5-9 Flattened garnet bearing oblique inclusions of
mica. Crossed polarizers. Field approximately

4.7 mm.

Plate 5-10 Flattened garnet lying parallel to Fp. Late

strain-slip cleavage F crosses obliquely.

3a
Plane polarized light. Field approximately 4.7 mm.



-121-

-which took up the shear component previously operating parallel
~to F,.
Where garnets are not seen in schists, similar histories

ﬁay be Sdmetimes inférredifrom minor folds. ‘For example, in
plate 5-11, an isoclinal phasef2‘structure’has developed in peg-
matite veined schist under tlie influence of flattening and
rotatibnal shéar (rotated porphyroblasts). Résulting transposed

layéring is crossed by a later oblique cleavage F a (plate 5-12)

3
which is best developed in zones of incipient phase 3 folding.

In mylonites where phase 3 deformation is even more intense,
and transposition and recrystallization are almost complete, F3a

is also a late formed cleavage:. Rocks from the northern mylon-

, o
itic zone, in thin-section, display a well developed cleavage F3a,

outlined by new biotite, grown from éomﬁinuted materiafs'in}the
matrix (plate 5—13). Here F3a formed after movements parallel to
the transposed internal layering had ceased, at a time when shallow‘
phase 3 folds were developed across the mylonites.

The sequence of evenﬁs inferred from rocks whiéh became
highly éefofmed dﬁring phasé 3, is consistent With an overall
picture of phase 3 deformation. At an early sﬁage rotational
shear would be expected on the limbs of the megascopic phase 3
sthcture (Gallagher Lake Synform) which was developing by a mech-
anism of fle#ural—slip; Flattening, at the same time, must have
been important,»becauSe of renewed closure of phase 2 folds as a
result of re-folding.

As temperatureé rose and phase 3_deformation was intensified
in responsé to the emplacement of Unit‘B, fotational shear.and

- flattening within the planes of pre-existing foliations continued

until interrupted by the development of phase 3 planar structures.
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Plate 5-11 Isoclinal phase 2 structure in pegmatite veined

schist. Plane polarized light. Field approximately

4.7 mm.

Plate 5-12 Oblique phase 3 structure developed across
transposed pegmatitic layering in schist. Plane

polarized light. Field approximately 4.7 mm.
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-Tﬁis stage was reached when Gallagher Lake Synform became so
tightlY’appressed that it could close no further by a flexural
mechéniem. A large segment within the core of the'Synform, now
 bounded by'the'mylonitic zone in the northern map-area, was forced
outwards as further closure beoame difficult, at some transitional
stége. |

Finally, the penetrative cleavage F3a’ a strainFslip.structure
as well as a planevof flattening, developed and began to take up |
the ehear component previously operating in the planes of earlier
'foliations. As the Synform continued to close, earlier foliations
as well as F3 piaﬁer structures continued to-act.as planee of

flattenlng

TERTIARY THERMAL EVENT

- Struotural and petrographic evidence of an Early Tertiary
thermal-hydrothermal event is found in the rocks of Vaseaux Lake
-area, andvprobably‘coincides approximately in time with volcanism
in-nearby.areas. With respect to the development of structure,
the thermal event overlapped ohases 4 and 5 of deformation,'both
of whlch include eplsodes of open folding and fracturing.

Rhomb porphyry sills and dykes, equlvalent in age to the basal
Marron lavas, were emplaced during the fourth phase of foldlng, and
developed strong foliations parallel to their margins (Chapter 4).

_ Their margins are but weakly chilled, and it is thought that the
' wallfrOCks ﬁay ha&e been warm at the time they were emplaced, and
'that cooling may have beenVSOmewhat inhibited. Slow cooling is
further implied by the unmixing of two feldspars in anorthoclaée
(plate 5-14) although exsolution was probably facilitated by

simultaneous shearing, as it is best developed in more highly



Plate 5-13 Late cleavage F3a outlined by new biotite
across transposed layering in mylonite. Plane

polarized light. Field approximately 4.7 mm.

Plate 5-14 Exsolution textures and relict zoning at the
margin of a rhomb shaped pseudo-anothoclase

phenocryst. Crossed polarizers. Field approx-

imately 4.7 mm.
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bsheared»recks.

bAnbther feature of highly sheared rhomb porphyries are
pseudomorphs of hornblende rimed by biotite, after phebocrists
of clinopyrbxene. It is thought that such hornblende and blOtlte
may have formed by a late hydrothermal reaction aided by shearlng i
as the rhomb porphyry bodies cooled, rather than by a reaction
iﬁducea,by a regional P/T environment approaching amphibolite
facies.

'Evidence of widespfead hydrotbefﬁal activity, also of probable
'Eafly.Teftiary age is found throughoﬁt Vaseaux Lake map-area. |
IntenSe'hydrothermal alteration is restricted to two large‘areas(
near the southern and northern boundaries of the map—area (plate

5-pocket), but 1nc1p1ent to weak replacement of blotlte and horn-

blende by chlorlte, epldote—chlorlte velnlng, and|weak ser1c1t—
ization of feldspar is often found elsewhere.

Most highly altered rocks within the large zones of intense
alteration, are bleached white to grey derivatives of metamorphic
and granitic rock, veined and impregnated with ciay minerals.
"Fe;dspars~are beplaced by clays and sericite, ferromagnesian
mine;a154arevngt'to be found, and textures are strikingly cata-

clasfie (plate 5-15). - Outward througb a.broad zone, chlorite
‘and‘epidote became progfessively more abundant, and relicts of
original fabric and texture may be recognized. Sericiﬁe persiste
invplagioclase,,but.saussabite‘becomes the dominant alteration
product, and emall amounts of secondary carbonate and pyrite are
feuad along fractﬁres. At Qreater distance from the'centers,
beyoﬁd the zones shown on plate 5, the alteratien slowly diminishes
~ to an_ineipient level,.and is not seeb at all in some distant areas.

‘Zones of most intense alteration appear to be structurally'



Plate 5-15 Cataclastic texture in bleached granodiorite
from the southern zone of argillic alteration.

Plane polarized light. Field approximately 4.7 mm.
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controlled and are not, in any way, directly related to e#poséd
) igﬁeous bodies. At the southern occurrence, most intense
alteration is cleafly related to faults which bound an intsrnally
"fraotpred.granitic blook (Unit B) on the north and east. In the
'north, the zoneviies‘rOﬁghly along the axial trace of Okanagan
Falls Synciihe (Church, 1967), a major phase 5 fold containing
.volcahics.and sediments of the Early Tertiary Marmara.and_White
Lake Formations in its core. Elsewhere, where alteration is lessi
extreme,Jl fractures have strongly bleached walls and contain- |
chlorite, ebidota, and sericite. Jp fractures may or may not be
altered,'ahd younger fraoture sets J3 and J4 are antirély younger
than'the hydrothermal event. The time of alteration, fiom a
_structural point of view, would therefore be placed betwséﬁ late
phase 4 deformation (Jli andvearly‘phase's deforﬁation (J2£ (see
.Chapferi3), | |

Relationships betwean Teitiary rocks in the oofa of Okanagan -
Fails SynCline,‘and the underlying Vaseaux Formation also provide
a clue to the age of the alteration. The Tertiary rocks afe, in
gensrai,.unaltered with the exception of small zones that may be

genetically'related to volcanic rocks in the lower part of the
_ : . _ !

1

sequence. In contraSt, the pnaerlying Vaseaux Formation within
50 feet of the contact is highly altered, and the broad zone of
~intense alteration within the Vaseaux Formation projects directly
into»the very muoh less altéred-Tertiary rocks. The drastic

ohangé in alteration intensity is difficult to explain without
invoking_a pre-Marmara and White Lake age for the alteration despite
thé fact that the unconformity is not exposed; and the contact ma§
or may not be, in part, a fault (Little, 1961).

- The observed relationships suggest that phase 5 folding
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commenced (Okanagan.Falls Syncline began tQ fbrm)-and fractarés
were opened along its hinge localizing the most intense ﬁydro?'
thermal activity. Locally altered Marmara volcahics and pyro—
clastlcs in the lower part of the Tertiary pile may have accompanled
or closely followed the period::of most intense alteration, but
»overlyin§ White Lake sediments were deposited later. Perhaps
Okanagan Falls Syncline continued to grow and formed the basin of
.deposition in'whiéh the White Lake sediments accumulated, and in
- which they were ultimately deformed.

Although intense alteratiqn in the Vaseaux Formation does_ndt
,ditectly coincide in space with centers of Tertiaty volcanism,
both are related in time, andvare therefore considered to be
related phenomena. In its broadest aspects (detalled clay
mlneralogy not. avallable), the aﬁteratlon is similar . to that
affecting granitic and volcanic rocks beneath presently active
hot-springs such as Sulphur Bark and Steamboat Springs (Dickson
and'Tenell, 1967).: Hot-springs thereforé may have existedanear
the'porthern and_southern boundaries of the map-area in the Early
Tértiary- . These became extinct before Whité Lake sediments_were
deposited iﬁ.Okanagan Falls Syncliné, and thué might.relate ih'
.tiﬁe to either the Marron volcanics or the somthat younger

Marmara volcanics.
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CHAPTER SIX

CONCLUSIONS

SUMMARY OF GEOLOGIC HISTORY (Contributions)

Within the Vaseaux Forhation of the present map area a
local structural succession comprised of 5 lithologic units
exceeding 4000 feet in total present thickness has been est-’
'ablished; These lithologic map-units consist of high grade
- metamorphic rocks that were probably derived from turbidite
Sandstoneé, shales and basic vplcanic rocks deposited and

. interbedded with minor carbonate and quartzite in a near shore

|
| . |

environmenf;i Subse&uently the Vaseéux fofmation ﬁas undergone
g'complex>history‘of;polyphase;éefarmatipp, metamorphism and_’
igneous intrusion as summarizea below.

1. Phase 1l folding, similar in style and along northerly
trends,vgéve rise to McIntyre Bluff Fold and minor structures.
Tﬁese,folds may have been originally recumbent, and asséciated
tectonic slides which developed probably continued to be active
at vafiqus times during later deformation.

Metamorphism which éccompanied phase 1 deformation appears
to have reached at least upper ¢greenschist facies; and gave riée
 to primitive segregation layering. Miﬁor sheets of quartz
monzoﬁite were emplaced into the succession.before or during
phase 1 deformation.

" 2. Phase 2 folding, also similar in style but along north-
wesferly trends re-folded and tighténed the earlier recumbent
. structures. Majoﬁ folds formed duriné phase 2 are Vaseaux Lake

Antiform, Shuttleworth Creek Synform, and other unnamed structures,

(
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.and’congruent minor folds are abundant in association with‘
these. Axial planes of phase 2 folds were originally inclined
at some moderate angle to the northeast and‘their axes were
-almost horizontal.
| Metamorphism in the amphibolite facies and ubictuous
synkinematic recrystallization'accompanied phase 2 deformation,
and the metamorphism may or may not have been a continuation and
culmination of that associated with phasé 1. At the thermal
culmination associated with phase 2, the succession was exten-
sively metasomatized and veined with‘pegmatite in advance of a
rising pluton (Unit A). A thick sheet of synkinematic.granitic
gneisé With several crossqptting'apophyses was thén emplaced
along theilimbs’and axial?pl;h;s of phase‘Z folds. _Thése
granitiC'rocks tdgether form the differentiated top of a
somewhat more mafic pluton (Unit A) which became frozen at the
observed level at a late stage in phase 2 deformation.

| Sméll lenses and sheets of ultra basic rock may have been
tectonically emplaéed at an early stage in the second or during
the first phaée of deformation. Their origin is unknown.
3. Phase 3 deférmation commenced with flexural-slip folding
along,weétnorthwestérly trends but progressed to a more ductile
typevof,deformation (similar folding) as granitic rocks.of Unit
B were . emplaced. Callagher Lake Synform and congruent minor
folds were formed early about southwesterly dipping axial planes
and near horizéntal axes and continued development'abqut the same
vdirect;ons throughout the latter pért of phase 3 deformation.
-As Gallaghef Lake Synform confinued to cloée in response to

forceful emplacement of a sub-concordent pluton (Uhit B) a slide
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developed, and gave rise to mylonite,and local minor folds of
diverse trehd. Earlier -formed phase 1 and 2 structures were
re-folded, tightened and variously re-orientated throughout phase
i  3. S

Narrow basic to intermediate dykes_intruded the suqcession at
some time betweén phase 2 and phase 3 deformation. Their em-
placement along steep fractures indicates that development of
phase 2 and phsse 3 folds along.almost co-axial trends are not -
a result of a single long-continued dynamothermal event. Rather
phases 2.and-3 were separated by a périod of time of unknown
duration when the rocks were cool and brittle.

mLater metamorphism, which_accomﬁanied phase 3, reached at
least lower amphlbollte fac1ss, p0551bly at ;bout the time
granitic rocks of UL1£ B were;emplaced. New mlneral assemblages
were formed in the above‘méntioned dykes,while pre-existing
phase 2 assemblages 'remained_unéhanged. Minerals newly crystal-
lized from comminuted materials in the matrix were orienﬁea along
phase 3 directions.

fhe minimum.age of phase 3 deformation has been set at 140
m.y. (Upper Jurassic) by K/Ar dates on the_post—phase 3 Oliver
stdck. | | |
4. Phasé'4-folding, flexural- Sllp in style, gave rise to a
vmajor northerly trending antiform with a steeply dlpplng ax1al
plane and gently plunging axis. Earlier structures were slightly
re-orientated on the limbs of this large antiform, and slip withf
in the planes of pre-existing foliafions géve local discontinuities
along which thin zones of mylonite were devsloped. Fracturing
along steeply dipping northnortheasterly trending surfaces accom-

panied and/or followed phase 4 folding.



-132-

Phase 4 is dated with respect to nearby early Tertiary
rocks by ano:thoclase bearing fhombvporpnyry dykes involved in
the deformation. These are equivalent in age to anorthoclase
_bearing lavas of the basal Marron Formation and their age and
the age of deformation has been set at 44 m.y. B.P. by K/Ar
dating (Ross and Barnes 1972).

Widespread hydrothermal alteration, probably associated
in space and time with rising early Tertiary Marron lévas,

. and possibly related to hot-spring systems, affected the suc-
cession during phase 4 and overlapped the incipient stages of
phase 5 deformation.

5. Phase 5 folding, also flexural—elip in style, produced*

' open ali.Scalé northweeterly trending foids with steeply dipping
axial planes and shallowly plunging axes. ‘These folds have
resulted in further re-orientation of the earlier structures, and
a large'antiform intersects‘the earlier phase 4 anitform to give
a broad domal structure near the centre of the map-area. Phase
5 folding was accompanied by extensive fracturing and faulting
and was accomplished primarily by buckling of independent fault
" bounded blocks. |

Phase 5 may have.followed continuously from, or shortly
after,.phase‘4 deformation but was by character a more brittle
(cooler) deformation. The hydrothermal event associated with
‘phase 4 clearly pre-dates deposition of White Lake sediments
which now occupy the core of phase 5 Okanagan Falls Syncline.

A minimum age of phase 5 deformation is set at pre-Miocene by
which_time the late mature erosion surface preserved in the

district had developed.
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INTER?RETATION

The agebof the Vaseaux Formation and 5 later phases of
deformation cannot all be determined by observation of rela-
tionéhips withir the area mapped or within nearby areas.
Ages of phases 4 and 5 of defofﬁatidn are best known and may
be set at 44 m.y.é.P. and post 44 m.y.B.P, - pre 25 m.y.B.P.
respectiVely on the basis of K/Ar dating of Marron Rhomb por-
phyry dykes which were deformed during phase 4 (Ross and Barnes
1972). Involvement of White Lake sediments in only phase 5
folding and the development of a later mature erosion surface
prior to the Miocene (Chufch.l967) place limits on phase 5.

A mini?um l40 m.y.B.P..(Upper'Jﬁ;asgic)'age for phase 3
deformation has;beeﬂvsuggestéd preVioﬁsly on the basis of the
K/Ar age (White et al.) of thé post-phase 3 Oliver stock.
‘Recent work west of the map-grea (Ross and Barnes.1972), to the
'contrary-haé shown that phase 3 deformation is pre-late Missis-
sippian in ége. The evidence for the foregoing statement is
- found near Olalla and at Blind Creek where undeformed fossili-
ferous limestones of late Mississippian or early Pennsylvanian
age overlie highly deformed focks of the 0l1d Tom and Shoemdker
Formations in which_structures_equivalent to phases 2 and 3 in
the Vaseaux Formation are present.

The Upper Jurassic minimum age for phase 3 deformation
suggested by the Oliver stock would, therefore, seem to be.
erroneous, at least superficially. Further the s?nkinematic
phase 3 pluton Unit B, despite its lithologic similarity with
parts of the Oliver stock, would seem to be much older and

totally unrelated. = . ) :



-134-

In explanation, an alternate hypothesis is offered that
seems more consistent with the history of phase 3 deformation
and the implied synkinematic intrusion of Unit B. That is,
phase.3 structures which formed originally during a Paleozoic
orogeny were reactivated durinélthe Upper Jurassic at the time
of intrusion of granitic magmas and Unit B. As previously
shown, Unit B was emplaced along pre-existing phase 3 structures
(Figures 4-3 and 4-4) but no evidence was found to suggest that
the intrusion had to be closely associated in time with the_first
development of that structure. Factual evidence only supports

an argument that the penetrative foliation F3 remained active

'
t

subseéueht to emplacement of Unit B and, reactivation is a
 possible explanation. ‘

| If the ebove hfpothesis were true, phase 3 could no longer

‘be regarded as a single,_continuous dynamothermal event culmina-
ting with the erplacement of granitic ﬁagmas. An extended interval
of time between late Mississippian and Upper Jurassic, When'the
rocks remained undeformed, would then separate the first andylast
movements associated witﬁ,phase 3. First movements might corres-
pond to part of the Lower Mississippian Caribooan Orogeny (Douglas
et al., 1968) with the later reactivetion of phase 3 structﬁres in
response to the Upper Jurassic - Cretaceous Coluﬁbian Orogeny.

The agebof phase 1 and phase 2 defermation in the Vaseaux
Formation are not known other than by generalization that they must
be older than the pre-late Upper Mississippian phase 3 event. It
seems conceivable that both‘might have eriginated during some early
phase of the Lower Mississippian Caribooan Orogeny, but one or both

might relate to somé yet earlier event.
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Structures equivalent to phase 2 in the Vaseaux Formation
have been recognized éna correlated in both the Kobau Groué
(Okulitch, 1969) and.tﬁe 0l1d Tom and Shoemaker Formations (Ross
and Barnes 1972) and presumably all of the above rocks are of
about the séme age. Okulitch,1969, suggested that the Kobau
sediments were derived in part from rising nappe structures
developed during phase 1 folding of the Vaseauk Formation, and
soon became involved in the phase 2 re-folding of these nappes.
If Okulitch.is corfect) phases 1 to 3 of deformation ﬁay all
relate in time to the Caribooan Orogény, and the later phase 2
and 3 folds might be locally developed accoﬁmodationsfrather than
‘régionally developed fold sets. For that reason gorrélations‘of
fold sets acrbss gréat‘distanqeé withinithé Shuswap complex,
without the benefit Of'detailéd know1edge of intervening areas,

could be very misleading and is not warranted at this time.
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