


National Library 141 of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services senrices bibliographiques 

395 Wellington Street 395. rue Wellington 
Ottawa ON Kt A ONQ Ottawa ON KtA O N 4  
canada Canada 

The author has granted a non- 
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distriiute or sell 
copies of this thesis in microform, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substanîial extracts fiom it 
may be printed or othenirise 
reproduced without the author's 
permission. 

L'auteur a accordé une licence non 
exdusive permettant à la 
Bibliothèque natiode du Canada de 
reproduire, prêter, distnibuer ou 
vendre des copies de cette thèse sous 
la forme de microfiche/fÏIm, de 
reproduction sur papier ou sur format 
PIectroniqne. 

L'auteur conserve Ia propriété du 
&oh d'auteur qui protège cette thèse. 
Ni la thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 



The first part of this thesis focuses on the tectono-rnetamorphic evolution of the Selkirk 

Ailochthon, a weIt of s u p r a c d  rocks d e h e d  and metamorphosed during Mesozoic to early 

Cenozoic time as a result of terrane collision at the western edge of North Amena The studied area is 

part of the Selkirk Allochthon, PeIitic rocks in the area record a Barrovian metamorphic fieid gradient, 

Detailed mapping of metamorphic assemblage distrt'bution and texturai anaiysis of peiitÏc rocks has 

uuraveled two distinct metamorphic events (ML and M2). Emplacement of the Bigmouth Creek stock, 

which htrudes rocks of the Big Fish Creek area was dated as mid-Jurassic, with evidence for mbstantiai 

reheating in &y Cretaceous time. Based on regionai correlation, MI is assigned a middIurassic age, 

synchronous with emplacement of the Bigmouth Creek stock. M2 is interpreted to have resdted from the 

eary Cretaceous thermai event, The development of eariy-M2 kyanite and Iate-M2 anddusite indicates 

decompression over at Ieast 3 kbar, impIying at least 10 km of denudation. Detaiied aiiaiysis of structur;rl 

elements suggests that the area was part of a long-lived, mid-cnistal zone of intense distnbuted strain. 

UpCift and denudation of metmorphic rocks by tectonic extension and coaxial rhinning were synchronous 

with continued contraction. A tectono-themial mode1 is proposed for the Aiiochthon as  a Iong-iived, 

dynamic orogenic wedge within which deformation accommodated contraction due to terrane 

convergence and accretion, and poIycyclic metamorphism resdted fkom thickening and maintenance of 

the wedge over at least 20 My. Signiscant early Cretaceous thinnhg of the wedge recorded by 

exteosionaï strain and late-M2 decomprcssioa rrsulted nom w-g of far-field contraction, and/or h m  

rheologid modification of the wedge due to thermal relaxation. 

The second part ofthis thesis reports on a shtdy of heterogeneous reactive transport of HtO-CO? 

fl uids dumig contact metamorphism of siliceous dolomites. Comparison of minerai assembIage 

distributions resuitïng h m  numerid simulations of heterogeneous flow with assemblage disüiiution in 

the AIta (Utah) contact amok mdlcates that minerai ceactions record flow through highiy heterogeneous 

permeability. This is mterpreted to nsuit h m  positive feedback between reaction enhancement of 

pemeabüity and flow-focusing. Comparison with other contact aureoies suggests that this is a common 

mechauism of permeabiIity evoIution during contact metamorphism of carbonate rocks, More 

homogeneous permeability recorded m regional metamarphic mcks may reflect hdamentaI differences 

in the relative rates of ff uid flow and compaction m regional and contact metamorpaic environments. 
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Chapter 1 

INTRODUCTIûN 

The resuits of two separate but related petrologic studies are presented in this dissertation: 1) a 

study of the tectono-metamorphic evoiution of a dynamic orogenic wedge, the Seikirk AlIochthon of 

southeastern British Columbia; and 2) a study of the effect of nuid flow on the distribution of 

metamorphic assemblages during metamorphism of carbonate rocks. The underiying approach in both 

cases is to app[y various petrologic methods in order to gain a better understanding of the factors which 

affect the evolution of metamorphic processes, and hence metamorphic tmanes, through the. This 

approach is grounded in detaiied fÏeld and Iaboratory characterization of metamorphic rocks. Of 

particular interest hughout  this thesis is the spatiai distniution of minerai assemblages resuiting fiom 

one, or more, rnetamorphic events, and the history of metamorphic reactions whch Iead to preservation of 

this macroscopic spatiai distriiution, Such descriptive information is used to answer questions regardhg 

the nature and temporal evolution of processes attendhg rnetamorpEiism, including, speciflcally, 

deformation, fiuid intIIüation and evolution of hydrauiic properties. 

The b t  shidy, which is presented in Chapters 2 and 3, is concerned with the interpIay of 

tectonic, deformationai and metamorphic processes within a dynamic orogenic wedge. The area of 

interest is the S e W k  Allochthon, a package of supracnistal and associated intrusive rocks defomed and 

metamorphosed during Mesozoic to Eariy Cenozoic tirne as a resuit of terrane coiiision at the western 

rnargin of North Amenca Chapter 2 presents a detailed characterization of the distribution of 

metamorphic assemblages in pelitic rocks ofthe Big Fis6 Creek area, wiïich is underlain by rocks 

defomed and metamorphosed at intermediate depth in the orogenic wedge, Texturd anaiysis of 

recrystalIization sequence brings to iight two distinct prograde metamorphic events (MI and M2) 

separated in tmie by a period of coohg, mfiItration and gr0wi.h of retrogressive assemblages, 

GeochronoIogicai da* ofthe Bigmouth Cnek stock, which mtmdes rocks of the Big Fish Creek area 

d o w s  the estabiishent of a mEd-Jurassk age for Ml, synchronous with emplacement ofthe stock M2 

resuited h m  Eady Cretaceous reheatmg, recorded by titanite ftom the Bigmoutii Creek stock The 

spatial dlstri'bution of high- and low-pressure minerai assemblages developed daring eady and îate stages 

of M î ,  respectnrely, reqrrlres that snbstantid exhumation affected these rocks in Eady Cretaceous the. 

A detaiied andysis of structurai elements presented in Chapter 3 aiïows the reconstmction o fa  tectonic 

mode1 for the wedge which accommodates the compIex metamorphk bistory recorded itt rock of the Big 



Fish Creek area. What pemeates is a picture o f a  long-lived, dynamidy evolving wedge controiled by 

the interplay of tectonic, thermo-rnetamorphic, and defomtiona1 processes. Far-field contraction due to 

collision and contùiued convergence led to internai deformation and thickening of the sedunentary 

package. This resulted in the& relaxation, metarnorphism and rheologicai changes in the interior of the 

wedge, which aiiowed for gravitational coilapse, local extensional deformation, and decompression and 

cooling of the upper part of the wedge, even as overd contraction continued. Episodic fluctuations in the 

intensity of far-field contractionai stresses and/or spatially heterogeneous internai deformation over 

severai tens of mülions of years at leas& aiiowed for repeated heating of parts of the wedge. accounting 

for the polycyclic metamorphic reaystallization. Thus, the overd picture is one of "yo-yo" tectonics and 

metamorphism affecting a wedge active over a substantiai penod of time. This model may be applicab te 

to other long-lived, highiy diachronous orogenic belts such as the Appalachians and Caledonides of 

eastern North America and western Europe, the Hercynian belt of southern Europe, and the Himalayan 

chain, 

The second study, presented in Chapter 4, is concerned with the interplay of fluid infikration, 

fluid infiltration-driven metamorphîc reactions, and the redting changes in rock permeability during 

metamorphism. Metmorphic penneability can not be directiy measured, as rocks now exposed were 

probably ai5ected by a range of permeabiiity-aitering procases during uplifi and exhumation. However, 

the spatial variability of minerai assemblages produced by metamorphic fluid infiItration provides a 

picture of the spatial dimibution of %me-integratedw metarnorphic pemeability distriiution. 

Furthemore, by cornparhg naturaL distributions of metamorphic assemblages to qwtitative numencal 

models of innrtration and reaction in heterogeneously permeabte rocks, the heterogeneity of flow in 

naturai systems can be esthated Minerai assembIage distrr'butions obtained Grom numerical simulations 

of innltration during contact metamorphkm of Jiliceous dolomites were compared to the spatial 

distrr'bution of minerai assembrages observed m siliceous doIomites of the Aita, Utah, contact aureole. 

OnIy srnidations with highiy heterogeneous permeability (considerably more heterogeneous than 

equivdent protoiith pemeabiiity) repmduced the geometry of minerai zones observed at Aita, suggesting 

that permeabiIity becomes more heterogeneous dirriog rnetamorphism. This is readily explained by 

feedback mechanisms between innItmtion, minerd reaction and the redting penneabiüty enhancement 

(due to negative changes iu vofume during reacüon), which wüI tend to pmduce progressiveIy more 

focuseci, and hence, more heterogeneoas, flow patterns- Cornparison with other contact rnetamorphic 

t e m e s  such as the übehebe ameoIe, Califomiia. suggests tnat this feedback mechaaiSm is g e n e d y  

important duriug contact metamorphism ofcarbonate-cich r o c k  On the other hm& much d e r  fiuid 



flow heterogeneîty inferred for some regional metamorphic terranes suggests that different factors, such 

as compaction, may control penneabiiity evohtion dtnMg metamorphism in these environments. 

Of the three main chapters which make up the buik of ihû thesis, Chapter4 has been pubfished in 

a peer-reviewed journal (Marchildon and Dippie, 1998). The author contnibuted the Iarger portion of the 

work, iucludiag development of the two-dimemional £Iow and reaction aigorith and code, 

implementation of numerical simulations, anaiysis ofresults, draffing of figures (except Figure 4.1A 

which was rnodified fiom a figure supplied by the second author), and original f i I I  draft of the text of the 

chapter. The second author suggested the study, provided some ofthe cornputer code, most notabLy the 

mineral reaction subroutine, as weii as  extensive discussion of methods, resuits and interpretations, and 

abuudant usefirl comments on nuniecous generations of working drafts. 

Chapters 2 and 3 have not been pubtished but are intended for eventuai submission to peer- 

reviewed j o d s .  But for the geochmnologicai work, which was performed in large part by J. K. 

Mortensen and W* Friedman at the geochninology Iaboratory at UBC, the author is respo~l~~Lbie for the 

field and Iaboratocy resuits, for processing of these tesuits bto the format presented in this thesis, and for 

the bulk of the interpretations derived fiom these resuits and presented iu this thesis. 



Chapter 2 

P0LYCYCIl.C METAMORPHIC EVOLUTION OF THE BIG FISH CREEK AREA, 

NORTHERN SELKIRK MOUNTAINS, SOUTHERN OMINECA BELT, BRITISH COLUMBIA 

2.1 Introduction 

The southern Omineca BeIt of British Columbia, Canada, is a long-lived omgenic zone fomed by 

continued accretion and contraction at the western edge of the North Arnerican plate during Mesozoic to 

Eariy Cenozoic t h e  (e.g., Monger et ai., 1982; Parrish. 1995; Fig. 2.1). Recent geochronological studies 

have show the compIex nature of the Mesozoic thennai evolution of the southern Omineca BeIt 

(Sevigny et al., 1989, 1990; Scitoll~lell, 1993; CrowIey et ai., 1998)- However, evidence for a cornplex 

metamorphic history has remauled eIusive. The question of the metamorphic evoIution of the Omenica 

BeIt in the Northern Selkirk and adjacent Monashee Mountains is criticai because previous work suggests 

that apparentiy coatinuous metamorphic zones in this area (Fig. 22) resdted h m  wdely diachronous 

rnetamorphic recrystallizatioa. On the western flank of the Selkirk structurai fm (Wheeler, L965), 

greenschist- to upper amphiiolite-grade metamorphism has been interpreted to be of mid-.iurassic age and 

contemporaneous with emplacement of a suite of hornbIende- and biotite-bearing granitoid bodies (Van 

der Leeden, 1976; Brown and Tippett, 1978; Brown and Lane, 1988; Brown et al., 1992; CoIpron et ai., 

1996). in contrast, amphibolite- to upper amphiboiite-grade metamorphism on the east side of the SFA 

and in the adjoining Monashee Mountams (e.g., Ghent et ai., 1977,1983; Sevigny and Ghent, 1 986) is 

interpreted to be coeval with the empiacement of peduminots granites at approximateiy 100 Ma 

(Sevigny et ai., 1989, t990). 

One mterpretation of this diachroneity is that the metamorphic isogmds record the displacement 

over h e  of a metamoqhic '%ont" of regionai extent, as associated deformation progressed spatidy 

throtxgh the orogenic belt (Parrish, 1995)- AitematnteIy, this apparent diachroneity may be due to 

incomplete presemation of mttftipre superimposed metamorphic events. 

This study is based on observations k m  the west fl a& of the SeDrirk Fan structure (Fig. 2.1). 

The area is underIain by rocks which record at Ieast two distmct prograde regionai metamorphic events. 

Based on geochmnoIogicai evidence and on texturai smùlarity with rocks ofthe Big Fish C m k  area, I 

argue that other parts ofthe southan Omkca Belt aIso underwent a poIycycITc metamorphk ewIution. 



Figure 2-1 Lithotectcmk map ofthe Southeni Ommeca BeIt, Thick bIack box shows Iocation of present 
study area. Gray boxes are tocatium ofrecent strrdies in neazby areas: 1. ScammeU (1993); II. 
CoIpron et aL (1996); III. JO- 1996. AB: Ademaot Batholith; BS: Bigmouth Creek Stodç 
BRB: Battie Range BathoIith; CRF: CoIumbia River Fat& CE -Tenane; FS: 
Fang StocL; GBS: Galena Bay Sfock;. GP: GoIdstreamP1rdon;- KB: KusLanax Bathofith; MC: 
Mica Creek area; MD: MOILBShee DbUemeat; MO: Monrrphee CompIw R- tom ofkveist~ke~ 
Modifieci aiter Wheeler and McFeeIy (199 1). 



1 Intrusive rocks 

Figare 2.2 Map ofmetamorphx'c zones recorded h peIitic rocks ofthe southem Omineca BeIt in the 
ViCmagofRevelstoke, British CoIumbia. hset shows map IOcafio~~ Gray boxes are Iocatiom of 
recent -es m nearby amui: L SevÏgny et al (1989,1990); IL ScammelI (1993); III. Brown et ai. 
(1 992) and CoIpn et aL (1996); IV. Iohnston, 1996; V. CiowIey a aL (1998). Mineral: 
abbreviations an: Chk chlorite,, Bt: biotae; Gt: ma; Str sfarin,k, Ky. kyanite, SiIr snnnnnite; 
Ksp: IGfeIaspSrC AU o h r  abhvîiitions are as m Figure 2.1. Modified k m  Read et aL. 199 1. 



A tectono-rnetamorphic mode[ is proposed for the Omineca BeIt in the area of the Northem Seikirk 

Mountains, as a long-hed dynamic wedge which is controlled by extemai forces, an evolving rheological 

behaviour, and a complex associated thermal evolution. This mode1 differs h m  previous models that 

require discrete pulses of defolmation and a single prograde regionai rnetamorphic event (e.g., Van der 

Leeden, L976; Leatherbarrow, 198 1; Raeside and Simony, 1983; Sevigny and Ghent, 1986; Bmwn et ai., 

L992a; CoIpron et al., 1996). 

The Selkirk Aiiochthon comprises a wedge of Late Proterozoic to Eady PaIeozoic continental 

margin sedimentary and minor volcanic rocks witbin the Omineca Belt. This wedge migrateci eastward 

during m s t a i  accretion and contraction in Mesozoic time (Monger et ai., 1982; Brown et ai., 1986; 

1993). Eastward migration of the AUochthon is generally interpreted to have taken ptace primariiy along 

a discrete crustiil-scale, basement-moted décollement d a c e ,  the Monashee Décollement (Read and 

Brown, 1 98 1 ; Joumeay, L 986; Brown et ai., l 986; Bmwn and Joumeay, 1987). Recently, however, 

Scammell(l993) and Johnston (1 996; ais0 see Wüiiams and Jiang, L999) proposed, on the basis OF 

structurai analysis of the Selkirk AUochthon in the Monashee Mountains West and south of the Big Fish 

Creek a m  (Fig. 2 4 ,  that strain associated with eastward displacement of the AlIochthon was distributed 

over mid-mtai  hi&-strain zones of finite thickness. 

The SeUark Fan structure (Wheefer, 1965) is part of the AiIochthon. It coasists of a wedge of 

rocks showhg southwest structurai vergence on the west sÏde, and noaheast structural vergence on the 

east side, denning a structurai axis dong the spine of the SeUrirk and Northern Monashee Mountains. A 

rnetamorphic cufmination is roughiy coincident with this structural ags (Fig. 2.2). The Big Fish Creek 

area is Iocated withm the western flank of the Selkirk Fan structure. 

23 Previous work 

WheeIer (1965) mapped severai rnetamorphic zones which defme the regionai metamorphic 

cdmination in the Northern Seikirk Mountains Pig. 2.2). In the study ma, Van der Leeden ( 1976) 

mapped rnetamorphic zones in pelitic rocks, mcIuding a chlorite-zone, a biotite zone, a gamet zone, a 

staurolite zone, and a kyanite zone, h m  south to noah (Fig 23). Leatherbarrow (198 1) mtegrated 

infiormation fbm dinérent workers aud usbg geothermobarometty, suggested that rock on the southwest 

flank ofthe SeIkirk Fan structure were metamorpbosed at Iowa peak pressure (5 W) than rocks on the 
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northeast ff ank (7 Kb). From this, he inferred poçt-metamorphic vertical displacement of 7 km on the 

poorly-constrained Argonaut Mountain normai fault, which he interpreted to trend NW-SE, between the 

Bigmouth Creek stock and the Adamant bathoiith (Fig. 2.1). The reqtürement for such a stnictural 

discontinuity to some extent hinges on the assumption that metamorphism is more or Less 

coatemporaneous throughout the metamorphic euIrnination. Perkins (1983) found that minerals 

developed as a result of prograde regionai metamorphism across the metamorphic cutmination showed 

sidar relative timing relationships to deformation. 

Ghent et ai. ( 1977,1983) and Simony et ai. (1980) co-ed the sequence of metamorphic 

isograds in the northemmost SeUcnk Momtains and Monashee Mountains noah of the CoIumbia River, 

on the northeast flank on the metamorphic culmination. They mapped isograds corresponding to ( 1) the 

first appearaoces of kyanite, which coincides with the nrst appearance of stauroiite, (2) the disappearance 

of staurolite which coincides with the first appearaoce of Ieucosome, (3) the appearance of sillimanite. 

and (4) the CO-existence of gamet and ~Iinopyroxene. Ghent et al. (1979,1982. 1983) constrained peak 

metûmorphic pressures to be in the 6-8 kbar range, for rocks of the staurolite + kyanite, to the sillimanite 

zones. 

Archibaid et ai. (1983) interpreted metamorphism in the southem part of the Selkirk Allochthon 

as synchronous with emplacement of mid-Jurassic intrusions (ca- t 65-170 Ma). Van der Leeden ( 1976) 

argued ttrat metamorphism in the present and adjacent areas must pre-date, or be synchronous with 

emplacement of the Bigmouth Creek stock (Figs. 2.2,2.3), which he inferred to be of mid-Jurassic age 

based on simiIarîty with hown mid-Jufassic intrusive rocks in the area Brown et aI. ( t992a) and 

Colpron et ai. (1996) interpreted greenschist facies regional metamorphism and associated deformation in 

the vicinity of the Fang stock (Fig. 2.2) on the southwest £isink of the Sellark Fan, to have terminated by 

ca. 168 Ma. 

Sevigny et al. (1989,1990; Fig. 2.2) interpreted regionai metarnorphisrn in the Monashee 

Mountains to coincide in tmie wit6 empiacement of syn-bernatic granitic bodies which yïelded 

Cretaceous W b  crystaliization ages (CL 100 Ma). CrowIey et al, (1998; Fig, 2.2) found evidence for 

mid- to Late Jurassic regionai thermd events m the U-Pb systematics ofrnetamorphic monante fiom the 

Northern Seaàrk and Monashee Mountains north of the study area Based on pdaI cesethg ofsome 

monazite granis, and on evidence for renewed growth o f m o n d e  at ca 70 Ma, these authors dso 

postulated that a Late Cretaceous themial event affected rocks m rhis area. In addition, they pmvided 

evidence for d u d e  deformation as rate as Eariy Tertiary (ca 6 1 Ma). Scammeii ( t 993) docmnented 



protracted metamorphkm extending over at 1east 40 rn-y. Eom ca 140 Ma tu ca 97 Ma in the Monashee 

Mountains west of the Columbia River (Fig. 2.2). 

The work presented in this and the following chapter was based on field rnapping of lithoIogicai 

uni& and rnetamorphic assemblages during the course of thirteen weeks over three Summers ( 1994 to 

1996). Field work aIso involved description and measurement of attitudes of the various structural 

elements observed in the Big Fish Cnek ana (see Appendix IV), and collection of over 250 samples ui as 

random a fashion as aiiowed by outcrop abundance and qd.ity. (Typically, severai hand samples werp 

collected fiom a given outcrop, ffom different structurai levels, in order to obtain as representative as 

sample as possible.) Furthet arialytical work involved petrographic analysis with a polaripng opticai 

microscope and a Pbilips XL-30 scanning elecîron microscope, and microstructural description of over 

200 thin sections eut f?om over L 80 sampIes (see Appendix il for tist of sampIes and outcrop locations), 

coUection of compositional maps of gamet porphyrobIasts and compositional point analyses of various 

minerais with a Cameca SX-50 electron probe microanalyzer (operathg conditions: 15 KeV acce iem~g  

voltage, 5-20 nA beam current, 2-5 pm spot size, using naturaI standards for recdculation of n w  count 

data. see Appendix iD for results). One sample of mûusive rock (Bigmouth Creek graoodiorite) was 

coliected and dated at the GeochronoIogy Laboratory at UBC in an attempt to constrain the ti'rming of 

pluton emplacement, and its implication for the timing of metamorphism and deformation. 

Interpretations presented as part of this study are drawn fiom observations and anaiysis representative of 

an important proportion of relevant samples. 

2.5 Local geology 

A iithostratipphic fhmework for rocks of the study area is presented in Section 3 2 2  of the 

following chapter. A very brief summary foiIows here. 

The rocks are snbdMded hto four broaâty defîned packages separated by gradationai contacts 

(Fig. 2.4), h m  Iow to high structurai level: 1) a psammitic to semi-pelitic package whose base was not 

mapped in tbis study; 2) a peütic package, approximatety LOO-200 m iu thickness, comprÎshg 

mcreasuigiy abundan& rusty weathering dc-peIitic schist and brown-weathering impw &les towards 

the top of the internai, and which grades Sito, 3) a cdc-pelitic package characterized by sporadic internais 

of impure marbIe, and mon &y, of massive chIorite schist or smphibolite (Eg- 2-41; and 4) a sequence 



Figure 2.4 Lithologic map ofthe studyarra Sttati0graphÏc mtervals descrrIbed kt text are mcücatedôy tbck 
brackets* 



of brown-weatherkg, impure ta reIativeIy pure caicite, andfor dotornite marbles, associated with thïckIy 

layered quartzitic psammite, local amphiotite and thia intervals of talc-schist, which was obsewed ody 

in the northern part ofthe study ami- 

The Bigmouth Creek pluton (Wheeler, 1965) is exposed at the northem ümit of the study area. It 

consists of K-feldspar porphyritic, homblende + biotite granodiorite. Epidote is present in the Bigmouth 

Creek pluton and it occurs as subhedral, paie yeUowish brow crystds in close spatial association with 

homblende. It is unresorbed and interpceted to be magmatic, with habit consistent with gmwth late in the 

crystallization history ofthe pluton. The presence of magmatic epidoie is widespread m homblende- 

bearùig granitoids in the southern Omineca Belt (e-g., Eüce, 1941 ; Reesor, 1973; Ghent et al., L 99 1 ; 

Cotpron et ai., 1996)- 

The principal structurai element h the study ares is a shaiîow to moderately-dipping foliation 

characterized by the alignment of minerais with shape-prefèmd orientation., and generaily sub-paralle1 to 

compositional layering. As discussed in the following chapter, this is a transposition fotiation (referred to 

as ST) deveIoped over a substantiai tirne interval and associated with intense stnb. ST s a e s  oorthwest 

to northeast, def ihg a Iarge-scde, open non-cylindricai fold. A Iate east-west-stnking, steep crenulation 

fotiation is commonly observeci, especially Ui the southeru haif of the area The ceader is refemd to 

Chapter 3 for an in depth treatment of the structurai geology of the a m ,  

2.6 Metamorphic events and metamorphic parageneses in petitic rocks 

The Northern Selkirk Mountains and the adjoining Monashee Mountains are underlain by 

regionaIIy metamorphosed rocks recordiug greenscfiist to upper amphiboiite facies conditions- Figure 2 2  

shows the distriiution of mineral zones in pektic rocks. The southern part of the area is domimted by 

greenschist facies rocks (chlorite, biotite, and IocaLy p e t  zones for peîites). These give way northward 

to amphioIite facies rocks (gamet zone to nllimanite + K-feIdspar zone m pelitic rocks; Fig. 2.2). The 

metamorphic culmmation is defineci by a nad-noahwest trendhg diimaite + K-feldspar zone ff suiked 

to the northeast and southwest by progressively Iower-grade rocks. The axis ofthe metamorphic 

curmination comcides approximately with the of t&e Selkirk Fan (Fig. 2.2)- The Big Fih Creek area 

is Iocated on the sotrthwest ffank of tbis ctilmination mg. 2.2). It exposes a metamorphc field gradient 

defhed by a sequence ofmetamorphic zones chrnaaerizcd by the p e n c e  of cfilorite Ïn the south, to the 

coexistence of kyanïte and stamtite in the north (Fig. 23). 



Two distinct prograde regionai metamorphic events are recorded in this are& Evidence for the 

early metamorphic event, ML, is cryptic and consi-sts primady of inclusiou-rich, anhedrai gamet cores in 

rocks affiected by subsequent M 2  recrystalhtion (PIates 1 As,  2). The latter event, M2, is better 

preserved, and M2 mineral assemblages and isograds define the local field gradient (Fig. 23). Late 

growth of coarse-grained andalusite is interpreted to record Iate-M2 decompression. These different 

metamorphic recrystaiüzation events are descnied in detail in the foiiowiag sections. 

2.6.1 Ml metamorphism 

Early anhedral cores of gamet in composite Ml+M2 garnet porphyroblasts are ubiquitous in the 

M2 gamet and staurolite zones in the Big Fish Creek area (Plates LAJ3,2). These cores are usuaily 

iuclusion-rich, and overgrown by inclusion-poor, euhedraI rims. Gamet porphyroblasts typicaîiy preserve 

cwved or inclined incIusion traiIs (Si # S, where Si and S, are the fotiations intemal and extemai to the 

porphyrobIasts, respectively; Plate IA,B,C), whÏch IocalIy show a structurai style distinct kom that ofthe 

ma& These eariy garnet grains are commody broken Uito two or more tiagments, and an M2 

overgrowth is developed more or Less concentn'cally around the individuai clas& (PIates L B, 2). A sharp 

compositionaI break is invariabLy associated with the texturaI break (Plate 2; Fig. 2.5). 

A few occurrences of anhedral, inclusion-rich gamets devoid of euhedral overgrowth were fotmd, 

primarily in the garnet zone, Typically, these are surrounded by a chlorite-rich (* biotite) rind which 

commody pseudomorphs the original gamet grain (e.g., Plate IC), These are interpreted as early, M 1 

gamets based on their texhtral similarity with cores of composite gamets. The chlorite-cich rind is 

interpreted to be the product of retrogression involving M 1 gamet resorptioe 

M2 gamet a d o r  stamiite are commody developed around MI gamet cores (see Sections 

2.623 and 2.62.4; PIates [A,B, 2). Often, M 2  gamet andior stauroüte overgrow the cidorite-rîch ~d 

(Plates IB, 2), impLying îhat formation of the retrograde rind a r o d  ML gamet preceded the 

crystaiIization of M2 peak metamorphic minerais (gamet andlor staurotite), Retrogression of M l  garnet 

pnor to M2 gamet growth is ais0 supported by the anhedral, resorbed aspect of ML cores (e.g., Plates 

1A&, 2)- 

From these observations and because m reaaion seqnence d t i n g  h m  a single prograde 

evolution can expiain the two tatwaily and checaily distinct gamet generations and the mtervenhg 

production of chiorite * biotite-tÎc6 aggregates after gamet (e.g., Spear and Cheney, 1989)- growth of 
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Figure 2.5 Core (ieft) to rim (rigbt) compositionai zonhg profiie of composite gamet porphyroblast, 
sampIe !l4NM-I 1 lB, MZ stamlite zone (this is h m  the Iefi-hand-side porphyrobIast ofPIate 
2-18; also see PIate 2 2 4  Bomdary between Ml and M2 gamet (dashed vertical üne) is infared 
based on observed sharp decrease m the gmssuiar, and m~eascs in the aimandine, pyrope, and 
spessarthe components of the garnet, G, X&, X,  & are mole friictions of the pyrope, 
grossuiar, spessaallie and almsndme garnet components, mpectiveIyY Note the Mirent s d e s  
for X& X, and X, and for & and Fel@e+Mg)). 



anhedral garnet cores and euhedrd overgrowths must have been separated by an episode of retrograde 

growth of hydrous m i n d s ,  which cequïred cooling and infiltration of hydrous fi uid. In other words, 

early and Iate gamet growth are evidence for two distinct metamorphic or themial pulses (Ml and M2) 

and an mtervening episode of cooling and retrograde recrystaiiization, 

The folIowing M2 minerai zones are encotmtered in the area, from wuth to no& (Fig. 2.3): 

chlorite, bio tite, gamet, staurolite. and kyanite + staurolite. Minerai parageneses and naction textures in 

peiitic and associated rocks of these different metamorphic zones are desm'bed in detaii in the foUowing 

sections. 

It is ükeiy that observed matrix miner& such as  muscovite, chionte, and biotite crystallized 

during M 1 metamorphism. However, as discussed in detail in Chapter 3, both ML and M2 took place 

during protracte& progressive d e h a t i o n  which resuited m sustained transposition of structurai 

eiements in these rocks. Differentiating between M 1 and M2 matrix minerais based on their spatial 

dationship to structurai eiements is therefore impossible. For this reason, the biotite-in isograd in Figure 

2.3 may be p d y  diachronous (resuiting nom both M l  and M2). Higher-grade metamorphic isograds 

(gamet-in, staurotite-in, and kyanite-in), however, are based on unequivocal identification of 1) Iate-MZ 

garnet overgrowth on ML gamet cores; or 2) other minerais (stauro tite, kyanite) associated wiîh the 

development of M î  gamet overgrowths. 

The map in Figure 23  shows the distriiution of M2 minerai assembIages and metarnorphic zones* 

It is based on the observed distn'butioa of metamorphic pmgeneses m rocks of petitic composition, and 

shows isogradic traces generaiiy at hïgh angie to lithologic contacts, The m e r n t  minerai zones are aiso 

posihoned in the appropriate AFM projections (Fig. 23; Thompson, 1957). 

The the-dimensionai attitudes of M2 isograds are unconstrained, Leatherbarmw (1 98 1) argued 

for steeply-dippmg (> 607 isograds on the basis of the presence of steeply-dipping isograds in the Mica 

Creek area (Ghent et ai., 1977; 1980). No ciear evidence for a steepiy-dipping attitude of isograds in the 

Big Fish Creek area was obsemed in the present study. 



2.62.1 Chlorite zone 

The chlorite zone is located at the southem end ofthe study area (Fig. 2.3). The southem Iimit of 

this zone. the fhst occurrence of chionte in pe&itic rocks, was not encountered The northem, and higher- 

grade limit of the chionte zone is defined as the nirface of h t  occurrence of biotite (the biotite-in 

isograd Fig. 23). The minimum outclopping width ofthis zone is approximately L km. 

Peiites in the chlorite zone are ctiancterized by variable fiesh colontion, wfüch reflects variations 

in the contents of chiorite, muscovite, opaques, and locally, graphite. Grain size is generaliy h e  to 

medium (5 1 mm), and inmases irregularly towards the biotite isograd. ui addition to a dominant 

penetrative foiiation, $, dehed  by the alignment of muterais with grain-shaped prefmed orientation and 

by compositional layering, there is a steep crenuiation cleavage developed in many chiorite-grade rocks. 

An associated crenuiation lineation (resulthg from intersection of Sr with this cieavage) is ahos t  

ubiquitous (see Chapter 3, Section 3 3 -2.7). 

Chlorite-zone pelites typicaiiy comprise the assemblage muscovite + chiorite + quartz + opaques 

+ K-fe1dspar * albite * ankente * calcite * epidote (pistacite) + tourmaline + apatite * alIanite * zircon. 

They generally show mm-scde compositional laminae characterked by variable amounts of quartz aad 

phyllosilicates * carbonates *opaques. Muscovite and chlorite flakes lie paralle1 to this layering. This 

deflnes $. Locdy, relicts of an earlier foliation, dethed by the preferred orienation of fuie, 

recrystallized muscovite flakes is preserved, which shows different degrees of transposition into ST. Late 

folding resuited in a gentle unddation to a strong spaced crenulaaon cleavage overprinting ST (Plate 

3AJ3). Whap a crenulation deavage is weLdeveioped, muscovite and chlonte flakes are locally aiigned 

dong this cleavage (Plate 3B). 

&-paraHel chlorite grain-size generaliy incfea~es towards t&e biotite isograd (bm O2 to 0 5  

mm). Large (1-2 mm) chionte * muscovite porphyrobIasts a d o r  aggregates which IocalIy show 

inclusion traiis (Si) mimickmg crenuiated S r  (Sa, are present which are Iocdy deformed by, or around 

which are wtapped, the a~nda t ion  deavage planes (PIate SB). Sach dor i t e  + muscovite aggregates 

have been wideIy reported in Iow-grade metamorphic rocks aud may represent prograde chIorite growth 

on detaai white mica ciasts (e-g., van der PIuijm and KaarsSijpestejn, 1984; dso  see Craig et ai., 1982 

for a review of occurrences and possible modes of origh), or may b e  retrograde after earlier metamorphic 

minerais (see Sections 2.62.2 and 2-6.23 beIow). 



2.62.2 Biotite zone 

Immediately north of the chIorite zone is the biotite zone (Fig. 2.3). Its Iow-grade boundary 

corresponds to the surface of first appearance of biotite in pelitic rocks, The biotite zone is approximately 

two kilometers in width, and is bounded at its northern, high-grade Limit by the first occurrence of M2 

garnet in pelitic rocks. 

Pelitic schists in the biotite zone are genedy corner-grained and paler in color than their 

equivalent in the chiorite zone. There is an irregular inmase in grain size towards the gamet i s o p d  

Coarser-grained rocks, especially in the upper p a  of the biotite zone, have a sheen due to the abundance 

of coarse muscovite flakes. As in the chlorite zone, a strong peuetrative foIiation, ST, is ubiquitou~, and a 

steep crenulation cIeavage is aiso locally developed, aithough not as extensiveIy as in the chIorite zone. 

An associated intersection Iineation is stili reIatively widespread 

Typicaily, pelites of the biotite zone are characterized by the assemblage biotite + muscovite + 

chlorite i quartz + opaques k plagioclase i epidote + tourmaline + apatite * danite & zircon. 

The t k t  appearance of biotite is as basai deavage-controlied intergrowth or overgrowth on 

medium-grained chlonte flakes in mm-scde chlorite * muscovite aggngates, or as discrete, mall, 

randody oriente& equant flakes m these aggregates. Up-grade fiom the k t  a p p w c e  of biotite, 

biotite flakes in chiorite + biotite dots are stiii the dominant mode of occurrence of biotite (Plate 3C); this 

biotite becomes coaner and the clots become pmgressively more biotite-rich, at the expense of chlorite. 

Fine (100-200 urn) isolated biotite flakes paraiiel to $ are rare at tûe low-grade end of the biotite zone, 

but become pervasive as the gamet isograd is approached. Biotite flakes showing random to SrparaIIel 

orkntation become coarser and more abundant up-grade ftom the £ïrst appearance of biotite. Of 

particular interest are coarse biotite porphyroblasts which, from the upper part of the biotite zone onward, 

are widely developed (Plate 3D). The relationship of these porphyrobIasts to matrix stmctures is not 

simple, but as discussed in detaiI m Chapter 3. pmvides important constramts on the nature of 

deformation in taese rocks. 

Muscovite and chiorite Ï n  biotite-grade mcks g m d y  show textures simüar to those observed in 

chlorite-grade rocks. h generai. no carbonate Îs present in biotite-beacing pelites ofthis zone. Mediimi- 

grahed epidote porphycobIasts which overgmw % as weII as the later CfennIation cIeavage are l o d y  

abundant, 



The typical pelitic paragenesis in biotite-zone rocks is biotite + chlorite + muscovite + quartz. 

ChIoritoid was not identined. The close spatiai reIationship between biotite and chlorite flakes or 

aggregates in the Iower halfof the biotite zone suggests that a probable biotite-produchg reaction was 

(e.g., Wmg and Spear, 199 1; Spear, 1993): 

chlorite + K-feldspar -> biotite + muscovite + quartz + &Cl (2- 1) 

A limited amount of carbonate-bearing rocks occurs in the chlorite zone suggesting that 

subordhate reactions involving the coiinmiption of a carbonate phase, such as: 

quartz + muscovite + siderite + H@ -> biotite -+ chlorite +COz 

or, 

quartz + muscovite + chionte + ankerite 

-> biotite + plagioclase + CO2 + ( 2 a )  

(e.g., Ferry, t 984; Symmes and Ferry, 199 1) may dso have Iead to biotite production in the biotite zone. 

The biotite "isogradtt is defined as the nrst appearance of biotite in pelitic rocks. Chlorite-grade 

(Le., biotite-ke) petitic assemblages occur sporadicaüy up-grade of the biotite isograd (Fig 23). This 

may due to: L) biotite stability attained at different conditions depnding on the nature of the biotite-in 

reaction (reactions 2.1 or 2.2; e.g., Ferry, 1984); 2) the continuous nature of reactions 2,1 and 22, which 

wilI proceed at Lower temperature in Fe-rich rocks than in Mgrich rocks; 3) the effect o fqa t idy  

variable HzO and COz acavities on reactions 2.1 and 2.2 (e.g., Ferry, 198% Symmes and Ferry, 199 1); or 

4) kineric factors. As described above, incipient development of biotite in the Iow grade portion of the 

biotite zone is usu@ as basal cfeavage-controUed htergrowth or overgrowth on chIocite fi &es, 

suggesting that early biotite growth is controfied in part by the ability to nucleate on pre-existiBg chiorite 

flakes, and that matenai transfer to biotite growth sites may be a IMthg factor. 

In ~urnmary~ the isogradic surface for nrst appearance of biotite is not a tnie reaction isognd but 

ratheq is probably dehed by a series of reactlons governed p r i m d y  by buik composition, 

The close spatiai association of biotite and chiorik in the [ower part of the biotite zone codd also 

result fiom retrogression of biotite (cg, VebIen and Ferry, I983), ancf sorne chIorite in the biotite zone 



can be s h o w  to be  retrograde after biotite a d o r  gamet (see section 2.623 beIow). The irregular nature 

of the biotite-in isograd codd therefore in part represent the effkcts of heterogeneous retrogression. 

2.6.23 Gamet zone 

The M2 gamet zone is Iocated immediately north of the biotite zone (Fig. 2.3). The spatial extent 

of this zone is poorly constrained but appears to be relatively -cted (-1 km in width; Fig. 22). The 

low-grade boundary of this zone is defked by the appeanince of M2 gamet overgmwth on M 1 garnet 

cores. The upper limit of the M2 gamet zone is defined by the surface of nrst appearance of staurolite in 

peiitic rocks (Fig. 2.3). 

There is a graduai i nc~ase  in the grain size of matrix phyiiosiiicates from the chiorite zone 

onward, From the upper put of the biotite zone through to the kyanite + stauroIite zone, mat& micas are 

generaîiy relatively coarse-grained, giving pelitic schists a nlatively pale color and a bright sheen (e.g., 

Plate 4 0 ) .  As in the chlorite and biotite zones, a strong peuetrative foliation, &, is everywhere 

obsewed. A steep crendation cleavage is r ady  observed, and a crenuiation heation is less extensively 

developed than in Iower grade rocks. 

Peiitic rocks in the garnet zone are characterked by the assemblage gamet + biotite + chiotite + 

muscovite + quartz + plagioclase * epidote + opaques * ihenite + zircon + allanite + tourmaline. 

Much of the biotite in the gamet zone is texttuaüy sunilar to biotite found in the upper part of the 

biotite zone. In addition, biotite is also commody fouad as a replacement product after garnet, with or 

without chiorite (Plate 1). 

Chionte is ubiquitous in gamet zone rocks and occurs as Srpardel to randodyaiented ff aices. 

Late, randomly- or conceutricaiIy-oriented chlorite is h d  in replacement rims aromd gamet (with or 

&out biotite; Plate LC), 

Anhedral, Uiclnsion-rich gamet porphyrobIasts mterpreted to be of Mt ongin are common in 

rocks between the gamet isograd and the h t  appearance ofstamoiite (Fig, 2.3). These are generally 

partiaiIy to compieteIy pseudomorphed by retrograde chlorite biotite (Phte LCJI). The deveIopment of 

M2 garnet (euhedd, mchsion-poor) is generaiiy k t e d  to tfria overgrowths on these eady 

porphpblasts, Occurrences of these overgrowths d e h e  the M2 garnet zone (Fis 2.2). 



No chloritoid was found in the study area, On the other hand, biotite and chiorite are abundant in 

peiitic rocks of the biotite and gamet zones, Therefore, the M2 gamet producmg reaction in the gamet 

zone was probably: 

chionte + biotite + quartz + muscovite Jt plagiocIase 

-> muscovite + garnet + H20 

(e.g., Spear and Cheney, 1989). 

Several points are worth noting concerning gamet occurrences in the M2 gamet zone: 1) M2 

gamet growth is restricted to overgrowths on MI porphyrobtasts; 2) the spatial range of M l gamet 

porphyrobIasts more or less coincides with that of M.2 gamet (alttiough some chiorite + biotite 

pseudomorphs in the M2 biotite and chiorite zones may be afker eady garnet); and 3) the width of the M 2  

gamet zone is quite restricted (- L km), 

The Iimited extent of the M2 gamet zone, and the restricted occurrences of h42 gamet in the 

gamet zone rnay in part be due to the paucity of appropriate iithofogical types in the area correspondhg to 

the garnet zone. Outcrops m 16is area predominantîy expose quartzo-felâspathic, psammitic to s n n i -  

pelitic rocks, and where pelites do occur, it is usuaiiy as thin, dip-siope intervds. M2 gamet overgrowths 

were found in reiatively thin peIitic Iayers in otherwise dominantiy quartzo-feldspa~c intemds in four 

outcrops (Fig. 2.3). Constraining the position of the gamet-in isograd aIong the main north-south 

trending cidge in Figure 2 3  is hampered by the fact that psammitic rock crop out over severai htrndred 

meters across strike of the isograd (Fig. 2-4). Hence the corncidence of Ml and M2 garnet occurrences 

may be due to bulk compositional controfs resûicting the development of gamet rather than actud spatial 

coincidence of P-T conditions for devehpment of m e t  dirring Mf and M2 metamorphic 

recrystalIization, 

Another possible cause for some of the fongoing observations is the rehc ted  stabüity of gamet 

+ chionte h buik compositions typical ofpeIites in the study area. MI and M2 gamets tend to be 

reiatively Mn-poor Vig- 25). Spear and Cheney (1989) noted that the temperature range wit6m wùich 

gamet + chiode are stable is reiated to the Mn content of gamet (or the b d k  rock). The more Ma.-poor 

the gamet, the more W e d  is the stabiIity of the gamet t chIo& paragenesis. 



Yet another expIauation is that the swface corresponding to the iïrst appearance of M2 gamet in 

these rocks, the M2 "gamet isograd", may in fact be a d a c e  denning the Mt of total retrograde 

resorption of garnet subsequent ta peak M2 metarnorpbism. A number of instances of compIetely 

retrogressed garnet (Le., chiorite biotite pseudomorphs afler gamet) were encountered in the gamet 

zone of Figure 2.3 (e-g., Plate ID), En addition, chiorite * biotite dots are commody encountered in 

rocks of the biotite and chionte zones (Plate 3C). Phyiiosilicates in these cbts are &-paraile1 to 

randomly-oriente& suggesting that the timing of formation of these dots relative to maûk structures is 

variable, Some of these dots may be of diagenetic ongin (e.g., Craig et ai., L982). However, those which 

appear to be late with respect to deformation, and occur in the hi&-grade part of the biotite zone, rnay 

have originated by retrograde repIacement of M 2  and/or Mi gamet porphyroblasts, The Iodly extensive 

retrogression of M2 minerai assemblages in higher-grade rocks (see below) is consistent with this 

interpretation, 

Aiternatively, the restricted spatial extent of the Mz gamet zone and the coiucidence of M I and 

M2 gamet occurrences may be due to a kinetic control on the development of M2 gamet Occurrences of 

M 2  gamet in the M2 garnet zone are exciusively as overpwths on M 1 cores. Even in the stûurolite zone 

(and possibly aiso in the kyanite + staurolite zone), M 2  garnet occurs predomiody as overgrowths on 

early MI cores, suggesting that nucleation rnay be a Iimiting factor in the development, and hence spatial 

distribution of M2 gamet+ This, in ttm+ may retlect the short-fived nature of M2 metamorphim. 

The question of the spatial coincidence of Ml and M2 gamet remains without an unequivocal 

answer at this the.  It rnay consist of a combination of the possible causes discussed above, but 

insuffrcient Somation is presently available to evaiuate their relative importance. 

2.63.4 Stauroiite zone 

The M2 staurolite zone is a üttie over two kilometers wide in map view (Fig. 2.3). Its Iower- 

grade Iimit is the nrst appearance of stauroiite (which everywhere coexists with biotite). Its higher-grade 

k t  is constrained by the appearance ofkyanite m stamIite-bearing rocks. In the western part of the 

ana shown in Figure 23, rocks of staurolite grade are the highest-grade peiitic mcks encountered. This is 

probabIy due to the lack ofexposure in g d  and m particulart tu the paucity ofoutcrops ofpeIitic 

rocks in that area. However, rocks characterized by staurolite + biotite parageneses were €0- m 

reconnaissance mappmg, to crop out west ofBig Fish Creek, to the notthwest of the area s h o m  in Figure 



2.2 (see Fig, 2.6). Northward, these give way to staumiite + siilimanite parageneses. The signScauce OF 

this will be addressed in Section 2-62 5, 

Stauro iite-grade peiites are generdy coarser-grained than lower-grade rocks, and show more 

discrete compositionaf Iayering at the miICimeter scde, Le., thin (1-2 mm, typicaiiy) mica-rich Iamiriae 

separating thicker (-3- l0 mm), more quartzo-feldspathk Iayers. This layering coincides broadly with the 

foliation defked by the preferred orientation of anisotropic minerais, ST, aithough, as demonstrated in 

Chapter 3, the nature of this foliation is very complex ih detaiI. 

A crendation lineation on ST is observed which is more or less p d l e l  to intersection Iineations 

in Iower-grade rocks, suggesthg the development of a steep crendation clavage. 

Peiitic rocks in the statuotite zone typicaiiy include the assemblage stawolite + gamet + biotite + 

muscovite + chionte + quartz + opaques + plagiodase * zoisite * allanite t o d i n e  zircon apatite 

* monazite rt xenotime, 

Through most of the stauroiite zone, gamet typicaIIy occurs as composite porphyrobiasts 

consisting of inclusion-rich, anhedd MI cores, and inclusion-poor, euhedral M2 rirns (Plates LB, 2, SA). 

The porphyrobfasts commoniy consist of hgments of spiit ML cores overgrown on aiI sides by M2 

gamet. Euhedral, mclusion-poor grains devoid of obvious Ml cores aiso occur throughout the staurolite 

zone, In the Iow-grade haifof the stamlite zone, these are usualIy smaii (< 0.5 mm) and almost 

exclusively spatiaily associated with much larger composite garnet porphyroblasts (Plate 5A). Localfy, 

they are inchded in stauroiite (Plate SA). In the higher-grade portion of this zone, subhedrai, incIusiou- 

poor gamet porpfiyroblasts are also observed which are not spatidy associated with composite gamets, 

These are ais0 mterpreted to be of M2 generation. Where stawoiite has deveioped adjacent to M 2  gamet, 

the gamet is embayed, suggesting that gamet consumption is imrolved in statuotite production (Plates lBT 

SA). En the higher-grade part of the staurolite zone, p e t  porpfiyroblasts are I o d y  very deeply 

ernbayed, commouiy formihg atolls. These porphymblasts are spatiaIIy associated with staurolite, and 

embayments are typically fiiIed in large part by biotite (cg,, Plate SC). 

Biotite occurs in the staurolite zone as medium- to coarse-graiued, &-pardel to randody- 

oriented flakes. The causes and imptications ofthis distn'bdou wdi be addressed ui deiail in Chapter 3. 

in addition, biotite fI &es are deveIoped mand gztr.net in dose assocition with starnoLite (Plates LB, 5A). 



F i g w  2.6 DistnLbutim ofmheraL isograds andmetamorphic assembhges reconkd m pelitic rocks m the 
area surromidhg the Bigmouth Creek stock M C n d  isograds are shown as heavy hes, and 
tocatrCons an eitherhwn (solid lines) or i n f d  (dashed Iines]. Location ofmain stady aiea is 
mdicated by box Compüed h m  daEP by Fnmzm (I9?4), Vsn der Leedm (1976). Leatherbanow 
(1981), Giison and H6y (1985). and the pnsent soadysoady M i n d  abbreviations are as m Figare 22. 



Chlode is generally present in rocks ofthe stauroiite zone. Locdy, it occurs as &-parailel, 

medium-grained fIakes which are interpreted to be prograde with respect to M2 metamorphism, More 

commonly, it is found sunounding gamet porphyroblasts, but overgrowa by staurolite, Abundant late 

chlorite of probable post-peak M., retrograde timing, occurs as fi akes which either cross-cut matrix 

structures or replace M 2  prograde minerals (e.g., Plate 6 u ) .  

The devebpment andor preservation of staurolite in rocks of the stsiuroiite zone is extrernely 

heterogeneous. Throughout this zone, staumlite is commonly found adjacent to g m e t  porphyroblasts. 

associated with biotite * chlorite (Plates tB, 4A, 5A, 6A), Staurolite appears to post-date garnet in these 

instances, and this is coafirmed by the local occurrence of mail, euhedrd, M2 gamets included in 

stamlite porphyrobfasts (Ptate 5A). Some staurolite occurs in the matrix away fiom gamet 

porphymblasts (Plate 5D). Staurolite generdly forms subhedral to euhedral, poikiloblastic grains. Grain 

size increases üregularly fiom about 1 mm in the Iower staurolite zone, to over L cm in the upper part of 

this zone. inclusion trails within staurolite porphyrobkists are generally straight, but the SiSe  

relationships are irreguk some staurolite grains show dative rotation, others do not, and these 

variations may be observed within a single outcrop (Plate 5CJ). Staurolite is commonly parti*ally to 

comptetely retrogressed to an intergrowth of fime muscovite * chlorite flakes. Often, retrograde 

phy Iiosilicates &ter stauroIite are aligned parailel to ST (Plate 6B). in many pebtic outcrops in the 

staurolite zone no k s h  staurolite was found, However, widespread occurrences on the outcrop or in thin 

section of staurolite-shaped mats rich in muscovite * chlorite, typicaliy in close association with garnet 

porphyroblasts which are more or Iess chloritized (Plate 6B) are interpreted to represent retcogressed, 

staurolite porphyroblasts, These occurrences are indicated in Figures 2.3 and 2.6 with a question mark. 

The gened association of staurolite and biotite overgrowhg gamet with which chlorite is 

comrnody associated, suggests that the stauroiite producing reaction in these rocks is related to (Fig, 2.7): 

gmet  + chlorite + muscovite 

-> stauroiite + biotite + quartz + H@ (2.M)- 

This is the typicaI staurolite isograd univariant reaction m peiitic rocks metamorphosed at 

intermediate pressure for aa ided bulk composition in the K D  - Fe0 - Mg0 - MZO3 - Si02 - Ha 
(KFMASH) system, in this system, eqrtiIribrium 24A is tmivarht so CO-existing stauro tite + garnet + 

biotite + chionte shouid be restricted to the stamhte + biotite isograd d a c e .  The widespread co- 

existence of these four phases m the study area is likely due te the mcreased t h e r m 0 d . c  variance 



Figare 2.7 Petmgenetc grid for pelitic rocks m the &O - Fe0 - Mg0 - &Of - Si02 -H2 O @SMASH) 
system, modified a£ter Spear and Chmey (1989). Short-dashed h e s  are epailibna m the KFASH 
sub-system, and Iong-dashed hes are e q n i I i i  in the KASH sab-system, Black sqoares axe 
KFMASH meant pmts with absent phases shown În brackets. Znferred pressure-temperature 
paths for rocks of the M2 Stpmoiite zone (gray) and ofthe kyade + stamiite zone @WC) are 
shown. See text for discussio~ Abbreviatiom are= A h  aimandine; Anck andahmite; Ann= amrite; 
As: aImMn0-silr-cate; Cr& cordîerite; FeCidr Fedoritoid; Fe* Fe-stauroiite; Ms: muscovite; 
Qtz: qrtartz; Tic: talc; o k  are as mPigmes 23, 



redting fiom additional components, such as Mn and Ca, consistent with the observation of signincant 

spessartine and grossdar components in gamet (Fig. 2.5). and widespread occurrence of plagioclase. A 

more reaiistic stauolite producing reaction in the study area is therefore: 

gamet + chlorite + muscovite 

-> staurotite + biotite + quartz + plagioclase + Ha (2.4B). 

Whitney and Ghent (1993) interpreted the CO-existence ofstaurolite and gamet, as well as gamet 

compositionai dis~ontinuities~ in peütic rocks of the Soiitude Range to the northeast of the Big Fish Creek 

area, to resuit fiom prograde reactions involving the coasumption of chloritoid, which is presenied in 

these rocks as inclusions in gamet. Because chioritoid was not observed in the Big Fish Creek ma, and 

because tex& evidence strongly suggests a Iink between staurotite gruwth and gamet connimption, this 

scenario probably did not play a significant role here. 

2.6.2.5 Kyanite + staurolite zone and beyond 

Rocks in whicb kyanite and stauroiite coexist were observed in a single outcrop in the northeast 

corner ofche mapped area (Fig. 23). niese rocks are similar to staurolite zone rocks, except for the 

sporadic occurrence of kyanite porphyroblasts spatiaiiy associated with gamet and stauroiite (Plate 5B). 

As with other M2 minerais, kyanite commody bears ûactures at hi& angle to the dominant matrix 

foliation, ST (Plate 5B). Kyanite is round in some peiitic Iayen and not in others, and where kyanite is 

absent, kyanite-grade rocks are smiüar to stauroIite-grade rocks. The reader is refened to the previous 

section for a detded description of phases O ther than kyanite. 

Peiites in the kyanite + stauroüte zone (Fig. 23) are characterized by a paragenesis incIuding 

kyanite + stamtite + gamet +- biotite + muscovite + quartz * chlorite * pIagioc1ase. The persistence of 

staurolite in the kyanianite stability fieId implies the isograd reaction (e.g., Spear and Cheney, 1989; Fig. 

2-7): 

staurotite + chlorite t muscovite + qpartz -> 

kyanite + biotite + H20 

However, the reactÎon (Fig. 2.7), 



staurolite + muscovite + quartz -> 

kyanite + gamet + biotite + Ha 

can not be d e d  out because kyanite is encountered only in one outcrop (the isograddenning outcrop), in 

an assemblage which may repment the terminal AEM staurolite-breakdown reaction defined by reaction 

2.6A. On the other hami, the lack of evidence for Iate gamet growth (e.g., PIate 33). and the presence of 

a kyanite + staurotite zone of finite width immediately to the southeast of the study a .  (Figs. 22,2.6; 

Leatherbarrow. 198 1) is consistent with ceaction 23A being the kyanite-in reaction in these rocks. 

Kyanite was not found in the western part of the study area (Fig2.3). West of Big Fish Creek, a 

staurotite + biotite zone gives way northward to a zone where staumlite and Iibroliac sillhanite co-exist 

in apparent equilibrium (Fig. 2.6). The spatial association of staurolite, chiorite (aiter garnet), biotite and 

Fibrolite, and in particular, intergrowths of s i h a n i t e  and biotite (Plate 7A), suggest the reaction: 

staurolite + chlorite + muscovite + quartz -> 

silbanite + biotite + H20 (2.5B). 

Aftemativeiy, the occurrence of fibrolite and biotite intergrowths mimicking pre- to syn- 

kinematic gamet shapes (Plate 7A,B,C) could indicate that tibrolite grew on biotite pseudomorphs afler 

gamet, produced by reaction 2.4. Ke&k (1987) posnilated that fibroiite production after biotite is 

possible in the presence ofCi-rich fiuids via a reaction such as: 

biotite + HCI -> nbrolite + Si@ + KCI + (MaFel&'12 + HzO (2-7) 

and that reaction 2.7 can occur at temperatures below coarse ("crystalline") sillimanite stabitity. 

Further north dong Big Fish C ~ e k ,  and north of the Bigmouth Creek stock are peIitic rocks 

characterized by the assemblage siliimanite + gamet + biotite. Stamiïte is absent, and euhedraî gamet 

overgrows fibrolitic to c o r n e - m e d  sinmianite + biotite aggngates (Plate 7B,C). At Ieast some of 

these aggregates are psetxdomorphs d e r  earIy gamet as mdicated by the presmation of inclusion-rich 

cores to these eahedrai gamet porpbyrobIasts, which are IocaIly rotated with respect to the extemai 

foüation., SF and are hterpreted at Ieast in part to be ofM L origin based on textmal sitdarities with MI 

gamet eisewhere, such as  sptining (Plate 7B) and the inclusion-rich, anhedrai nature of these cores (Plate 

7C). Other aggregates ofsillimanite and biotite rnay be pseudomorphs der  staurulite. SilIimanite is 



coarser in these rocks, It coexists with biotite as pseudomorphs of gamet * sburoIite and is a common 

matrix constituent (Plate 7D), These observations suggest the reaction (Fig, 2.7): 

staurotite + muscovite + quartz -> 

sillimaaite + gamet + biotite + &O (2-6B). 

The observed mineral assemblages are inferred to be syuchronous with M2 mineral assemblages 

Found throughout the map area (Fig. 23) based on bvo Iines of evidence. Fht .  occurrences of !+ 

parailel, deformed siiiimanite and biotite were encountered (Plate 7D), indicating that these assemblages 

developed befote the end of ductile deformation. The second Iine of evidence hinges on the coatinuity of 

the minerai isograds they define with minerai isograds in adjacent areas, Based on the distribution of 

assemblages west of Big Fish Creek, isograds have been extrapolated to the northwest fiom the main 

study area, as iiiustrated in Figure 2.6. The minerai zones thus defhed in the present study area tie in 

well with those of Gibson and H6y (1985) to the northwest (Fig, 2-61, The spatial continuity of the 

minerats zones shown in Figure 2.4 suggests that they are rdated to the same metamorphic 

recrystaliizatioa episode. 

in the Mica Creek area (Fig. 2.21, the s ihan i te  isograd is sharp, deked by a zone a Few tens of 

rneters+vide at most, where kyanite and sillimanite CO-exkt (Ghent et ai., L977, 1980). In contrast, to the 

west of that area, kyanite and nbroiitic siIiimanîte CO-exist over a 15 km-wide zone (Doucet et ai., L985; 

Sevigny and Ghent, 1986; and Digei et ai., 1989; Digel et ai., 1998; Fig, 26). One type of fibmlite 

occurrence descn'bed is "smaiI knots intergrown with biotite" (Digei et ai., 1989; p. 96), a te.- very 

smiilar to that observed in the West and north of the Bigmouth Creek stock (Plates 7AJ3,C). These 

authors postuiated that fibtotite deveIopment m y  be reIated to temperature inaxase due to sporadic 

emplacement of smail granitic bodies, 

Aithough icyanite was not obsenred to CO-exist with nbroiite in the present study are* it occurs in 

the kyanite + stauco tite zone more or Iess dong isogradic strike of the nrst nbroIitic dhnanite 

occurrence found to the west of the Bigmouth Creek stock (FÏg, 2.6). It is possible that recrystaliizatîon, 

d t m g  either h m  a temperature iacrease (e.g., Digel et ai., L989) or decornpression, of kyanite-bearMg 

rocks to pmduce fibrofite resuited in the compiete resorption o f F e ,  durnig M2 metamorphism, 

AIternatively, the presence of nbrolitic sillimanite ratfier than kyanite in rocks west of the Bigmouth 

Creek stock may refiect a regional pressme gradient dong strike of the isogmds dnrirrg M2 

metamorphism. 



SpIays of large muscovite * chlorite pseudomorphs aller andaiusite (Plates 4B) are widespread in 

the M2 staumlite ami, Iocdy, gamet zones (Fig. 2.8). Andalusite retrogression is generaiIy cornplete, but 

k s h  andalusite was observed in a handful of outcrops. On the outcrop, the splays of porphymblasts 

appear relatively undefomed (Plate 4B); they are well exposed in mica-rich layers paraIIel to the 

dominant foliation, Çr, but ako cross-cut thïs foliation, 

in thin section, andalusite porphyroblasts include grains of earIier-formed M2 minerd 

assemblages (Plate 4C9). LocaiIy, these porphyroblasts are bouchage& with resulting ûactures at hi& 

a g i e  to (Plate 6C). Matrix phyllosilicates Iocally wrap around the porphyroblasts. Muscovite k 

chIorite pseudomorphs aAer andaiusite consist of aggregates of fine flakes wbich are aligned with ST to 

variabte extents. In many cases, retrograde phyllosilicates showed strong alignment paraIIei to % (Plate 

4D). 

Where fiesh andaiusite and other M2 minerais are preserved, no evidence of intervening 

retrogression is observed (e-g., Plate 4C,D). Thedore, anddusite is interpreted to have developed in the 

Iate stages of M2 metamorphism. This interpretation is aIso consistent wit.h the spatial comlation of 

occurrences of andaiusite or pseudomorphs after andalusite, and the M2 stauroiite zone (in particdar, the 

fact that the appearance of anddusite coincides approximately with the M2 stauroiite isograd; Fig. 2.8). 

Given the close spatiai (Fig. 2.8) and texturai (Plate 4CP) association of andaIusite and staurolite, the 

pro babk andalusite- forming reaction in these rocks is: 

staurok + chiorite + muscovite + quartz -> 

andalusite + biotite + Hfl (2SC). 

This reaction is shown m Figure 2.7 to proceed at presstue below 2.5 kbar, ui contrast, M2 kyaaite 

production tbroagh ceaction 2SA took place at pressure Ïn  excess of6 kbar (Fig. 2.7). This impties a 

pressure differential fiom the Iow-grade haifof the staurok t bîotite zone to the kyanite-ni isograd (Le., 

approximately 1500 III) of almost 4 kbar, or a minijnunz pressure gradient of 2.6 kbar/km, which is 

unreasonable for crustai rock d-ties. Therefore, production of ancidusite ni the stauroiite zone via 

reaction 25C implies snbstantid decornpfessf*on (m excess of3 kbar) during the Iate stages of M2 

metamorphisrn (Fig. 2.7), foiiowlng attalliment of conditions leadmg to kyanite production iu higher- 



Figare 2.8 Occurrences of late, corne-graiiled anddusite anâ retrograde pseudomorphs after a n d a I d  
mthestudyarea 



grade rocks. F i p  2.7 shows schematic M2 pressure-temperature paths for rocks of the stauroiite and of 

the kyanite + staumIite zones which are consistent with this hterpretation. As shown in this figure, some 

stauroiite-zone mcks, especidy in the western part of the study area, may have reached M2 peak 

temperature in the sülimanite stability field, consistent with the observation of CO-existing staurolite and 

sillimanite West of Big Fish Creek (Fig. 2.6; PIate 7A). 

An dternative explmation for the presence of andalusite developed Iate in the metamorphic 

recrystallization history is that it is related to emplacement ofan igneous body, such as the Bigmouth 

Creek pluton, within rocks of the Big Fish Creek area. Given the Limited outcropping extent of the pluton 

(with a diameter of approximately 5 km; Fig. 2.6)- it is unükely that heat advected by this body would 

have effected substantial prograde recrystallization 3 km away, where audalusite is encountered. This 

conclusion is aiso supported by the Iack of evidence for recrystallization to Iow-pressure assemblages of 

kyanite-bearing mcks in the M2 kyanite + staumlite zone, between the outcropping area of anddusite and 

the Bigmouth Creek stock. The interpretatioo of the presence ofan intrusive body below (or above, and 

now eroded) the area characterized by andahsite, aithough somewhat ad hoc, can not be ruied out. 

However, occurrence of andalusite with kyanite inclusions at a Iocdity approximately 10 km southeast of 

tlie Big Fish Creek area (M. Colpron, personal communkation, 1994), suggests that andalusite 

development was regiond in scale, and not restricted to tfie immediate vicinity of a hidden intrusive body. 

2.7. Timing of Bigmouth Creek intrusion and metamorphism 

The timmg of regional metarnorphism on the West flank of the Seikirk Fan structure has been 

mterpreted as mid-Jurassic based on observed timing celationship between deformation, metamorphism 

and emplacement of intrusive bodies which have yielded mid-Jurassic crystaiiization ages (e-g., Wheeler, 

1965; Archihaid et ai., 1983; Brown et ai+, I992a; Colpron et ai., 1996). 

Meelet  (1965) and Van der Leeden (1976) have mterpreted the age of empIacement of the 

Bigmouth Cnek stock, exposed m the northem part ofthe study area, to be ca 170 M a  based on 

compositionai and texturai simiIarities with other mid-Inrassic Intrusions m the area Van der Leeden 

(1976) interpreted the peak of regionai metamorphism in the area to pre-date or to be synchronous with 

emplacement of the Bigmouth Creek stock, and based on th%, infened that peak regionai metamorphism 

M the area was mt*dd.lurassÎc or older, 



A sampIe of K-feIdspar-megacrystic, hornbiende- and biotite-be- quartz monzonite h m  the 

Bigmouth Creek stock was dated by U-Pb geoctironology of magmatic zircon and titanite. hstnmental 

analysis was performed by Richard Friedman and Jim Mortensen in the geochronology Iaboratory at the 

University of British Columbia and results are presented in Figure 2.9. Six zircon fiactions define a iinear 

trecd with an upper intercept at 1.75 0.02 Ga, and a Iower intercept at 157 k 33 Ma (MSWD = 182)- 

The Iower intercept age corresponds to the magmatic zircon crystalIization age during empIacement of the 

Bigmouth Creek pluton; the upper intercept represents a component of inherïted zircon that was present in 

a11 fractions. The two concordant titanite Fractions gave 2-b/L18~ a g a  of 140.5 * 0.8 Ma and 137.4 

1.4 Ma. 

These resuIts indicate that emplacement and crystalIization of the Bigmouth Creek stock occurred 

in Iatest Middle to eaIiest Late Jurassic (i.e,, 157 Ma). The younger titanite ages codd be interpreted in 

two ways: 1) the pluton cooled very slow ly to reach titanite U-Pb closure temperature (ca 600 OC) 

approximately 17-20 m.y. af'ter crystallization of zircons; 2) the pluton cooled to below 600 O C  prior to 

140 Ma, and titanite ages record resetting of the U-Pb system by a heathg event at ca. 140 Ma. AIthough 

the data are permissive of both interpretatiom, the second scenario is temtatively favored for a number of 

reasons. Firstiy, the presence of magmatic epidote in Bigmouth Creek granodiorite suggests that initial 

emplacement of the mûusive body was at depths well in excess of 20 km (i.e., pressure in excess of 6 

kbat; Zen and Hammarstrom, 1984; Zen, 1985). Magmatic epidote is commody observed in mid- 

Jurassic homblende-bearing intrusions m the southeni Omineca BeIt, and bas been interpreted by 

previous authors to be consistent with crystdlization at substautiai depth (Ghent et al., 199 1; CoIpron et 

ai., 1996). Magmatic epidote in the Bigmouth Creek pluton impIies that country rocks were at mid- 

crustai temperature and pressure condirions in Iate mid-Jurassic the. Because mid-Jurassic 

metamorphism is cornmon in other parts of the SFA (e.g., Archibaid et al., 1983; Brown et al, f 992; 

Colpron et ai., 1996). Ml metamorphism recorded in rocks of the study area is tentatively interpreted to 

refIect these mid-crostal conditions attained at about the time ofemplacement of the Bigmouth Creek 

piuton (Le., MI metamorphism is mid-Jurassic). Retrograde assembIages deveIoped on M I gamet 

porphyroblasts, and on which M2 gamet overgrowths were overprinted (see Section 2.6.1 above) Indicate 

that a si@cant coohg interval affiected rocks in the area between Ml and M 2  prograde 

recrystallization events. M2 metamorphism therefore represents a distinct t h e d  pdse wbch is 

interpreted to be rdated to resetting of titanite U-Pb systematics m rocks of the Bigmoath Creek stock. in 

other words, the M 2  metamorphic overprint in the area ïs mtexpreted as Edy Crefaceous, the timing of 

this resetting. 



Figure 2 9  U-Pb concordia plot of zircon and Manite d y s e s  for Bigmouth Creek K-feldspar 
rnegacrysti~~ bombIende and biotite-karing grnodionte sample. Straight line is best fit hear 
regression to &ts obtained h m  nVP zircon M o n s  (A-F, a SiXth W o n ,  C, was excIuderf); 
Iowa mtercept is at 157 3 3  Mq iipper mtercept is at 1 3 5  * 0.02 Ga Titanite d t s  for two 
fiactions sn a h  shown FI and T2). They dcnne 2MPbP8U ages of 1405 0.8 M a  and 137.4 I 
1 A Ma, respectiveLyY 



It shouid be noted that the above discussion and enSumg conclusions regarding the timing of M 1 

and M2 metamorphic events are based on limited absolute b i n g  constraints on an intrusive body, and 

that duect ages for metamorphic recrystallization in the country rocks are as yet mavailable. Therefore, 

interpretations based on these conclusions remain tentative until mon extensive absolute Diming 

constraints are available. 

2.8 Discussion 

Rocks of the rtudy area record a potycycüc Mesozoic metamorphic history. As discussed at 

length in the foilowing chapter, ductile deformation associated with long-Iived deveioprnent and 

maintenance of a regional transposition foliatiou, &, was attended and outiived b y bo th M 1 and M2 

metamorphic pulses. This is evidenced by the SrparaLiel inclusion aails in Ml porphyroblasts (e.g., 

Plate LA), and S-r parailel @muent of retrograde minerais d e r  M2 porphyrobIasts (Plate 6BD). 

GeochronoIogicai constraints on crystdization and subsequent thermai resetting of minerais of the 

Bigmouth Creek granitoid intrusion, as well as correlation with timing of metamorphism in nearby areas 

places a Middle to Late Jurassic age (ca 157 Ma, the U-Pb age of zircon crystalliz;ition) on M 1 

metamorpûism, and suggests that M 2  prograde ncrystaiiization occurred in latest Jurassic to Early 

Cretaceous time (ca 140 Ma, age of hal  U-Pb closure of titanite). This implies that rocks in and around 

the study a r a  were part of a long-hed orogenic bek affected by episodic deformation and 

metamorphism over several tens of millions of years at least, in Jurassic to Cretaceous the. 

Evidence for muitiple gamet growth episodes have been reported h m  the Northern Selkirk 

Mountains and nearby anas by prewious works (immediatety to the northeast, Perkins, 1983; in the North 

Adams river area to the noab, Sevigay and Ghent, 1986; m the Cmboo Mountains to the northwest, 

Curie, i988; in the Solitude Range to the east, Ga1 and Ghent, 1990; Waittney and Ghent, 1993). None 

of these authors related these textures to distinct, overprhting thennd pulses. On the other hami, 

geochronologicai arguments have been presented which suggest a cornplex and prolonged thermal history 

for rocks of the Selkirk Aiiochthon. Based on geocEmnoIogid evidmce, ScammeU (1993) argued that 

rocks m the hangÎagwaii of the Monashee Décollement, in the Monashee Momtams to the west of tlie 

present study area (Fig, 2.2) record diachronous metamorphism and deformation over a time intervat in 

excess of 40 m-y., k m  ca. 140 Ma to ca, 100 Ma, More ~centiy, Cniwley et ai- (1998) presented 

geochrono1ogicai evidence for two distinct thamal puises, ofmid-Jdc and mÏd-Cretaceous age, 

respectively, having affected rocks in the Mica Creek ma, to t6e mrth of the study area In addition, 



Colpron (personal communication, 1996) obtained Late Cretaceous (ca. 75 Ma) Ar-Ar ages on mtmtcas 

ftorn the Groundhog Basin, at the southem end of the study area. 

Based on barometry and ArAr& geochronometry, Colpron et ai, (1996) argued that rocks in the 

vicinity of the Fang stock, to the south of the Big Fish Creek area (Fig, 2.2), undement substantial and 

rapid exhumation immediately after regional metamorphism around 170- 168 Ma, In contrast, 

development of kyanite-bearing assemblages during M2 in Eariy Cretaceous t h e  in the Big Fish Creek 

area implies that if these rocks were substantially exhumed in mid-Jufassic tirne, they subsequently 

undenvent significant ~LU%LI between the Middle Jurassic and the Early Cretaceous. Alternatively, the 

discrepancy may represent spatialiy variable tectonic evoiutions for rocks in different parts of the Selkirk 

Aiiochthon. 

Parrish (L995) integrated avaiIabIe geochrono1ogicai uiformation on the timing of regional 

metamorphism in the Selkirk Ailochthon and argued that there exists a consistent relationship between 

timing of meiarnorphism and structurai Ievel in the Selkirk Aiiochthon: progressively sûuctudiy deeper 

rocks appear ta record progressiveIy younger regional metamorphic recrystaiiization. The results of this 

study are consistent with, and reinforce this hterpretation of the spatiaI diachroneity of regionaI 

metamorphism by showing that the timing of M2 metamorphism in the northem portion of the southwest 

flank of the Selkirk Fan structure is intermediate between that of metamorphism in ;ireas to the south, at 

higher structural Ievels (Figs. 2,f,2.2; Archriald et aI., 1993; Brown et ai., 1 99îa; Colpron et ai., L 996), 

and to the north and west, at lower structural IeveIs (Figs. 2.1,2.2; Sevigny et al-, 1989, 1990; Scammeil, 

1993)- However, this study shows that in addition to being spatiaily diachronous, metamorphism in the 

Seikirk Allochthon was episodic and poIycyciic~ 

Crowiey et al, (1999) present geochronoIogÏc evidence for spatiaüy limited and diachronous 

thermal events m the Monashee MountaMs no& of the Big Fish Creek area. These authors argue for 

local heat sources (e.g., plutonism) to accotmt for this restricted spatial extent of thermal overprints. The 

Bigmouth Creek pluton is the ody  exposed magmatic body of volumetric simtificance in the are& and its 

emplacement may have contn'buted to the thermal event which Ied to prograde metamorphic 

recrystallization (e-g., MI, in mid-Jutassic tirne). On the other hanci, despite the apparent geometric 

relatiouship between MZ metamorphic zones and isograâs* and the outcropping area of the Bigmouth 

Creek pluton, it is un[ikeIy that a pIuton 5-6 knr in diameter (see Fig, 2.6) wodd have a simiifrcant 

thermal effect on country rock Iocated 2 4 km away, which is the case for rocks which d&e M2 

metamorphic zones and isograds in de Big Fish Cteek area It is possible that the Bigmod Creek pluton 



extends at depth below these rocks, or that there is a distinct intrusive body Ïn that location, but the lack of 

sufiace exponire of these poteotid heat sources makes it OnpossibIe to assess their importance. On the 

other hanci, spatial continuity of M2 metamorphic isograds m the ma,  with those mapped in adjacent 

areas to the southeast and northwest (Fig. 2.6; Van der Leeden, 1976; Leatherbarrow, 198 1) suggests a 

regional cause for the themial overprint. 

A tectonic model, based on numerical models of a critically-tapaed, doubly-vergent orogenic 

wedge (WiUett et aL, (993). is presmted Ui Fig- 2-10 which integrates the foregoing observations and 

interpretations of metamorphic evolution of rocks of the study area. D o c h g  of the QuesneIIia 

Superterrane nt the western edge of North Amerkt (cg., Monger et al., 1982). and continued contracpion, 

in Early to mid-Jurassic tirne, resuited in thickening of the North American miogeoclin sequence into a 

criticaily-tapered, active tectonic wedge (Fig. 2.1OA). Middle to Late Jurassic ML metamorphism 

resuited nom thermal relaxation of this thickened wedge (e.g., England and Thompsoa, L984), coevai 

with empIacement of the Bigmouth Creek phton at depths weU in excess of 20 km. Thermd relaxauon at 

depth Iead ta establishment of a ductile crustal mot, wfiich rnay have aiIowed the maintenance of a stable 

plateau areq dtrring coatinued contraction and eastward transiation of Quesuellia and of the continental 

mugin sedimentary sequence (Fig. 2. LOB). Evidence of retrogression between ML and M2 prograde 

metamorphic events suggests that growth of the orogenic wedge was episodic. with intervening periods 

during which erosion (tectonic or othedse) might have prevailed over contraction. Significant 

reIaxation of fu-fieid stresses, and/or expansion of the area o f d u d e  lower crust due to M2-reIated 

heating in latest Jurassic-Eady Cretaceous resuited in gravitationai coIiapse of the wedge, accommodated 

at upper to middie c d  leveis by orogen-pardel and orogen-transverse spreading, as demonstrated in 

the foliowing chapter (Fig. 2.10C). In addition to abundant structurai evidence presented in Chapter 3 Cor 

extensionai ductile deformation, Iate-M2 deveIopment of anddusite supports the interpretation of tectonic 

erosion by extensional deformation. This rnodel of a long-lived, dynamitai orogenic wedge aected by 

cornpressionai deformation due to ovedi crustal contraction, and by extensioaai deformation associated 

with gravitationai coilape ofthe overly thickened wedge is m agreement with similar mterpretations 

proposed recently for rocks of the S e W  AlIochthon in nearby areas of the Monashee Momtams 

(Scamnieii, 1993; Johnston, 1996; aIso set  Brown et al,, 1993)- 



Middle Jumssic 

Figure 2.10 Roposed dynamic wedge tectonic mode1 for the Selkirk AUochthon to account for mfcmd 
metamorphic and StnicûuaI evoIution. ModifIed a f k  WiDett et al., 1993. A: Eady a c d o n  of 
westeriy-derived terrane to t6e western edge oMorth Amerka and associated contraction Ieads to 
aristal thickening, t h d  reIaxatÏon of thrtckened wedg~. and resuits m Ml metamorphic event 
B: A stabie wedge geometry is establis6ed which is maintstmed by the bahce of*-fÏeId 
contractional strrsses and expansion ofdactiie crustai root due to contmued thermal reIaxation. 
Parts of the orogenic wedge mdergo buriai whiîe others are apiifted, accounting for Innited 
retmgressicm between MI and En metamorphic ment Continued growth ofthe wedge and 
assocÏated t h d  relaxPtion I d y  (at Iemt) prodace heating a n d d t  mM.2 metamorpb C: 
ReIaxation of k & d  contractionai sh.esstar d a  enpansion ofthe M e  austaI root Ieads to 
siibstantkd gmitational collapse of the dynarnrk wedge, durhg the îate stages ofMZ 
metamorphism. W t i n g  p m h e s  demtdafr0on and d e c o m ~ o n  as morded by 
deveIopment of hte-M2 anausite. 



2.9 Conciusions 

This chapter presents the resuits of a fieId and laboratory study of the thermal and metamorphic 

evolution of rocks of the Seikirk AUochthon on the western flank of the Selkirk Fan structure of the 

southem Omineca BeIt of British Columbia Impiications of these results are discussed in the previous 

section. The main conclusions derived h m  these resuits are Listeci below. 

1. Two distinct metamorphic events affecteci rocks m the Big Fih Creek ma: 

- M 1, the eariier event, is recorded by reiict porphyroblastic minerais which were subjected to 

cooling and retrogression prior to development of M2 prograde minerai assemblages. M 1 was probably 

regiond in extent; 

- M2 is chmcterized by a Barrovian sequence of metamorphic zones in the Big Fish Creek area. 

€rom south ta north, this field gradient inchdes the foiiowing metamorphic zones in rocks of pelitic 

composition: chlorite, biotite, gamet, staurolite, kyanite + staurolite. L a t e x  anddusite is widespread in 

rocks of the gamet and StauroIite zones, suggesting substantial Iate-M2 decornpression, 

2. The Bigmouth Creek stock was emplaced in late Midde Jurassic as indicated by magmatic zircon U-Pb 

ages ( 1 57 3 -3 Ma), Magmatic epidote in Bigmouth Creek p o d i o n t e  suggests that emplacement 

depth was substantidy p a t e r  than 20 km. Earliest Cretaceous U-Pb ages ( 140.7 i 0.8 Ma and L 37.4 k 

1.4 Ma) fiom titanite Crom the granodiorite are interpteted to be due to thermd reserting at that the. 

3. Based on evidence for widespread mmiddJurassic metamorphisrn m other areas of the SeKrk 

Allochthon, and for deep emplacement of the Bigmouth Creek phton at that tirne, MI metamorphism is 

Uiterpreted to be of mid-Jurassic age. 

4. M2 is Uiterpreted to be the resdt of the same thermal pulse which caused resettmg of U-Pb systematics 

of titanite in the Bigmouth Creek pluton in Eariy Cretaceous time Thus, thhg  of M.2 metamorphism is 

Eariy Cretaceous. 

S. D u d e  deformation associated with a Iong-lived transposition foliation was ongoing, in that part of the 

Serrcirk AiIocfitE~on, h m  prior to the peak ofMI metamorphism in mid-Jurassic the, to after the peak of 

M2 m Eariy Cretaceous thne- 



6, Consistent with the foregohg concfusions, the Selkirk Allochthon in and around the study area is 

interpreted to represent a dynamic orogenic wedge which actively reacted to changes in extemai and 

internat parameters (far-field stresses and rheoIogicai modificaions) over at Ieast 20 m.y, in Jurassic to 

Cretaceous the,  and probably Ionger, as suggested by constraints h m  adjacent areas- This mode1 is 

supported by the stnrctural maiysis of these rocks presented in the following chapter, 



Chapter 3 

OROGEN-PARALLEL AND OROGEN-TRANSVERSE SYN-COMPRESSIONAL EXTENSION, 

AND LONGLIVED STRUCTURAL EVOLUTION OF THE SELKIRK ALLOCHTEION 

OROGENIC WEDGE, BRITISH COLUMBIA, CANADA 

3.1 Introduction 

la the last 15 years, the concept of a fold and t h t  belt as a dynar.uk, critically-tapered wedge 

(Davis et ai., 1983; Dahien et ai., 1984; DahIen, 1984) has been applied to whoIe orogeuic beIts (cg., 

Malavieiile, 1984; Stockmai et al., 1986; Jamieson and Beaumont, 1988; WiUett et d., 1993). in paralleI, 

cvidence for syu-compressional extension in a number oforogenic belts has been assigned to maintenance 

of a stable ("critical") geometry in response to crustal thickening by compression, and associated 

rheoIogicaf changes due to thermal relaxation foIlowing thickening (e.g., BurchfieId and Royden, 1985; 

Jamieson and Beaumont, 1988; Holdsworth and Grant, 1990; Hodges and Waiker, 1992; Hodges et al., 

1993; Diez Baida et al., 1995'). 

RecentIy, Scammell ( 1993) brought to tight evidence for Iong-lived deformation resulting in 

snstahed transposition of stnictunl elements in rocks at the base ofthe Selkirk Allochthon (Read and 

Brown, 198 1), an orogenic wedge exposed in ~e southeastern Canadian Cordiiera (Fig. 3.1). Scammell 

(1993) mterpreted extensionai structures in these rocks as syn-compressionai, and proposed a tectonic 

modei h v o I ~ g  extrusion (e.g., Burchfield and Royden, 1985; Thompson et aI, 1997) at the base of the 

Allochthon by contemporaneous east-dkected thnisting iinked to development of the Rocky Mountain 

Foreimd beIt to the east, and extension dong a west-vergent ductile shear zone (aiso see Johnston, 1 996)- 

Scammeii (1993) argued that the SeIkirk AiIochtEion represents a iong-Kved dynamiî wedge, and that 

syn-compressiond extemion recorded near the base of the wedge is the redt of gravitationd coIIapse 

foliowing overthickening. 

This extrusion model for the base of the Selkirk AUochthon, however, contrasts with 

Ïnterpretations of the deformation at highex levers m the Se- AiIochthon wedge m te- of discrete 

events W e d  to spe&c changes in the geometq of the wedge boundaries (e-g., Brown et ai., 1986; Price, 

1986; Brown and Lane. 1988; CoIpron et ai., 1998). Long-üved, "d-clr maintenance ofan active 

orogenic wedge is aiso difticuit to reconde wÏth a ment interpretation by P d 6  (1995) of eastward, 



LEGEND 

Figure 3.1 LÏthotectonic map of  the Southm Ommeca BeIt Tbick black box shows location of present 
study area. Gray boxes are IOcafiotls ofrecent studÏes in ncatby areas: 1- ScammeiI (1993); IL 
CoIpmn et aI. (1996); IK Johnsbn, 1996, AB- Adamant Batho- BS: Bigmouth Creek Stock; 
BRB: Battre Range Batholith; CRE? CoImnbia f i e r  Faal; CE CIachnacnriainn Terrane; FS: 
Fang Sb& GBS: G d e ~  Bay Stock; GP: GoIdsûeam PI- ICB: KlislraitPx BathoIith; MC: 
Mica Creek areq MD: Monashee Décoliement; MO: M d e e  CompIe~ R: town ofRevehtoke. 
Modified &WheeIer and McFeeIy (199 1). 



and downward progression, over tirne, of metamorphic and associated deformational activity in the 

Selkirk AIIochthoa 

Of particular importance in resolving these apparent conflicts is the nature and timing of 

deformation in the intemal parts of the orogenic wedge. Recognition of long-iived deformation, and in 

particuiar, cycles of compression and thickening, and resulting heating and gravitationally-driven 

extension, would favor a long-lived "dynamk wedge" model for the SeUUrk AUochthon. On the other 

haoh evidence for discrete, and stylisticdy distinct deformation events. and for a spatial prokgestion m 

the temporal distniutioo of metamorphic recrystahation events (;.es, structuraiiy downward younging 

trend of metamorphinn; Pmish, 1995) would tend to favor a model dominated by downward, and 

foreland migration of defonnation and metamorphic "fionts" over the.  

This chapter presents a study of the structurai eIements observed in the Big Fish Creek area of the 

Selkirk Allochthon, in the Northem Selkirk Mountains of British Columbia (Fig. 3.1). Rocks in this area 

are of particular interest because they preserve the record of a pmtracted and complex history of 

metamorphic recrystailization (see previous chapter) which cm be used to unravel the associated 

defonnation events, This is in contrast to other areas in the S e h k  Allochthon where the record of 

defoimation and metamorpbism is Iess complete, either because of eady cessation of defomiation and 

metamorphic activity, or because of continued rewodcing until the laie stages of orogenic evolution which 

obliterated the record of eady evolution of the orogenic wedge. Structural elements and style observed nt 

intermediate levels of the Selkirk AiIochthon suggest a history of protracted ductiie deformation in a 

~gionaily significant shear zone fiom as early as the lurassic, to at least as Iate, and probabfy Iater 

than the Eady Cretaceous. As argued below, ductile deformation involved non-coaxiai strain associated 

with eastward thnisting of the wedge, and with west-verging syu-compression extensional srmin mtemaf 

to the wedge, as weii as subsbntial sub-verticai shoaening (Le., orogen-paralle1 and orogen-transverse 

coaxial extension). The style of deformation in the Big Fish Creek area suggests that the Selkirk 

AiIochthon orogenic wedge was a long-iived, dynamic entity affectcd by extemal and internai forces 

(tenane convergence, gravity), and by deformation (compressional and extensional) of the wedge in 

response to these dnMig forces. 



3.2.1 Tectoaic environment 

The study area is located withui the southem Omineca Belt, an orogenic core zone deve[oped as a 

resuIt of coiiision and accretion to the western margin of North America of westerlydenved terranes 

during Mesozoic to Early Cenozoic time (Fig. 3.1 ; Monger et ai., 1982). Rocks underlying the study area 

are part of the Selkirk Allochthon, a package of Late Pmterozoic to Paleozoic North Amencm continental 

margin rocks which was thnist eastward as much as 250-300 km during accretion and continued 

convergence (e.g., Mce and Mountjoy, 1970; Read and Brown, 198 1; Brown et ai., 1993). DispIacement 

of the Selkirk Mlochthon has been interpreted to have taken place in part dong the Monashee 

Décollement, a zone of intense ductile shear exposed to the west of the study area (Read and Brown, 

198 1 ; Joumeay , 1 986; Brown and Joumeay, 1 987). The Monashee DécoMement is interpreted to separate 

the basement and cover sequence of the Monashee Complex structural culmination from the overiykg 

Selkirk AlIochthon (e.g., Read and Brown, 198 1 ; Brown and Read, 1983; Journeay, 1986; Scammell, 

1993), a d  to extend as the root zone of the basal décollement to the Rocky Mountain thnist and foId belt 

to the east (Brown et al., 1992b). Brown et al. (I992b) have dso interpreted the Monashee Décoiiement 

itself as representing the roof thrust to a series of basement-rooted, east-directed thrusts, the combined 

displacement of which matches the inferred shortenhg in the Rocky Mountah foreland beIt (also see 

Cook et al,, 1992). Recentiy, however, some workers have questioned the existence of the Monashee 

Décoiiement as a discrete shear zone (e.g., Williams and Jiang, 1999). 

Regionaliy, rocks of the S e E k  Ailochthon record a complex and protncted deformation and 

rnetamorphic history associated with Mesozoic convergence, and regionai extensionai deformation at 

Ieast as eariy as the Late Pdeocene (cg., P&sh et aI., 1988; Carr, 1991, 1992; Panîsh, 1999, The 

stratigraphie and metamorphic framework of rocks in and around the study area are briefïy reviewed 

below. The structurai evolution of these rocks is the main focus of this chapter. 

Rocks in the study area have been aitematively înterpreted as beionging to the Upper Proterozoic 

Wmdermere Supergroup (eg., WheeIer, 1965; Brown et al, 1977,1978; Brown and Tippett, 1978) or the 

Lower Paieozoic Lardean Gronp (e.g., Brown and Lane* 1988; Logan and Colpron, i995). The 

controversy stems in large part fiom the fact that these rocks are strongiy deformed, recording mtense 



isoclinaI foolding, non-coaxïai shearing and transposition, impartiag significant uncertainty to attempts at 

regional correlation, In addition, few stratigraphic top mdicators have been observe& and because of 

widespread isoclinal folding, it is extremely diEcult to ascertain the large-scaie stratigraphic facing in the 

aresi, in any case, detailed stratigraphic correlation is beyond the scope of this study and the 

"stratigraphic" fkamework desmied below does not rest on any interpretation of relative age: rock tmits 

are distinguished in terms of their respective structura[, not stratigraphic, IeveIs. 

The rocks mapped c m  be subdivided into four broadiy defined packages separated by gradational 

contacts (Fig. 3.2). The stnictudy Iowest package comprises centimeter- to meter-thick psammitic and 

semi-pelitic layers typicaIly separated by thin (mm) mica-nch laminae. The Iower boundaq~ of this 

package was not identified within the bounds of the stucly area. Of particdar note is the presence, ne= 

the top of this package, of several intervais of coarse gri*tty psamrnite, up to seved meters in thickness, 

characterized by quartz and feldspar porphyroclasts which are commody highly strained, These gritty 

hte wds are found across the study area and hence are useful markers (Fig. 3 -2). 

This psammitefsemi-pelite package is stnicniralIy overlain by 100-200 meters of dominantly 

peIitic schist compositionaHy Iayered on a cm- to dm-scde, Cdc-petitic schist and brown-weathering 

impure rnarble becorne abundant towards the top of this pelitic interval. This transition defines a 

gradational contact with the overtying package, which com*sts of approximately equd amounts of pelitic, 

and caIc-pelitic schist, with sporadic occurrences of cm- to dm-thick impure rnarbIe Iayers, and more 

m I y ,  of massive chiorite schist or amphibolite, depending on metamorphic grade (Fig. 32). In the 

northern part of the area, this cale-pelitic package gives way up-section to a sequence of brown- 

weathering, impure to relatively pure calcite, and dolomite marbles, associated with more arnphiiboIite and 

Iocafiy, t6in intervds of talc-schist (Fig. 3.2). ParticuiarIy noticeabIe are thick (severai tens of meters) 

intervals of ntsty brown-weathering doIomitic marbie- 

The Bigmouth Creek pluton (Wheeler, L965) is exposed at the northern Iimit of the stndy area, Ic 

consists of K-feIdspar porphyntic, magmatic epidote-bearing, honibhde gmodionte. Late Jarastic to 

Eariy Cretaceous U-Pb ages on zircon and titanite h m  the Bigmoath Creeic granodiorite were obtaiaed 

as part of this study (see previous chapter). As discussed kt the Iatter part of ttiis chapter, the presence of 

mgmatic epidote, Indicating emplacement o f h e  granodiorite body at snbstanttid depth, dong wittr the 

W b  ages provide a tower b i t  on the ti-g of a high-pressare metamorphic event which affkcted rocks 

of the study area (see next section), This has implications for the timing of extensional deformation and 

associated decompression in ~e area These points are discussed in Section 3-4- 





The previous chapter presents a detaiIed description of the distribution of rnetamorphic 

assemblages, the metamorphic reaction history, and an interpretation of the metamorphic evotution of 

rocks of the Big Fish Creek area The salient points are summarized hem. 

An earty metamorphic event, Ml, is preserved as cores to composite, po1ycyclic gamet 

porphyroblasts in pelitic rocks. A later, medium-pressure prograde recrystallization event (M2) resulted 

in a sequenct of metamorphic zones deveIoped in rocks of pelitic composition, ranging fiom a chiorite 

zone in the south, to a kyanite + staurolite zone in the northern part ofthe Big Fish Creek area (Fig. 3.2). 

Extensive retrograde reptacement of Ml assemblages preceded M2, indicating that the two metamorphic 

events were sepatated by an episode of cooling. Because of the extensive retrograde destruction of M l 

assernbIages pnor to M2, the intem-ty and spatial distribution of prograde MI recrystailization can not be 

accurateIy estabfished, The M2 metamorphic overprint is well preserved, Anddusite is observed to 

overgrow M 2  minerai assembrages in the north-centrai part of the area, and is inferred to represent 

decompression near or following the thermal peak of M 2  mebmorphism, integration of these and other 

observations on the metamorphic history of the study area suggests that it was compiex, polycyck and 

protracted, The temporal and spatial reIationships between deformation and metamorphic 

recrystailization are discussed in Section 3.421 below, where it is shown, based on texturai criteria, that 

ductile deformation attended and outfasted prograde metamorphism in the area In addition, there appears 

to be a dose spatial and temporal correIatiou between intensity of rnetamorphism and styte and intensity 

of de formation, 

3.3 Structural geology 

33.1 Previous work 

The Big Fish Creek area lies on the southwest fi ank of the Selkirk Fan axis (SFA), a zone of 

structurai divergence defined by a NW-trendhg axis separating rocks of southwest structurai vergence to 

the southwest, fiom rocks of northeast structural vergence to the northeast (Fi& 3-1; Wheeler, 1963, 1965; 

Brown and Tippett, 1978). Smce WheeIer's (1963,1965) eariy work, a nmnber of authors have descriied 

the structurai ge01ogy and interpreted the deformatlord history of the SeIklrk Fan in tenns of discrete, 

spatiaiIy correlatabk, deformafi-on phases (e.g., F m e n ,  1974; Van der Leeden, L976; Tippett, 1976; 

Bmwn et aL, 1977,1986; Brown and TÏppett, 1978; Read and Bmwu, 1979; Smiony et ai., L980; Raeside 



and Simony, 1982; Perkins, 1983). In this scheme, the overprinting of two generations of folcis of 

opposite vergence (northeast and southwest) and of variable spatial htensity produces the structura1 fan 

(Brown and Tippett, 1978; Price. 1986; Brown et al., 1986). 

A significant problem with this approach is that structures assigned to a given deformation phase 

based on similarit. of style are known to be wïdely diachronous. For instance, on both fi anks of the 

Selkirk Fan, D2, the second phase of deformation, is interpreted to pre-date, or be coeval with the main 

phase of metamorphic recrystlllri7ation (Van der Leeden, 1 976; Brown and Tippett, 1978; Leatherbarrow, 

198 1; Simony et al., 1980; Perkins. 1983; Sevigny and Simony, 1989). However, this metamorphic event 

is thought to be of Jurassic age on the west flank of the SFA (Archibald et al., 1983; Brown et al., L992a; 

Colpron et al., 1996), whereas on the east fl ank, it is interpreted to be o h i d -  to Late Cretaceous age 

(cg., Sevigny et al., 1989, I990). 

Parrish ( 1995) integrated geochronological data for the Selkirk AiIochthon and the underlying 

Monashee CompIex and argued ihat metamorphism and associated deformation are progressively younger 

with stnictud depth, consistent with foreland-propagating defornation in tfie Selkirk AlIochthon wedge, 

However. as descriied in the previous chapter and briefly s h e d  above, the history of prograde 

metamorphisni and associated deformation in the study area is complex ancl probably spanned a 

substantial temporal range h m  middJurassic to Cretaceous the.  The relatively extensive record of 

metamorphism preserved in rocks of the Big Fish Creek area provides an excelient opportunity to address 

the question of the relative timing of different structural elements. The fact that they record at least two 

distinct prograde regîonal metamorphic pulses is atypicd of rocks in nearby areas. This is either because 

Iater metamorphism in other areas was SUfncientIy intense to mask evidence of earlier rnetamorphism 

(e-g., ScammeU, 1993; Crowley et d., L 998); or because hese areas did not see as cornplex a 

metamorphic history and were ody affected by one metamorphic event (e.g., Colpron et al., 1 996). 

Whereas the mineraiogicai signature for poIycyciic metamorp6ism may be cryptic? ment  

geochronoIogicai evidence suggests that high grade rnetamorphic rocks of the Seikirk AUochtùon north 

and West of the present study area were, in fact, afKected by at Ieast two distinct t h e d  events during 

Mesozoic thne (Sevigny et al., f 989; L990; ScammeII, L993; Crowley et al, 1998). 

As discussed at Iengtb behw, m a q  structural elements encouatered in the study area were 

produced by progressive deformation and transposition over a s Ï ~ c a o t  period of tirne, as consaained 

by the syii-defotmationai metamorpkic recrystallization history. This poses an additional proHem when 

attempting the spatiai comIation ofstmcttrres based on style becanse similar StnicturaI: eImients may 



have developed at widely Merent times (e-g., Wiiams and Zwart, 1977; W'iams, 1985; Tobisch and 

Paterson, 1988, 1990). Furthennote, the diachronous nature of 60th defonnation and metamorphkm 

tempers the signincance of temporal couelations of deformation and metamorphic events based on 

texturai arguments. These problems are €iuther addressed in the foiiowing sections. 

3 3 3  Structural elements in the Big mh Creek area 

The structural grain of the Big Fish Creek area is controlled by the distribution of a moderate- to 

shdow-dipping penetrative foliation (Fig, 3.3A; see Appeadix IV for listing of ali field-based structural 

rneasurements), CIose1y associated with this foIiation are tight to isociinai foIdsT minerai and stretchirrg 

lineations, extensionai crenulation and shear bands. These early structures are associated with the main 

phase of deformation in this area, They are overprinted by at Ieast two distinct sets of late crendations. 

The followuig sections pment a description of these different structurai elements. Aithough no obvious 

structurai discontinuity was encountered in the field, it wiU be argued that rocks of the study area 

represent part of a zone of intense distriiuted strain of probable regionai signiIicance. As discussed 

below, the dominant foliation is a transposition fo iiation developed during protracted non-coaxial 

defonnation, in the foIIowing sections, distinction is made between structures fonned prior to or dwing, 

and those formed after, the development of the transposition foliation. 

332.1 Dominant foliation, ST 

The dominant outcrop-scde structurai element in t6e Big Fish Creek area is a penetrative 

fotiation defhed by compositionai Iayering and the alignment of minerals with grain-shape preferred 

orientations (cg., PIate 8). Previous workers (Ghent et ai., 1977; Simony et ai., 1980; Raeside and 

Simony, 1983; Dechenes and Simony, 1984; Doucet et al., 1985; Sevigny and Simony, 1989) have 

ascn'bed the development of this foliation in areas in and around the Northern Selkirk Mountains to 

transposition resulting fiom superposition of two temporaîiy distinct, but coaxial fotding events and used 

an SI+z notation to highfight its composite nature. In the Big Fish Cndr  ana, the dominant foliation is 

IocaIIy discontinuons and is commody observed to be plartar to ti@t to isocM, commody 

mtrafohi, and tocdy refolded foIds witb attenuated to rootiess h b s  (Plates 8A7 9A). As discussed 

below, ST is associated with intense and protracted defonnation, For these reasons, it is mterpreted to 

represent a transposition fotiatiou because of its compIex and composite natmp (e-g-, Plates 9A3,  L O; 

Tobisch and Paterson, 1988,1990). Foiiowing Wiiiiams and Campagnoni (1983), it is referred to hereiu 

as S T- Observations presented m thk and the foiiowhg sections M e r  support this mterpretation, 



Figure 33A Attitades ofstmctwI eIements m the sttdy prea LithoIogicaf contacts and distriiution 
of ST attitudes are shown on map. Stereographic projection oftransposition reiated 
smictmes: pies to ST and ST, ET. LT and stretchg IHieati~ns~ 



Eïgure 3JBAaitiida ofstmcawl eIemenîs m the stucty area. Late s t m t u ~ ~ :  intersection 
Iineations associatedwitfi iate crenuiatiom+ and iate foId axes. 



ScammeIi(1993) nached d a r  concIusions regarding the nature of the dominant foliation Hi higher- 

metamorphic-grade rocks of the Monashee Mountains to the west (Fig. 3.1). 

Measured attitudes of & are shown in Figure 3.3A. In general, the strike of ST varies Eom 

northeasterIy in the south to northwestery in the north, and the dip is moderate to shalIow (10-40")- This 

spatiai variation detuies a broad, markedly non-cyiindrical, approximately upright anuform (Fig. 33A) 

which had beeu assigned to a regionai third phase of folding by previous authors (e-g., Van der Leeden. 

1976; Brown et al., 1977; Brown and Tippett, t 978). The antiformal trend is not tegular: a reiativeIy 

abrupt change in attitude of Sr is observed around the position of the M2 staurolite-in isograd (Figs. 3.2, 

3.3A). North of this line, the attitude of ST is much Iess variable than south of it. 

As discussed below, & cesulted fkom continued transposition of a varîety of fabric ekments as a 

result of protracted and intense geueral shear. These fabric elernents, which comprise tight to isocluial 

asymmettk shear foIds and associateci axiai plana foliation (&', preferred dignment of platy mineds,  

crenuiation, and crendation cleavage), as welI as  extensionai shear bands (or S-C'-type fabric), developed 

at dïfEerent stages of superùnposed cycIes of transposition of ST as iIIustrated schematicaily in Figure 3.4. 

in thin section, the dominant foliation is typically highiighted by the preferred orientation of pIaty 

minerais, and compositiona1 layering (Plates CO, 1 [Cg). It is commody irreguiar to anastomosing, a d  

forms an S-C'-type fabric where anastomosing segments show continuity across the main trend ofthe 

foliation, or where discrete shear bands are developed (Plates 9D, 1 1C,D, 12C). Often, a fo[ded pre- 

fotiation is presenred in microiithons bounded by Iaminae defining a Iater foliation (PIate IO). 

The degree of overprinting of the eariier foliation by the Iater foliation is variab16 the Iater foliation 

varying in style fiom gentie mendation (PIate IO-) to weU-developed crendation cIeavage, to 

essentiaiiy completely transposed fotiation (e-g,, PIate COC,D; cf., Bell and Rubenach, 1983; Tobisch and 

Paterson, 1988, 1990). The CO-planarity, at the scde of the outcrop and Iarger, of the dominant fohtion 

in rocks wtiich show different stages of the transposition cycIes at the fine scaie indicates that sbak 

irrvoived continned rotation of newly fonned foliations towards a plane pardie1 to the dominant foliation 

(Tobisch and Paterson, L988), which is mterpreted to paralIeI the Iocd shear plane (e-g., W'iams 1983). 

These observations hÏ@ght the spatÏaIly heterogeneous nature of finite strain d i n g  Corn progressive 

defonnation, Tobisch and Paterson (1988) fotmd sim.iIar features to those desm'bed above in rocks h m  

a ductire shear zone in the L a d a u  Fold Belt and mterpreted them to be the resuit of spatialIy 

heterogexteous deveIopment of overprîntmg transposition cycies duchg progressive defonnation, These 

authors descnbed the compIex natme of such foIiatrCons in terms of consecutive cycles of evoIving 



Figure 3.4 Schematic representation ofcyclicai transposition and mteqmted relatioiiship bmeen Sy. 
y, FTT, and extensionai shear bands. A: Generai overvkw ofgeometry- The structurai 
eIernents are devdopnig in a macroscopic shear foi& B: S m d  FT shear fol& dcveIop as a tesuit 
of Iocaiized hhomogeneous shear at différent scales- S+ is axiai planar foliation to FT. W~ 
continued shear, FT tightens and its a*&i pIane, as rrcmded by S+, mtatcs towards the 'rregionai'r 
foliation, + C: Wth cmtmued shearand rotation, appaches and continued rotatÏon is 
precIuâed. Continuai sheac is accommodated by development and motion dong extmionaI 
shear bands @SB), tmfess or until a new Fr f o m  and a new cycle oftransposition is ÏnïtÏated. 



foliation from an early continuous cleavage (Sc) to different degrees of crenulation of this cIeavage to 

pmduce a later crenuiation or crentdatïon cIeavage (Sm, Sm). "ïhey dso demonstrated the spatial 

heterogeneity of evolution through such cycles, as a result of strain partitionhg over areas as smaU as a 

thin section. The above nomenclatun is adopted here to desmie components of the composite 

transposition foliation, ST (Plates 9D, IO). 

inclusion irails in porphyroblasts (Si) show variable angular relationship with respect to the 

extemal matrix foliation (Se; Plates 9D, 1 2, 1 3 0 ) .  Si in biotite (e.g.. Plate 12) is unially more strongly 

rotated w*th respect to Se than is Si in other porphyroblastic minerais (e.g., Plates 9C,D, 13A), dthough 

the exteat of rotation of Si in biotite is commoniy irreguiar at the scaie of a thin section (Plate L IC). 

LocaIIy, Si reflects different stages of the transposition cycIe than those recorded by Se (Plate 9D; dso see 

Plate IA,B). This indicates that the relative timing of development of the dominant foliation with respect 

to the growth of metamorphic minerais is spatialIy heterogeneous (sec Section 3.42.1 and previous 

chapter). As the prograde growth of meiamorphic minerais was probably more or l e s  synchronous, this 

implies that deformation was diachronous and heterogeneous at the scde ofthe thin section. This 

diachronei~ and spatial heterogeneity of the defomation are fùrther evidence of transposition due to 

progressive defomation (Williams, 1967,1985; Hobbs et al., 1 976; Tobisch and Paterson, 1988; Mawer 

and Williams, 199 1). 

In the more intenseIy metamorphosed rocks in the northem part of the study ma, compositiona1 

layering (which defhes ST in part) is commody characterized by mm- to cm-thick biotite-rich Iaminae 

intedayered with quartz-cich Iaminae (e.g., Plates 9A, 14A). En parfiartradar, rocks which bear evidence of 

intense strain usuaiiy show extensive differentiation of biotite-rich a d  quartmich laminae (PIate 14A). 

These observations suggest that progressive defomation associated with the development of ST involved 

dissolution and nuid-aided materiai cemob~lization (e.g., Williams, 1972). 

33.2.2 "FT", tight to isoclinai folds associated with St. 

As previottsly noted, ST is p1ana.r to tight to Ïsoclgial, mtrafotiai foI& developed at difEerent 

scdes (Plates 8A, 9A, 15)- Intrafotid isoclinal €O& of concordant quartz veins are particdariy abuudant 

(Plate 15). These foI& g e n d y  have StrOngIy attenuated to discontinuous h b s  (Plates 9A, [SC), and in 

pIaces, are seen to be mtmfofiaüy refoIded (PIate 9A). Ghea the progressive nature ofthe deformation 

associated with these foids and their &ai planar foiiation, Sr, it is Likely that styiistidy smiilar for& m 

these rocks did not aü fonn at the same thne (Park, 1969; Robes& 1977; WïiIiams and Zwart, &977; 



WiIIiams and Campagnoni, 1983; WilIiams, 1985; Tobisch and Paterson, 1988,1990; Mawer and 

Williams, 199 1). For this reason, and because they are associated with Sn these foIds are refemd to 

herein as T+'. G e n d y ,  FT fol& plunge gentiy ENE to WSW, but some dispersion is observed (Fig. 

33A)- 

Moa Fr axes are sub-parallel to minerai and smtching heations (Fig. 33A). Folds with axes 

paralIel to stretching Iùieations are common in compressional omgenic settings (e.g., King and Rast, 

1956: Bryant and Reed, 1969; Olesen and Smnsen, 1972; Bomdaile, 1972; Kobbs et at ., 1976; Williams 

and Zwart, 1977; Williams and Campagnoni, 1983; HoIdsworth, 1989; Aisop and Holdsworth, 1993; 

Alsop et al.. 1996, 1998). They are often interpreted as redting fiom progressive rotation of fol& 

initidfy at hi& angle to the stretching heation by continued deformation (e.g., Bryant and Reed, 1969; 

Borradaiie, 1972; Sanderson, 1973; Escher and Watterson, 1974; Williams and Campagnoni, 1983; 

Holdsworth, 1989)- In tbis scheme, dispersion in foId axis orientation is either due to irregular initial 

orientations, or to continued fold generation during axis rotation (Borradaile, 1972; Sanderson, 1973; 

Escher and Wattenon, 1974; Ramsay, 1979). However, other mechanismi have been proposed whereby 

folds may form with axes initiaify close to the main transport direction (or stretching lineation; e.g., 

Butler, 1982; Rattey and Sanderson, 1982; Coward and Potts, 1983; Northnïp and Burchfield, 1996; 

Gnijic and Mancktelow, 1995), Rattey and Saaderson ( 1982) and Coward and Potts ( 1983) suggested 

that orogen-transverse fol& may form at the lateral tips of thrust sheets as a resuft of differentiai orogen- 

transverse movement, and Butler ( 1982) documents orogen-transverse folds in laterai ramps to structurai 

horses formed as a result of impingement by a laterally adjacent, younger herse On the 0th- han& 

Noahnip and Burchfieid (1996) interpret orogen-tramverse fol& to resdt h m  orogen-pardel fiow due 

to vertical strair~ partitionhg in a transpressionai setthg. in al i  of these cases, orogen-transverse fol& 

would be expected to show a preferred sense of vergence (tg., Rattey and Sanderson, 1982). in contrast, 

rotation of folds with axes initially perpendicuiar to the transport direction mto transport-parailel 

orientation by passive rotation during continued sbear should resuit in a more or Iess symmetric 

distribution offotd vergence (cf. Coward and Potts, 1983). 

A few rare northwest-southeast trendmg (Le., orogen-paraiiel), tight to isoclind f o k  were 

encountered in the study area (PIate 8B), usuaüy folding impure hestone layers. These fol& are 

typicdy west-vergent (Plate 88) and have been intexpreted by prevÎotts workers to be related to eariy, 

west-vergent, regionai recrmibent foi& on the western f l d  ofthe SelkùicFan structure (e-g., Riteside 

and Smiony, 1983; Brown and Lane, L988; CoIpron et aL, 1998). No dewte  occurrence were 

encoimtered of non-cyhdn'cd fold with sheath-like geornetry, which wodd be expected if& rotation 



produced the transport-parallei fold axes and the observed dispersion in hinge orientations (Cobbold and 

Quinquis, 1980; Coward and Potts, 1983). 

3.3.2.3 MineraVUitersection iineation, and transieat folioition, ST) 

in upper biotite- and higher grade rocks of the study area, cigar- (prolate) to elongate penny- 

shaped (oblate) biotite porphpblasts are widespread. The long axis of these biotite grains cypicdiy have 

a prefemd orientation which defines a distinct mineral Iineation on STparallel sudiaces (Plate 9B). 

Whece oblate biotite grains dominate, the lineation is defined by the intersection of those grains with Sr 

(Plate 1 1). Whereas in many cases the platy grains do not show a preferred orientation about the axis of 

elongation (Plate t LC), in a number of instances, a preferred orientation was observed, defuiing a distinct 

foiiation (Plate 1 LB). This foliation is variably developed at the scde of the outcrop, and is generaily 

discontinuous fiom Iayer to layer. A schematic representation of the observed attitudes of Iinesition- 

defhing biotite is s h o w  in Figure 3.5. Because the mineraYintersection Lineation Formed during 

progressive deformation associated with tmqosition (see below), it is referred to as Lr. Simiiarly, the 

fo liation defmed by aiigned platy biotite porphyrobIasts represents a transient stage of a transposition 

cycle hvoIved in progressive S1. development (Tobisch and Paterson 1988, I %JO), and is Isibeled SrT. 

MacroscopicaiIy, Iineations plwge gentiy ENE to WSW (Fig. 3.3A). As mentioned in the 

previous section, Lr and stretching Iineations, as weii as most Fr fold axes show sub-paralle1 orientations 

(PIates 9B, Lm). in the several instances where a well-defined was observed, it dipped consistently 

to the southeast (i.e., NW-vergence; Fig. 3.3A). 

in thin section, biotite porphyrobIasts are cigar- to kh-shaped, and typicaiiy asymmetric (Plates 

L O, t 2). Inclusion trai1 fo tiation in biotite potphyrobIasts (Si) is typicaiiy continuous with, but incüned 

dative to Se (e,g., Plates tOA,B, 12). The angie between Si and S, usually vartartes fiom grain to grain 

(PIates IOAJ3,L 1C, I2C,D; dso see Plate 3D) suggesting that the extent of dative rotation of different 

biotite porphyrobiasts with respect to Se was heterogeneous. Some randomly oriented flakes have Si 

pardel to Se hdicating that they did not rotate relative to S,; these grains are generally blocky and do not 

show strong asymmetry (PIate 1 IC). In cuts nounai to both & and the minerai Iineation, there is 

g e n e d y  a preferred sense ofmtation of the porphynibiasts, as mdicated by the anj& between Se and Si 

and by the asymmetry of fish-shaped grains (e-g., PIates 1 K,D, I IC; Lister and Snoke, E984), although 

withîu the same section, some flakes may show opposing sense of rotation or vergence wÏtk respect to & 

(Plates L IC,D, 1îA,.B,.D). in sections normal to & and paraIEe1 to LT, long axes of porphyrobIasts are 



Figure 3.5 Schernatic qresentatiion ofthe attitude of iineation-defbhg biotite porphytobIasts Sp is 
p d e 1  to top smnice of block A: Biotite flakes are irregalasIy famied about an axis paraiIeI 
tu b+ Although there is a dominant m e  ofvergence with respect to bath senses of 
vergence are encotmtered. B: Biotite £Mes show co-p-? &finmg a foIÜition, S+ The 
mterse&on of t6iP foliation with S, is h. 



generaIIy sub-pardel to ST (Fig. 3.5A) although some asymmetry is dso usually stiU preserved, and Si 

where observe4 is at high angle to S, indicating signincant rotation of the gr& (Plates IOC, I ID). 

Where the sense of mtation can be determined, it is mostiy consistent fiom grain to grain, aithough grains 

showhg opposite sense of rotation are aiso encountered in L~parallel sections (Plate 124. 

These observahoos Iend insight into the formation of the LT lineation. Blocky biotite 

porphyroblasts which grew at hi& angle to (e.g., Plate : 1C) were progressively rotated towards 

parallelism with it. These graias were aiso af6ected by crystal plastic deformation: theîr common 

asyrnmetric fish-shape habit (e.g., Plates 10, 1 LC,D, 12; e.g., Lister and Snoke, 1984) may have resulted 

h m  slip dong basal cleavage planes; m other cases, deformation bands are observed in biotite 

porphyroblasa (Plate 12B). Hence, development ofthe biotite iineation in rocks of the study area 

involved non-coaxial internai strain, and rigid-body mtation, as illustrated xhematically in Figure 3.6. 

Where mtation was complete, the biotite grains lie sub-paraIlel to Sc A minerai heation (Lr) is visible 

on ST surfaces because the grains have been strained and rotated until theîr long axes are paralle1 to the 

maximum stretching direction (Fig. 3.6C). in some cases, large biotite flakes have their long axis parallel 

to, and are bounded by a crenulation foIiation developed during the early to intermediate stages of a 

transposition cycle (Plate 1 0 e ;  Tobisch and Paterson, I988), and this rnay explain the preferred sense 

of vergence of biotite flakes observed in some rocks: these biotite grains may have grown with a preferred 

orientation paraIIel to the transient mnulation cleaveage. in other case$ however, Iarge biotite flakes 

appear to have grown in more or less random orientation with respect to or associated foliations 

developed during transposition (e.g., Plate 1 t C). The f&g of biotite porphyroblasts, and of other 

matrix mherals with shape-prefemd orientation, about an axis pardel to the direction of LT (Plates 

IOA& 1 1, 12; Fig. 3 5) is hterpreted to mdicate continued growth and rotation of newly formed biotite 

püns duriag progressive deformation and this is nipported by SeSi nlationships. The pcesence of Iate, 

undefonned and tmrotated biotite ~ o - ~ s t i n g  with extensively rotated and defomed biotite (e-g., Plate 

I 1C) suggests that Iocaiiy at least, biotite growth outIasted progressive deformation associated with Lr 

developmen t. 

The &h-like morphology of biotite flakes and their rotattCoa towards pardiehm with & suggwt 

tbat exteasional stram was associated with 16e deveIopment of the biotite mineral LmeaîÏon (e.g., Lister 

and Snoke, 1984). As discussed beiow, biotite "fÏsht' are commody associated witb occurrences of 

extensîonaI crenuiation or shear baeds (Platt and Vissers, 1980) in the shuiy axea (see Section 332.6 

below), which reinforces this concIusioa The asymmeûy and vergence of fish-shaped micas cm be used 

to uifer the sense ofnoni:oaxiaI shear in these rocks dming deveIopment of the minerai tineation (Lister 



Figure 3.6 Schematk qresentation of deformation oflineation-defining biobite flakes; plane is 
paraIieI to the top of the bloel d i a m  k. Initiany undefiormed and randomky oriented m e e  
B: Rotation towards the Sp (flattening) plane and pht i c  de6ionnation of the Dake to pmdace 
6s.h shape. C: RotaîÏon towards psrallehm with L, Iineation and ptastrCc deformatio~~ The 
secpience Qes not represent a time &es, as rotation towafds and Li are probabfy m part 
at Ieast synchranotts. 



and Snoke, 1984). On the other hand, the cornmon occurrence of biotite flakes showing opposite senses 

ofrotation within the same sample (Plates 12A.,I3,D) indicates that defonnation related to the 

development ofthe biotite heation mvolved a pure shear component normal to ST (i.e, fïattening; Plan 

and Vissers, 1 980). 

332.4 Stretc hing lineation in quartzo-feIdspathic rocks 

A stretching Iheation is commody developed in mica-poor quar&o-feldspathic mcks of biotite- 

and higher metamorphic grade in the study ma, as recrystallized nibon quartz and stretched feidspar 

clrists with high aspect ratios (Plate L6), which IocaUy constitutes the dominant structural element of the 

rock. This stretching lineation g e n d y  plunges ENE to WSW and the majority of the stretching 

heations measured show paralleIisrn with FT hld axes and LT Lineations (Fig. 3.3A)- 

En thin sections, strained psammite Eom the M2 staurotite zone is characterized by coarse quartz 

grains with local polygonai outhe, and ribbons of large elongate quartz grains separated by high angle 

grain boundaries which arp approximateiy orthogonai to Si (Plate La). GeneraIIy, these grains do oot 

show a preferred crystallographic orientation. These textures are interpreted to represent recrystaiIiPtion 

of quartz under conditions of Iow strain rate (static) or high temperature, or bah CommonIy, these 

grains have lobate and sutured outlines, and pceserve evidence of crystd pIastic saain (deformation 

IameIiae, ab-grain boundaries) and strings of h e  grains are developed at grain boundaries, Uidicating 

substantial subsequent dpamic recry staIIization (PIate 16B). FeIâspar porphyrocIasts commonl y have a 

high deasity of sub-grain boundaries and dynamicalIy recrystallized grains at grain boundaries; fine, 

dynamicaiiy recrystallized grains form long, heation-pdel  strings (Plate 16). These textures indicate 

that strah involved crystai p[astc deformation ofboth quartz and feldspar. Crystai plasticity in feIdspar 

suggests deformation at temperatures characteristic ofmiddle to upper amphibotite conditions (e-g., Tuiiis 

and Yuuci, 1987). This indicats that at Ieast some of the deformation resalting in the stretching Iineation 

was active at or near metamorphic peak conditions m the area This, and the paraiIeIism of the stretchg 

heation with the minemUintersection iineation mdicates that the stcetchmg LineatÎon is aiso the result of 

the propsrive deformation whicfi pmduced the transposition-related structures desmied in the previous 

sections. Locaily, stretched fddspars are boudinaged into anguiar hgments with mtemening gaps at 

high aude to the domhant foliations (Plates 1 3 4  MD), soggesting that extensionai deformation of 

feIdsp~ probably contmued during coohg b r n  metamorphic peak conditions. 



3.325 Fcachved porphyroblasts and porphyroclasts 

Split or h c t u t d  porphyroblasts are commonly observed in rocks at or above gamet grade. 

Fractured gamet porphyroblasts are abundant, occunhg in the majonty of gamet-grade and higher 

gamet-bearing rocks (see Appendix II for occumncw of split gamet in hand samples and outcrops), Split 

andor fkactured gamet porphyroblasts are recognizable in the field (Plate 9A,B); sptit or fractured 

porphyroblasts of biotite (Plates 12C, 13A), staurolite (PIate 13B), Iqanite, and andaIusite (PIate 13C) 

were also identified in thui section. In gened, gaps or frachves are at hi& angle to ST (Plates 9.13). In 

the field, the gaps generdy trend NS, and dip steepiy, a trend approximately perpendicular to lineations 

and Fr fold axes (e.g., Plate 9B). Diffierent co-existmg minerais commoniy show a smiilar orientation of 

gaps or hctures (e.g., Plate HA) and, except for biotite (see previous section), have not been 

su bstantiaüy rotated foliowing splitting or fiacturing (Plates 9AJ3,C). This suggests that porp hyrobhst 

sptitting primarily represents a coaxial process (i.e, splits are tensionai fractures), 

A retrograde aggregate consisting ofchIorite + quartz + muscovite * biotite * pIagÏocIase is 

cornmoniy developed in gaps of split gamet porphyroblasts (see Plate IB, previous chapter) and OF 

muscovite * chlorite biotite in gaps of split staurolite (Plate L3B) suggesting that hydration during 

retrogression may have facilitated sphtthg. In many cases, syn- or post-splitting relative displacement of  

p i n  hgments seems to have taken place (cg., Plate 9C; aiso see Plate LB). As discussed at length in 

the previous chapter, eady (ML) gamet porphyroblasts were sptit prior to, or during a cooling and 

retrogression event which resrrlted in the growth ofretrograde assemblages in the gaps between sptit 

fragments (Plate 1s). This retrogression event was Followed by M2 prograde recrystaüization, duruig 

which porpfiyroblasts deveIoped which were subsequentiy sptit (eg., M2 stauroIite and kyanite, and 

anddusite, PIate 13B,C), This irnplies that &e strain reghe responsi'bIe for he deveIopment of fractures 

and s p h  at high angie to Fq was active, episodicdy at Ieast, fiom prior to the hi&-pressure peak of M 2  

untiI after Iate-M2 decompression which redted in crystallization of andalusite. 

As discussed in the previous section, boudmaged feldspar porphyroclasts were ais0 observed in 

strongiy lineated psarnmitic rocks (Plates I3D, MD). 

3.32.6 Extensionai crenalation and shear bands 

Mesoscopic extensionai shear bands and extensionai crendations (e.g., Berthé et al., E979; PIatt 

and Vissas, 1980; Lister and Snoke, L984) are reIativeIy common m rocks of the study area (Plate L4)- 



At the hand sample and microscopie scak, thae d a c e s  are outlined by gentle, approximately 

symmetnc to gently asymrnetric microfolds of the dominant fotiation with which they merge and 

anastomose, commody producing an S-C' fabric (PIatt and Vissers, 1980; Lister and Snoke, 1989; Twiss 

and Moores, L992, p. 273; Plates t 1C, 12C, L4B). S b  bands and extensionai mentdation cleavages are 

commonly cIoseIy associated with Lineation-de~g biotite porphyroblasts (e-g-, Plates 1 LC, 12C). In 

many cases, strain partitiouhg redthg h m  the presence of porphyroblasts (e,g., Lister and William, 

1983; Beli, 1985) appears to have favored the development of extensionai crenuiations or shear bands 

(e.g., Plate 12C.P). As with biotite porphyroblastç, extensionai mendation cleavage or shear bands 

appear to have undergone variable extents of rotation towards parailelism with ST (the shear plane; e.g. 

Tobisch and Paterson, 1988), and the angIe between these surfaces and is usuaily lower in LrparaUeI 

than in LTnonnai cuts (Plate I t CD). S i d a r  featwes were interpreted by Tobisch and Paterson ( 1988) 

zts recording overprinting of different generations of foliations (e-g,, Iayerbg, crendation, crenulation 

deavage, etc.) during progressive deformation. The fact that extensionai shea bands and crendation 

deavage are visible in both LrparaI1el and L ~ n o r m d  cuts perpeadicular to & (Plates L iC9, 14C) 

indicates that deformation Învolved a component of coaxial shear during deveIopment of these structures 

(Le., shortening perpendicular to ST). LnsufEcient observations are avaiIabIe to d e t e d e  whether 

extensionai shear bands systematicdy show a preferred sense of vergence. However, some notabIe 

mesoscopic shear bands in strongiy sheared rocks appenr to record orogen-parallel, top-to-the northwest 

displacement in the Iater stages of ductile progressive deformation (Plate MA). 

3.32.7 Southeast-trendmg crenulation and related folds 

LocalIy very intense crendatioa of ST and earlier foiiations has redted in the development of a 

WNW-strikhg foliation which dips steeply to the noaheast and g e n e d y  mtersects ST at high angIe 

(Plate 8C). Intersection of this foiiation with & produces a gentiy €SE-pImging heation which is 

locaiiy very strong (Plate 8D; Fig. 3.3B). This crenulation foiiation is axial pIanar to upright, g e n e d y  

open mesoscopic foIds of S.r (Plate 8C). The extent of overprint of& by this foliation is very uneven. Its 

development is mnch more advanced in mica-rich rocks, and in generd, low-rnetamorphic grade rocks in 

the southent part of tfie study ares appears to be more strongiy aflîected than hi&-grade rocks in the no*. 

This crendation fias been interp~ted to be rdated to Iarge-scaie, rate NW- to m-trendnig folds of 

whkh the broad antÎfîom defked by in the study area (Fig. 3.3) wodd be an example (Van der 

Leeden, 1976; Brown et ai., 1977; Brown and Tippet, 1978). However* an dtemative mterpretation for 

the vmarrab1e attitude of & at the scaie of the study area is discussed in Section 3.4.1 betow- 



Locdy, a crenuIation intersection Iineation is observed on ST Surfaces at high angle to the ESE- 

trending crenuiation Lineatioxt (Fig. 3.3B; Plate 8D). No foliation related to this crendation Iineation was 

measured, nor were any related folds observed, but Van der Leeden (1976; his Dg structures) observed the 

same lineations and associated steep, NNE-striking, west-dipping crenuiation foliation, which is axial 

plana to NNE-trending folds. Refative timing of the two crenulation foliations is difficult to establish 

and appears to v q  h m  insbnce to instance, Van der Leeden (1976) inteqxeted hem to be 

contemporaneous and to constitute a conjugate set, akin and of similar orientations to conjugate foliations 

reported by Simony and Wind (î970) for the Dogtooth range, to the southeast (aIso see Murphy and 

Jomeay, 1982). 

3.4 Discussion 

The bulk of the field and petrograpbic observations presented above suggests that rocks in the 

study area record intense, aibeit spatially heterogeneous strain resuiting from protracted progressive 

deformation attended by a compIex history of metamorphic recrystallization. Hi&-metamorptiic-gade 

rocks in the northern part of the study area in particulzir, appear to be the locus of a zone of pervasively 

intense deformation and transposition, whicfr argttabCy consthtes a regionally signiscant shear zone. As 

discussed below, strain was non-plane, at least episodicaliy, comprising an important component of 

shoctening perpendicdar to the dominant, shaiiow-dipping regional foliation, $, accommodated at Ieast 

in part by orogen-parallel extension. The latter part of this discussion presents a tectonic mode1 Ui which 

the observed strain features are expIained by mechanisms of syit-contraction gravitational spreading 

("dynamic spreadingw; e.g., Hofdsworth and Grant, 1990) of a thnist package during Mesozoic 

convergence of western North A d c a  with accreted t emes  to the West, 

3,4.1 Intensity of deformation 

The dominant structurctl feature of the study aresi is &, the transposition foliation- DeveIopment 

of ST resuited fiom continued cyclicd development and rotation of fabnc eIements (crenulation cleavage? 

cleavage-paraIIel mica ff akes, extensional shear bands, etc.) towards the local shear plane (e.g., Fig. 3-4; 

Tobisch and Paterson, 1988, L990; Mawer and WiiIiamsT. 199 L), which is interpreted to parallel, 

Evidence for progressive rotation of fabric dements towards a regiody consistent & is pavasive, 

indicating that 16is also cepresents a regionai shear pIane (e-g., Escher and Watterson, 1974; Wfiams, 



1983, Mawer and Williams, 199 1). Hence, the progressive and cyclical nature of Srelated transposition 

is interpreted to approximate a steady-state process (Means, 1981; WiIIiams, 1983). Although this 

irnpiies that estirnating finite strain precisely is inipossiile, the achievement of a steady-state fa liation 

itself requires that rocks in the study area were affécted by intense strain compriskg an important non- 

coaxial component (Means, 198 1). 

Other evidence for high strain in these rocks includes the widespread, albeit heterogeneous 

occurrence of a number of fabrics usuaily asçociated with intense deformation. Although mesoscopic 

evidence for high strain does mclude local occurrences of rocks characterized by a mylonitic foliation 

parailel, or at low angle to layering, and defhed in part by regular, shear-induced compositional 

segregations (PIate 14A) a d o r  a strong stretching iineation (L-tectonite; Plate 16), most of the features 

indicative of high strain are more subdued, and niggest distributeci, pervasively intense strain at different 

scdes. Some of these features are mesoscopic: isoclind, locaiiy refoIded intrafolial folds with attenuated 

to sheared-out limbs with axial plane parallel to the dominant foliation (PIates 8A, 9A; e.g., WiIIims, 

1967; Williams and Zwart, 1977; Mawer and WilIiams, 199 1); Ford axes pardIe1 to the stretching 

Iineation (Plates 8A, 15B; e.g., Roberts and Sanderson, 1974; Escher and Watterson, t 974; Passchier, 

1986; Mawer and Williams, Cg9 1); cross- and anastomosing I a y e ~ g  and related extensional shear bands 

(cg., Plates 1 IC, 12, i4A,C; Hobbs, 1965). 

In addition to evidence for cyclicd development of ST, and CO-planarity of ST with the regional 

plane of non-coaxial sheear, a number of fabnc elements supportive of intense strain are widespread at the 

hand-sample to microscopie scaie. These include ob tiqueness of newly-crydized micas with respect ta 

the mesoscopic dominant foliation (e-g., Plates L 1, L2; Passchier, 1986; Mawer and WiIIiams, 1991); 

anastomosing foliation (Plates IOC,D, 1 K,D, 12A,C; Platt and Vissers, 1980; Lister and Snoke, 1984; 

Passchier, 1986); extensional crenuiations, or extensional shear bandsT which in many cases produce an S- 

C' fabnc (Plates 1 1 C, 12C. L4B,C; e.g., Platt and Vissers, 1 980; Lister and Snoke, 1984; Hanmer and 

Passchier, 199 1); fish-shaped (Plates 10C,DT I 1.12; e.g., Lister and Snoke, L 984); fiagmented ngid 

eiements (Plates 9,13, 14D; eg., Ramsay and Shnt, 1970; Simpson and Schmid, 1983); pressure shadows 

around rigid grains (Plates 12C, L3A; ag., Simpson and Schmid, L983); delta- and/or sigma-type ngid 

porphyroclasts (Plate MD). AU these fatares seem to CO- the hterpretation that the study ana is a 

zone of mtense distributed ductiIe strain at aii scates, 

AIthough the hi&-saain featuresjnst mentioned occarthroughout the study ares, the extent to 

which they are developed is spatiaiiy vaRabIe. The M2-staurolite isograd in the study area approxÏmateIy 



coincides with a relatively sharp gradient in the pervasiveness of the different fabric elements; north of 

the Ïsogradic d a c e  (Figs. 32,33A), rocks show much more consistent CO-plmady of fabrks at the 

hand-sample to microscopie s d e  thm they do south of it. Although hi@ strain features (see above) do 

occur south of this surface, they are less penrasively developed, suggesting that strain intensity was 

generally lower than in rocks to the north. The more irreguiar attitude of foliation elements in the south 

ais0 indicates that S~normai shortening was Iess important than in the north. The rnacroscopic 

distribution oPST attitudes is ais0 consistent with tbis hterpntation. Upgrade of the Iower part of the 

gamet zone, is much more reguIar than to the south (Fig. 3.3A), consistent with the intetpretation that 

Sr more closely approaches a regional shear plane in the hi&-grade northern haif of the study ma, than 

in the lower-grade southem haif. The greater competency of the low-grade rocks in the south rnay have 

prectuded the development of a steady-state transposition foliation and complete rotation of structurai 

eIements towards the shear plane (Le., the ductiiity of the rock was exceeded at Iower strain ttim that 

required for establishment of a steady-state foliation; c+f. Means, 198 L). This interpretation for the spatial 

varinbility of Sr attitudes diffen from that of previous authors who amibuted it to late (post* 

development) folcihg (e.g., Van der Leeden, 1976; Bmwn et ai., 1977). Rocks in the Big Fish Creek a m  

therefore, are interpreted to be part of a zone of intense ductiIe strain, a ductile shear zone, here caIIed the 

Big Fish Creek shear zone (BFSZ), chmcterized by spatial gradation in the nature and intensity of strain. 

As discussed in Chapter 2, development of ST, and hence movement dong the BFSZ, was at Ieast in part 

contemporaneous with hl2 metamorpiiism. The coincidence of the strain gradient with the M 2  staurolite 

isojpd suggests that metamorphic recrystaüization rnay have served to faciIitate ductile deformation in 

these rocks. 

3.4.2 Nature of deformation 

3.4.2.1 Orogen-transverse shear 

Progressive deformation associated with the deveiopment of t&e transposition fo tiation in the 

study m a  involves an important component ofomgen-transverse shear evidenced by the strong ENE- 

trend@ stretcbing Lineation developed m q u a r t z o ~ f e 1 ~ a ~ c  rocks (Section 3.32.4; Plate t 6)- This 

stretcbing heation corresponds to the orientation ofmaximum stretch (i.e., the X-a>ris of the nnite strain 

ellipsoid) associated with constnktionai str& during progressive defiormation. The general orientation of 

gaps in spiit and micro-bottdmaged m e t  and other potphyrobiasts at hi@ angle to the stretching 

lineaîion (Section 3 3  23) 5)s consistent with miportant constrictionai strain Maay sp tit porphymblasts do 

not show subdai rotation synchronous WI*& or foUoWmg spiittiag (Plates 9C, 13), w6ic6 mdicates 



that omgen-transverse shear comprised a component of CO-axial stretching. Orogen-transverse shear 

couid also account for paraUeiism of fold axes, as weii as the preferred orientation of the long axis of 

elongate biotite grains with the stretching Iineation, as a result of rotation £hm an initiai orientation at 

high angle to the maximum stretching direction (e-g., Sanderson, 1973; Escher and Watterson, 1974). 

However, an alternative expianation for this is discussed below which also accoimts for the no&-south- 

directed (Le., orogen-paralle0 shear &O evident in rocks of the Big Fish Creek ares, 

3.42.2 Orogen-parallel shear 

Some fabric elements suggest that deformaton associated with progressive developrnent of ST 

involved a component of orogen-pdel stretching. The most direct evidence are rnesoscopic no&- 

dipping ductile extensional shear bands which intersect Sr at Iow-angie and disnipt it, locaiiy producing 

an mastornosing pattern of foliation (an S-C' fabnc; Platt and Vissers, 1980; Lister and Snoke, 1984; 

Plate 14A). Extensional shear bands and extensional cleavage (Plan and Vissers, 1980) are aiso observed 

at the microscopie scde, and are particuiarly weii-expressed in sections cut normal to both ST and the 

stretching Iineation (Plates L2C, 14C), Iending M e r  support for substantiai orogen-paralle1 extensional 

strain in rocks of the are& The preferred sense of vergence of these and other (see below) fabric elements 

suggests that non-coaxial, topto-the-north shear was important, aithough the locaiiy symmetric nature of 

shear baads encountered in &- and Lrn0rrna.i sections suggests a component of coaxial, orogen-parallet 

stretcfiing (see beIow; Pratt and Vissers, 1980). 

The structures described above are the result of ductile sûain, and therefore indicate that at Ieast 

some of the orogen-paralle1 deformation occumd prior to subsbntial cooling ofthe host rocks €off owing 

the peak of M2 metarnorphism. Furthenuore, rotation of these stnrctures towards paraiIeiism with $ 

impiies that orogen-paraiiel deformation was at Ieast m part responsible for the progressive development 

of ST itseff. Severai other ductÎie fabric elements encountered in the area may in part be explained by 

orogen-pardei shear. Figure 3.6 ilIustrates how &, S$ and Fr me mterpreted to b t  related to each other. 

As mentioned above, it is possible that ?$ and Fr foId axes wae rotated mto p d e l i s m  with the 

stretching heation (eg., Sanderson, 1973; Escher and Watterson, 2974). However, it is &O dowable 

that S$ and FT d t e d  fiom orogen-pardiel sheai: wihout substantid rotation, such as would be expected 

at the Iaterai tip ofa spreadmg nappe (Fig- 3.7). This interpretation is consistent with o t k  evidence for 

northwest-verging ductüe defocmation m the fonn of mesoscopic shear bands and other N-S-directed 

extensionai feahms descriied above. This interpretation is also consistent with &e observation ofthe 

preferred top-to-the-northwest sense ofvergence indicated by !3+ and FT and 0th- stnrctu~s (eg., PIate 



Figure 3.7 Defomtion at the haîai and I a W  tips ofa spreading nappenappe Dashed oatline is initiai 
state. A: Cross-sectionai view. B: Phv iew .  C Dinaent components ofstrain predrCcted; 
m w  points to direction ofnappe movement i nnstramed contml vahime; K transport-pdeI 
(orogen-tranmverse) simpsmipIe sheaq E transport-normaf (or~ge~paraiieI) i)Ie shear, ik. 
fl attening paralIeI to r e g i d  shear plaise (orogen-pdei and om~transverse cornCd 
ttxmsim)* 



14A). In contrasi, rotation of these structures fiom initiai omgen-parallet attitudes does not explain this 

asymmetry (Le., pmduces sheath fold geometry; cf, Coward and Po&, 1983). 

3.423 *normal shortening (sub-vertical "aattening") 

in addition to orogen-pardel and orogen-transverse non-coaxial strain, a number of observations 

niggests that ductile pmgressive defonnation involved a component of coaxial shortening perpendicular 

to Sr, or the regional shear plane (Le., a component of flattening strain). especially in the hi&-grade, 

northem portion of the study area. Evidence includes spiit porphyroblasts with resdting gaps at high 

angie to ST showing littie evidence for rotation d h g  or following spIitting, and the locaily symmetric 

rotation of pfanar structurai eIements such as biotite porphyrobIasts and extensionai crendations and 

shear bands with respect to Sr. in parricuiar, the fact that biotite porphyroblasts show symmetric rotation 

in sections nomai to ST and either normai or paralle1 to the stretching heation indicates that extension 

was both orogen-paraiiel and orogen-normal (Le., non-plane), LocaIiy striking evidence of compositionai 

segregation (Plates 9A, 14A) suggests that solution-aided mass transfer may have contriiuted to this 

component of CO-axid deformation. 

3.4.2.4 Transport direction 

The foregomg discussion highhghts the fact that ductile arain associated with & and related 

structurai eIements in the study area consisted of orogen-pardel and orogen-normal gened non-coaxiai 

strain. In addition, evidence has been presented which mdicates that sûah was both temporally and 

spatiaily heterogeneous. Hence, the present study m a  is mterpreted as part of a long-hed zone of 

intense generai non-coaxiai shear of regionai signincaace, the Big Fisfi Creek shear zone, 

The preferred facing of transieet biotite foliation and of extensionai shear bands, and the vergence 

of folds with orogen-transverse axes indicate that orogen-parailet transport hvolved top-to-the-north- 

northwest displacement. Given the prevaience of orogen-transverse structures. and the extent of rotation 

of structurai elements towards Lr, or towards & in L T - p d d  sections, it is clear that orogen-transverse 

shear was more important than omgen-paraüel shear Ïn the study are& The sense af displacement 

associated with the orogen-transverse component of shear is more d i E d t  to ascertain, in large part 

because of loss of asymmetry m LrparaüeL sections, of kinematic indicators such as rotated biotite 

porphyroblasts, due to neariy compIete rotation of these structurai eIements into p a r d i e h  with Sr (e.g, 

Plates IOCP, I ID, 124. Iir other areas of the southem Omineca BeIt, orogen-tranmerse dispIacement 



associated with smiilar structures (stretching and minerd lineations, orogen-tramverse fold axes) is 

generaIIy interpreted to reffect top-to-the-east transport (e-g., Read and Brown, 198 1; Iourneay and 

Brown, 1986; Jounieay, 1986; Lane et ai., 1989; ScammeU, 1993; McNichoU and Brown, 1995; Johnston, 

1 996; Schaubs and Ca- L998), and this may also apply to the present study area In a limited number of 

instances, however, observed kinernatic uidicators appear to mdicate top-to-the-west sense of shear (e.g., 

Plate 14D), which is in agreement with observations by ScammeU(t993) and Johnston (1996), for rocks 

of the Monashee Mountains to the West, and of the Thor-Odin culmination, to the southwest, nspectively. 

of the Big Fish Creek area (Fig. 3.1). The tectonic model proposed in Figure 3.8 implies an upper-plate- 

up-to-the-east sense of shear for the BFSZ (Le., thnist motion). with an overlying (andor partkdiy 

superimposed), syn-thnisting, west-verging extensional shear zone (here correlated with the Norman 

Wood fauIt exposed to the east of the study area; Perkins, 1983; Scammell, 1993). An alternative 

ùiterpretation wodd be an upper-plate-down-to-the-west shear zone associated with syn-orogenic 

extrusion of the underlying rocks, as proposed by Scammell( 1993) and Johnston ( 1996) for other areas of 

the Selkirk Allochthon. The tectonic model presented in Figure 3.8 is M e r  discussed in Section 3.43. 

below, 

3.4.2 Timing of deformation 

3.4.2.1 Relative timing of deformation and metamorphic recrystallization 

Rocks of the study area record a cornplex and protracted history of prograde metamorphism (see 

Chapter 2). in pelitic mcks. metamorphic assemblages define a Barrovian sequence characterized by the 

presence of staurolite and kyanite in the higher grade mcks. Anddusite and pseudomorphs after 

andalusite (Plate 4B) are widespread m the centrai portion of the study area and their development post- 

dates the establishment of the Barrovian fieId gradient, as evidenced for instance by inclusions of earIy 

staurotite in andaiusite porpfiyrobIasts (PIate 4C,D). The above observations indicate that substantid 

decompression occumd between the omet ofmetamorphisrn in the ana and the late stages ofprograde 

meiamorphism biflghted by the growth of andaiusite. 

Aithough the history of metamorphic recrystalllzation in the area is complex, the nature of the 

attending deformation was reiatively constant, Extensively recrystallized pelitic rocks m the aorthern 

portion of the study area presenre the most compIete record ofmetamorphism and hence, of its 

relationship to defotxnatio~ The features desmied in the foiiownig are characteristic of these rock 

Evidence for the earliest prograde metamorphkm @fl) consists of anhedrd cores of composite garnet 



CRF 

3 t Shpüned structural cross-section and tectonic mode1 for the Seikirk AlIochthon and Sellrirk 
Fan at the latitude of the present study ar#r Big Fish Creefc shar zone is a topto-the-east 
contractionai shear zone at mid-IeveI m the Selkirk Ailochthon, m the bgingwalI of the 
Monashee DécoUement, 1t is active at 1- as cary as the Late Iptassic as east-directed wedging 
results in westward overtbntstmg, and thickenmg of the westem flsnL of the S e W  Fan. By 
mïddle to Iate Cretaceous time, esstward movement dong the BFSZ may still be o c d g .  By 
that time, sabstantid thmmng at mid4eveIs on the west fluiL of the Seikirk Fan aaS o c m d ,  
probabLy by a combhatlon ofhteral extrusion, and exSensid  movement dong top-dow~to- 
the-west ductile shcat zone(s) mch as the Nolman Wood Creelc nmIt BPSZ: Big Fis6 Creek 
shear zone; CRF: Cohbia River thit; FCF: French Cmek F d t ;  MD: Monashee DécoiIement; 
NWF: Normrai Wood Creek Fauit; PT= Purcell l h m t  MixEed after CoIpron et ai., 1998. 



porphyroblasts which represent earIy porphyroblasts resorbed and dynamiccaily sp lit (or mim- 

boudinaged) prior to being overgrown by euhedral, M2 gamet rims (e.g, Plate 9AJ3,C; Chapter 2). 

Development of M2 garnet overgrowth was folIowed by growth ofM2 staurolite. Large anddusite 

porphyroblasts mclude, and therefore developed later than, this statuotite. Alt&ough M2 garnet tends to 

be inclusion-poor, abundant inclusions in MI garnet cores typically def ie  an intemal foliation (Si)  which 

is typidy  straight and at Iow angle to the extefnal foliation, Se (= ST; PIates 9C,D, 13A). In some cases, 

anhedrai garnet cores preserve an intenial foliation which appears to represent an -Lier stage of ST 

development (Plate 9D; aiso see Plate LB), In the Iess common case where Si is gentiy curved. it tends to 

line up with Se near the margin of the core (Plate 13A). These observations indicate that ML gamet 

growth was synchronous wi* or post-dated the developrnent of ST, the dominant foliation. 

MI g m e t  porphyrobIasts were split and resorbed prior to being overgrown by hl2 euhedrai rims. 

Typicaiiy, they are sptit into two sub-equant ûagments with regular intervening gnps (e.g., Plate 2B). As 

previoudy descnied, the gaps generaiiy lie perpendicular or at high angle to ST, and to the direction of 

maximum finite stretching inferred Eom stretching iineations. This irnplies that progressive development 

of ST and the stretching lineation was at teast in part synchronous with gamet splitting. 

SrnaiI euhedrai M 2  gamet porphyroblasts and M2 euhecirai gamet overgrowths on morbed ML 

gamet cons are conspicuous. This t e W  disconhuity between core and overgrowth in composite 

garnet grains is associated wih a sharp compositiond discontinuity (Chapter 2, Plate 2). M2 gamet is 

typicaiiy tnclusion-poor and spatiaiiy restricted to resorption rinds arolrnd eariy garnet, rnakmg the timing 

of its growth with respect to mat* foiiation development difncult to estabtish, However; it is commonly 

associated with (and in some cases inciuded in) inciusion-rich, eufiedral M2 stauro iite (Plate 9C) which is 

IocalIy rotated witû respect to, and deflects, foliation, suggesting that both M.2 garnet and staurolite 

deveIoped prior to the cessation of pmgressive deformation associated with development of Sr- 

The nnaI stage of prograde metamorphism observed in the ares is the development of large (up to 

15 cm-long; Plate 4B), elongate anddusite porphyrobIasts (typicdy repraced by a muscovite-ncEi 

aggregate during subsequent retrogression) which I o d y  inclde porphyroblasts of M2 garnet andor 

ststuroiite (PIate 4C,D). A number of observations mdicate that ductile deformaion associated wi-th 

development of&- attendeci ador  post-dated growth of andal:usite m the area Andalusite crystaIs 

t y p i d y  lie with their dong-axis parde1 to &-, eitiier as koiated grah,  or as groups of needes defhhg 

conspicaous splays ("chickenfieet" texture; Plate 43). NeedIes do oot have a preferred orientation on ST. 

Where k h  anddusite is fotmd in thin section, it g e n d y  shows evidence of micro-boudhge, with 



gaps at high ande to Sr (Plate L3C). Finally. muscovite in retrograde muscovite-rich aggregates afler 

andalusite is typicdiy aligned paralle1 to Sr (Plate 6D). indicating that Srelated progressive deformation 

contmued untii after growth, and during or after retrogression of andalusite in the area 

Taken together, the foregoing text td  observations indicate that Srrelated deformation in the 

study area, like metamorphic recrystallization, was proaaeted and attended by important temporal 

variations in ambient pressure and temperature conditions. AIthough few absolute tune constraints on 

prograde metamorphism and deformation are available. these miportant ffuctuations in metamorphic 

conditions suggests that prograde metamorpkic recrystallization and the associated deformation, spanned 

a substantial temporai range. The absolute timing of deformation and metamorphimi in the area is 

discussed beIow, 

3,422 Absofute timing of deformation 

Extensive deformation and metamorphism in the Selkirk Allochthon and adjacent areas of the 

southern Omineca Belt initiated i i ~  Early to mid-Jurassic tirne as a result of acmtion of the Quesnellia 

island arc terrane to the western edge of North Amenca (Monger et d., 1982; Brown et al., 1986, l992a; 

Archibald et al., 1983; CoIpmn et d., 1996). Aithough direct supporthg evideace is Iackiug, Mt 

metamorphism in the study area is interpteted to be of that age or younger. 

The Bigmouth Creek pIuton, a magmatic epidote-beating aikaii feldspar-phyrk, hornblende 

granodiorite (Wtieeler, 1965) intrudes supracrustai rocks exposed at the northem edge of the study area. 

Zircon and titanite U-Pb systematics were anaiyzed as part of this study and cesuits are presented and 

discussed at Iength in Chapter 2. Saiient points are briefiy summarized here. Five discordant zircon 

separates yielded a lower intercept age of 157 * 33 Ma, and au upper intercept age of L .75 * 0.02 Ga 

Two titanite fiactions were dso anaiyzed which yielded concordant, but not overlapping, ages O€ 140.5 

0.8 Ma and 137.4 * 1-4 Ma, respectiveiy. 

As discwed in the previous chapter, these ~ d t s  are interpreted to reflect emplacement and finai 

crystallization of the Bigmouth C ~ e k  stock Ïn laie Middle JurassluraSSlc time, as @lied by the zircon Iower 

mtercept age. ML metamorphism is mterpreted to be bmadIy syuchronoos with emplacement of the stock 

ia the W-dde Jmassic, based on the fact that mid-Jurassic metamorp6t'sm is common in other parts of the 

Selkirk Aiioc6thon (e-g., Archt'bald et aL, 1983; Brown et aL, 1992a; CoIpron et ai-, 1996)- W b  

resetang of titanite m Eady C~etaceoris time is mterpreted to have d t e d  h m  a thmai puise at that 



t h e  which also produced the M2 metamorphic overprint The presence of magmatic epidote in the 

Bigmouth Creek granodiorite indicates minimum nnal emplacement pressure probably weli in excess of6 

kbar (Le., >20 km depth; Zen and Hammarstrom, L984; Zen, 1985) in Iate Middle Jurassic time. The 

occurrence of M2 kyanite-bearing assemblages indicates that rocks in the northern part of the study area 

were still deepIy bun-ed and that the thickness of that part ofthe Selkirk AiIochthon omgenic wedge was 

stiU considerable in Eariy Cretaceous time. This is in contrast to rocks ofthe Lueciiiewaet SyncIinorium 

to the south, in the vicinity of the Fang granodiorite stock where, Colpron et al. (1996) have argued, 

Barrovian (moderate to high-P) regionai metamorphism, and subsequent rapid exbumation and 

decompression to c a  3 kbar were mostiy over by 168 Ma (middJurassic). in the present study area, the 

persistence of high pressures to Early Cretaceous bune impiies that the Iate M2 decompression associated 

wîth development of anddusite, and the associated deformation must be younger (i.e., Eariy Cretaceous 

or younger). 

Thus, ductile deformation in the study ana began in the Middle lurassic. following accretion of 

the QuesueHia island arc terme, and continued episodicdly at least. until the Early Cntaceous or later. 

Late Cretaceous (ca. 76 Ma) muscovite and biotite Ar-As cooling ages obtained Tor rocks in the southem 

part ofthe study area (Colpron, personai communicatiou, L996) suggest that h a 1  exhumation and 

cooling did not occur mtiI 50 m.y. Iater, at least, 

3.43 Tectonic implications 

The structural style which resuited fiom ductile deformation in the Big Fish Creek area is simifar 

to that observed in stnichaalIy deeper rocks near the base of the S e b k  AIIoch th~~~  throughout the 

southern Omineca BeIt. Features eacountered in the Big Fish Creek area which are dso widespread in 

other areas uiciude evidence for long-Iived transposition of structures towards a shdow-dipping regional 

shear phne, a strong ENE to WSW-trending mùiedstretching Lineation, orogen-transverse. stretching 

iheation-parailel fold axes, and evidence for substantiai syn-compressiond extension parallei to the 

stretchmg heation (e.g., Jomeay, 1986; Joumeay and Brown, 1986; Lane and Brown, L 988; Scammeii; 

1993; McNicoii and BrownT 1995; Johnston, 1996; Schaubs and Carr, 1998). 

Both S c m e i i  (L993) and Johnston (1996) have mterpreted extensioaat strain at the base of the 

Selkirk Aiiochthon as resultlng h m  large-sde syn-compressionai extension associated with extrusion 

(e-g., BurcMeId and Royden, 1985; Thompson et ai,, 1997) o f a  m i d d  wedge as a resuit of 

gravitationai collapse, Accorduig to these authors, extenGon took pIace prior to cessation of ea~tward 



displacement of this wedge in the Early Tertiary (Cm, L992), as tecorded by the continued development 

of the regional ENE-WSW-trending orogen-transverse lineation. Eastward dispIacement of rocks 

exposed in the Big Fish Creek area is also evidenced by the widespread occurrence of an ENE-WSW- 

trendmg orogen-transverse lineation, illustrating the distributed nature of defonnation associated with 

east-directed transport in the Iower part of the Selkirk AlIochthon fiom Late Jurassic to Early Tertiary 

tirne. ï h i s  and the preferred vergence of structures associated with orogen-paralie1 shear support the 

interpretation that these rocks were Iocated near the base, and at the lateral edge of a mid-Ievel, east- 

directed thntst nappe within the Selkirk AiIochthon (c.£, Butler, 1982; Coward and Pot&, 1983; Fig. 3.7) 

during mid-Jurassic to Eariy Cretaceous time at least, Evidence for &-normal shortening and transport- 

paralIel extensiun pcior to Late Cretaceous coobg, and contemporaneous with apparently rapid 

decompressioo (as recorded by the Iate- M2 development of andalusite) is consistent with an evolution 

involving extension and mstal thinning (eg,  Jamieson and Beaumont, 1988; Hodges et al., 1993; 

Thompson et al., 199'7) during continued eastward displacement of the Selkirk Allochthon. 

Syn-compressionai extension afkted rocks in higher structurai levels of the SeIkirk Fan as early 

as the Middle lurassic (Colpron et ai., 1996) as the SeIkirk Fan structure was developing into a thickened, 

doubly-vergent orogenic wedge (Malavieille, 1984; WiUett et al., 1993; Brown et al.. 1993) as a result of 

eastward undenhnisting of a westerly-derived cmtd slab below the western edge of the wedge (Figs. 

3.8A, 3.9A; Brown et al,, 1986,1993; Price, L986; Colpron et al., 1998) and east-vergent ovecthursting 

of the eastern part of the wedge over the North American continental rnargin. The Iack of evidence for 

significant post-mid-lurassic peuetrative deformation and rnetamorphism in rocks of the nleciliewaet 

Synciinorhm (Coiprou et al., 1996) suggests that h m  the Late Jurassic on, mcks at high structural levels 

in the Selkirk Fan underwent mostly passive eastward translation as a t e d t  ofmovement dong shear 

zones at deeper structurai levels (Fig. 3.8). 

In contrast, ScammeiI (1993) has argued that rocks near the base of the Seikiric AIIochthon to the 

West of the Big Fish Cmk area record deformation associated with eastward dispIacement of the 

Ailochthon fiom as eariy as t 3 5 Ma to as at Ieast as late as 100 M a  As in the Big Fish Creek area at 

Mtermediate stmcturai Ievel, and h the Iiiedewaet Syaciinorimn at hi& structurai IeveI, evidence for 

syn-compressional extension &O exists at the base of the S e k k  AUochthon (ScammeiI, 1993; lohuston. 

1996). ScammeiI (1993) has suggested the Norman Wood Creek fadt, whose trace is exposed severai 

IciIometers east of the shtdy area ~ e r k i i ~ ~ ,  19831, as a possible candidate for an qer-pIate-dom-to-the- 

West, syu-compressionaI extensional fadt m the hangingwall ofthe Monashee Décoiiemmt, and this is 
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Figure 3 9  Roposed dynamic wedge tectonic mociei for the S e W  Ailochthon to accotmt for inf i id 
metamorphic and strncttd evoItttioa Mo&d after WÎliett et ai., 1993. A: EarIy accretion of 
westerIy-derived texrane to the writem edge ofNorth Amerka and associated contraction Ieads to 
cnistaI thickening, t h e d  rehaîion of thickened wedge, and resuits m MI metamorphic event 
B: A stable wedge geomeûy is estabJished which is maintained by the baiance ofhfield 
contradional stresses and exp-OIL of ductiIe cnistal mot due to continued thermal relaxation. 
Parts ofthe orogenic wedge undergo bagaI whiIe others are ppIiffed, accountmg for Iimited 
retrogression between ML anci M2 metamorphic event. Contmaed growth ofthe wedge and 
associated themai rehaîim I d y  (at Icast) pmmice heatnig and resuit m M2 meiamorphism C: 
Relaxation ofk-fieid contracfionai stresses andlor expansicm ofthe ductÏte cxustai mot Ieads to 
substantiai gravitaticmai cohpse ofthe cSiipmcc wedge, dming the late stages ofM2 
metamorphiSm, Resaltmg produces denudation and decompression as recorded by 



tentativeiy integrated in the mode1 presented in Figure 3.8, to accommodate evidence for ductiIe, west- 

vergent deformation encountered in the Big Fish Creek area. 

Thus it appears that the eastem part of the S e b k  Aiiochthon, in particda. the Sekrk  Fan and 

adjacent areas, represents a Iong-hed, doubly-vergent dynamic orogenic wedge (Malavieille, L 984; 

WUett et al., 1993) d t i n g  from far4Ïeld compressionai stresses induced by continued convergence of 

accreted terranes to the western margin of North America, and intemal deformation involving both 

compressionai and extensional componaiff acting to maintain a Cntically tapered topopphy (Figs. 3.8, 

3.9; e-g., Davis et ai., 1983; Dahien et ai ,  (984; Wiiett et ai.. 1993). A possibie mode1 for the evolution 

of the Selkirk AlIochthon and Selkirk Fan which inteptes the resdts of the prsent study is illustrated in 

Figure 3.9. Development of a doubly-vergent wedge began in Early to mid-Juras~ic t h e  (ca 173 Ma; 

Colpron et al., L996; 1998). but initiaKy may have been Iunited in size as suggested by the lack of 

sttbstantial sediment input to the foreland basin untii Late Jurassic tirne (Price and Momtjoy, 1970). By 

mid- to Late Jurassic t h e  (ca 160-155 Ma), the eastern part of the wedge had ovenidden the basement 

n m p  which defmed the landward boundary of the thick Proterozoic to Early PaIeozoic continental margin 

sequence (Fig. 3.8A; Colpron et al., 1998), and the teSuIting gravitational potential in the eastem part of 

the orogenic wedge was apparendy baianced by a substantially thickened western part of the wedge, as 

evidenced by emplacement of the magmatic epidote-bearing Bigmouth Creek phton in supm-ccustal 

rocks at depths weU in excess of 20 Fun. Thickening of the western part of the orogenic wedge was the 

result of underplathg of the wedge by westeriy-derived matenal dong west-verging thnrst faults such as 

the French Creek Fadt (Fig. 3.8). synchronous with eastward displacement dong deeper-Ievel, ductile 

shear zones such as the Big Fish Creek shear zone. Dyoamic maintenance, and possiily continued 

growth of the thickened wedge untii the Early Cretaceous (Fig. 3.8B) is evidenced by kyanite-bearing M2 

metamorphic assembIages, Eventuaiiy, thermal relaxation of the thickened wedge produced an mcrease 

in temperature in the mid- to Iower Ievels of the wedge, leadiag to enhanced ductility, which in him 

facilitated continued shear and progressive deformation dong such a ductile shear zone, a s  weiI as 

gravitationally-driven d u d e  extension (Figs. 3 .SB, 39C), thinnmg and redting decompression at these 

strucnnal Ieveis, in nsponse to the increased overlying Ioad (Le., "dynamic spreading" and extrusion; 

cg., HoIdsworth and Grant 1990). 

3 5  Conclusions 

Rocks in the Big Fish Creek area appear to have preserved a more comprete record of 

defounation and metamorphism m the Sedkkk AiIochthon h m  rock at higher structurai Ievels (due to 



their 'bpassive" behavior d e r  the Middle Jurassic) and at Iower structural Ievels (due to the continued 

hi&-grade metamorphic overprint untii the Late Cretaceous, which obtiterated the record of eariier 

evolution). Some key features ofthis record had previously gone unrecognized. These mchde: 1) the 

polycyclic nature of prograde metamorphic recrystallization bplyuig two episodes of heating to 

amphiioiite facies conditions and an intervening episode of cooling; 2) the widespnad occurrence, in 

higher grade rocks of the Big Fish Creek area, of Iate andalusite which indicaies decompression late in the 

metamorphic recrystaIIization history; 3) evidence for very intense strain consistent with deformation in a 

zone of high distnauted, general shear; 4) evidence for substantid shortening nomal to the dominant 

sballow-dipping foüation (Le., ff attening) in the area; and 5) a Middle Jurassic emplacement age for the 

Bigmouth Creek Stock with evidence for themai reworking to Late Jurassic-Early Cretaceous the.  

These new iines of information suggests a metamorphic and assotiated tectonic evolution distinct from 

that proposed in eartier models uivoIving simple, foreland-, and downwatd-propagation of metamorphic 

and deformation fionts within the southem Omineca Belt (e.g., Parrish et ai., 1995). or cessation of 

tectonic and metamorphic activity by mid-Jwassic t h e  in the Northern Selkirk Mountains (e.g., Colpron 

et ai., 1996). 

Hence, the Big Fish Creek area provides information crucial to the unraveIÏng of the tectonic 

evolution of the southern Omineca Belt in Mesozoic t h e e  Based on the stnictural and metamorphic 

features observed in the Big Fish Creek area, the foiiowing major conclusions may be synthesized: 

I. Rocks in this area record intense, non-coaxial strain whicfi resuited fiom hg-Lived ductiie progressive 

deformation, and involved important components of orogen-transverse and orogen-paraile1 extension (Le., 

sub-vertical shortening nomai to the dominant transposition foiiation &, which appmaches the regionai 

shear plane). 

2- These rocks are thedore interpreted to be part of a ductile shear zone of regional significance, herein 

named the Big Fish Creek shear zone. The presence of tfris shear zone at intermediate IeveIs in the 

Selkirk Allochthon illustrates the distn'buted nature of strain associated with east-directed displacement of 

the Selkirk AiIochthon d m  Mesozoic to Eariy Cenozoic time, rather than its being restncted to 

movement h g  the soIe thnrst of the AiIochthon, the Monashee DécoiIement 

3. Structurai and rnetamorphic evidence for diachronoas syn-compressionai exteusiond strah and crustd 

thùmmg Ui the Big Fish Creek arpa, combked with darinterpretations at both higher, and Iowa 

strucîurai Ieveis by other workers, mggests that a e  SeikiÏk AUocMon, at Ieast in the ares ofthe Seüürk 



Fan structure, constituted a dynamïc omgenic wedge h m  as eariy as the MiddIe Jurassic, to at Ieast as 

Iate as the Late Cretaceous, The dyaamic behavior of this wedge was controlled by far-EeId forces 

associated with convergence of accreted terranes and the North Amencan continental mgin, by 

gravitationai forces, and by rheoIogicd modification and internai deformation of the wedge in response to 

these different controis, 

4. Based on U-Pb age dating of the Bigmouth Creek granodiorite, the hi&-pressure, eariy stage of 

regional metamorphism raorded in rocks of the area can be assigned to mid-Jurassic the. This implies 

that syn-metamorphic progressive deformation began at least as early as the Middle lurassic. Thexmai 

resetting, in the Early Cretaceous, of Bigmouth Creek stock titanite U-Pb systematics constrains the 

timing of M2 metamorphism to Early Cretaceous tirne. Late-M.2 decompression was therefore EarIy 

Cretaceous or younger, and predates the end of ductile deformation associated with the transposition 

€0 tiation in the area This ais0 puts an Early Cretaceous upper boundary on syn-compressional extension 

and gravitationaily-driven thinnu>g of the S e k k  Aüochthon orogenic wedge. 



Chapter 4 

IRREGULAR ISOGRADS, REACTLON INSTABILITIES, AMI TEE EVOLUTION OF 

PERMEABlZITY DURING METAMORPHISM 

4.1 Introduction 

Rocks in the Big Fish Creek area show evidence of fi uid fîow attending recrystal1iz;ition. 

Retrogression of peak mineral assemb1ages &et both prograde metamorphic events recorded in these 

rocks was attended by fluid infiltration, as indicated by the hydrous nature of the retrograde minerais 

(e.g., chlorite and biotite iteer ML gamet, muscovite-rich aggregaies aller M2 staurolite and andalusite). 

However, the fact that the same prograde mine& show variable degrees of repCacement b y hydrous 

phases indicates that fluid-flow-driven retrogression was heterogeneous (e.g., M 1 garnet, compare Plate 

IB and IC; M2 stauroiite, compare Plate 5C,D and Plate 6B; [ate-M2 anddusite, compare Plate 6C and 

6D). When attempting to understand the rates and patterns of fluid flow in mid-crastal enviroaments such 

as the Big Fish Creek ma, the nature of permeabiIity is criticaiiy important. However, it remaius poorly 

constrained at best. Metarnorphic minerai reactions can dter porosity Ieading to modification of 

permeability and fluid fiow distribution, Reactions that increase porosity will tend to enhance 

permeabiiity and focus fiuid ffow (e.g., Rumble et al., 1982). iffluid tIow drives minerai reaction, a 

positive feedback may develop between hfilûation and reaction which wiU result in runaway fI ow- 

focusing (e.g., Ortoleva et ai., f 98?), Huid fIow wilI become Uicreasingiy heterogeneous. AIternativeIy, 

reactions that decrease porosity may reduce perrneability and divert ffow away from the reaction site (cg., 

Cook et ai., 1997)- Either way, minerai readons alter Quid flow patterns and the resuIting distriiution of 

chemicai aiteration and minerai assemblages- 

Uecentiy, the heterogeneity of stable kotopic aiteration fias been used to constrain the spatial 

variabiiity of permeabiIity during metamorphism of carbonate rocks (Bowmaa et ai-, 1994; Cartwrr-ght, 

199% Gerdes et ai., 1995)- However, the ~ e r a i o g i c d  record offluid flow has not been similarly 

evduated, Because hf2tration drives dedonat ion  ceactions in these rocks (eg, Ferry, L994b), the 

distn'bution of metamorphic minerai assemblages is aiso a record of permeability dïstri'butioa Moreover, 

ifmetamorpfu'c modif?catiorr ofpemeability was an important control on naid flow disûiiution, ken this 

mnst be reff ected in the distn'bution of m M d  as~ernbiages~ 



Here we mode1 reactive transpoa through heterogeneous pemeabüity to quantify the spatial 

wiabiiity of fl uïd flow r e e d  to pmduce observed distributions of miueraï assemblages in contact 

metamorphosed sficeous dolomites. We compare these resuits to fluid flow heterogeneity predicted Etom 

the distribution of stable isotopic aiteratioa, and show that in a number of contact aureoles the 

mineraiogic and isotopic records of auid flow are extremely heterogeneous. We propose that this 

heterogeneity is the result of perrneabüïty enhancement by mineral reaction. 

4.2 The record of fluid ttow 

Contact metamorphosed siiiceous dolomites of the Aita (Utah) and Ubehebe (California) aureoles 

show siinilar distriiutions of mineral assemblages. At Alta, the minerais taIc, tremolite, forsterite, and 

penclase (idemd fkom secoudary brucite) define metamorphic isograds with increasing proximity to the 

Alta stock (Fig. 4.1 A; Moore and Kemck, 1976). At Ubehebe, the progressive sequence of isograds is 

defmed by mmolite, forsterite, and periclase (RoseHe, 1997). Applying one-dimensionai ( I D) models of 

reactive transport of H@-COz fhid in siIiceous doIomite, Ferry (1994b) showed that these mineral 

assemblage distributions, in particdar the presence of penclase and absence of diopside, require 

pervasive, grain-scale infiltration of aqueous fluid in the direction of decreasing temperature (eg., Fig. 

42B). He estimated a the-htegrated ff uîd tlw for Alta in excess of 1000 mol fiui6/cm2 of rock 

Who te-rock carbonate 180 is variably depleted in the inuer portions of both the Alta and übehebe 

aureoles (Fig. 4.IB; Bowman et ai., 1994; RoseIIe, 1997). The magnitude of "O depletion matches that 

predicted to resdt fiom infiItration of &Cl-rich, isotopicaiiy Iight magmatic voIatiles. Bowman et aI. 

(1994) estimated a thne-integrated nuid flux for Aita of approximately 4000 moffcm'. niey attriiuted the 

spatid vaiability of depletion to hydrodynamic dispersion d t i n g  h m  heterogeneous nuid flow. 

In their ID reactive transport modeIs, hydrodynamïc dispersion resnlts in a broadening of the isotopic 

aiteration fiont, but does not account for the scatter ofvaiues about that fiont (Fig. 4-1 B). Gerdes et al. 

(I995) used two-dimensionaI(2D) stochastic models to show that heterogeneous fluid flow couid produce 

this isotopic scatter, 

Because the distciibmion of minerai assemblages depends on the amount of auid flow (Kg. 4B), 

the heterogeneity of flow impiied by the stable isotopic scatter must aiso hfIuence the geometry of 

minerai isograds if the two processes are conpled, At Alta, pexiclase-bearing and periclase-absent 

rnarbIes are interlayered on a meter s d e  (Cook et aI, 1997), and forsterite- and periclase-grade rocks 
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Figure 4.1 k- Map ofsouthem portion of Aita, Utah contact m o l e  (adapted h m  Cook, 1992). Talc 

mc), tremoiite mr), forsicrite @O), and periclase Pr) isograds mark nrst appuuance of these 
minerais as pluton is approached, Howmr, Iow-grade assernbIages pasist hto higher-grade 
zones: forsterite-grade mch occttrwithm @ c h  zone to 50 m h m  contact, as reported by 
Smith (1972; fiIIcd tnangies) and Cook (1992; opm triangies). B: W h o f e ~ ~ ~ k  carbonate 6180 
(standard mean ocean arata) ofsiIiceops doIomites vs. distance b m  contact (modined a f i  
Co& 1992). Span 0 f ~ c 1 a s e  isograd is zone o v a  which pericbe- and forstente-grade rocks 
ovalap. Dashed cwe denotes aItaaton predicted by mode1 of Bowmsn a al. (1994). M m d  
abbreVations as mA 



Hgure 4 3  A: kobaric (1 kbar) phase diagram formodei silicemus doIomite showing minera1 
assemblage stabiiity as hction of temperatme and mole M o n  of CO2 in H20-C02 ffuX 
Dashed Iines show &emL assemblage seqnences and eqdi'bnmn ffPid compositions for thne 
diffamt the-mtegrated fhrid fluxes, durhg d0wn-T flow ofH20 h m  the mtrasnre contact 
Thexmodynamic &ta Berrmm (1988). h l :  doIomite; Qrz: qaertz; Cd: aicite; Di: diapside; 
Brc: bru* aii others as m Figmc 4.1. 
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Figure 4.2 B: Minerai assembIage stabiIity as fimctÏon of distance h m  mtnrsnre contact and time- 
mtegrated fluid flux Thin dashed Iines denote assemblage sequences for same fluxes as m A. 
Displacement of 180 aiteration k t  ia shown as heavy dasfied he. AsSembIage fields are: 

Doi-Qtzr doLomiCte + quarkprotolith; Tic: TIckDo1+Cal; Tc Tr+DoI+Cai; Di: Di+DoI; Fo: 
Fo+DoL+CM; Brc: Brc-tCal; Pers P e  Di-Tc DifTr+DoI+Cai, 



overlap over =250 m (Fig. 4.1B; metamorphic grades are defined in Fig. 42). Roseile (1997) observed a 

sunilar overlap in the übehebe aureole, and Ferry and Rnmble (1 997) documented a heterogenw us 

diskiiution of pericIase in siliceous dolomites of the Silver Star and Beinn an Dubhaich aureoles. Thus, 

mineral assemblages in contact-metamorphosed carbonate rocks also appear to record heterogeneous fluid 

ffow. 

4 3  Models 

We used nnite-ciifference methods to model 2D heterogeneous fluid flow through siliceous 

dolomite initially composed of 90% dolomite and 10% quartz by volume, a composition representative of 

massive siliceous dolomites at Alta (e.g., Moore and Kerrick, 1976). The stabüity of minerai assemblages 

in this system varies with temperature and fluid composition (Fig. 4.2A). Each rock in the model aureole 

was heated and equilibrated to peak metamorphic temperature prior to infiltration. Further mineral 

reaction was dnven by infi1tration of magmatic H20 down the steady-state peak thermal gradient (dom-T 

tlow, Figs. 4.28 and 4.3). We did not account for heat flow because doing so adds considerable 

numerical complexity but does not appretiably affect the sequence or gened displacement of mineral 

isograds with infiltration (Dipple and Ferry, 1996). However. without accountiug for heat Elow, primnry 

and secondary brucite cannot be disthguished. The presence of either brucite or periclase is used to 

dehe  the perïclase zone at Aita (Moore and Kerrick, 1976) and in our analysis. Stable isotopic alteration 

is driven by dom-T flow of pure magmatic H20 with a 6 180 of 7960. Ruid-rock exchange is 

appmximated by the calcite-H20 system (e.g., Bowrnan et al, 1994; Gerdes et ai.. 1995); initial 6% of 

cafcite is 25%. 

Steady-state heterogeneous permeability was represented by stochastic distributions generated 

with geostatisticai software (Deutsch and Jouniei, 1992), by hxing the mean, vaiance, and spatial 

correIation of the nataraI logarhhm of pemeabiiity (Jnkn. The permeability maps had a geometcic mean 

of 10-" m2. We changed the spatial variance (d) of In@) between sinitdations (e.g., Gerdes et al., L995) 

to assess how heterogeneous permeabiiity affiects mineral assemblage and 6"0 distciiutions. Spatiai 

correlation was anisotropic, wi16 characteristic comlation distances (te., the variogram ranges; de 

Mady, 1986) of300 m Iongitudinai and 30 rn transverse to ffow (Gelhar, 1993; Gerdes et ai., 1995). 

Steady-state distributions of fIow veIocities were obtained by imposing high fhid pressure at the M o w  

boutlchry (mtnrsive contact), Iow fInid pressure at the outBow boandary (unmetamorphosed country rock) 

md impermeable fl ow-pdeI  bomidaries. muid fi ow, aithough heterogeneons, was generalIy away h m  

the intmsive contact, F[uid production by metamorphic minerai reactîons was negiected, 
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Figure 4.3 M i n d  assembIage maps for dowii-T ffow ofipitially pme 5 0  ffuid mto siîiceous dolomites 
for different spatiaily averaged time-mtegrated f l t d  ma*r (q&) and of h(k). Minerai 
fields are as defked m Figure 4.2, Note that irrrgalarity ofminerai isogiado is more prmounced 
whap permeabiiity is very heterogeneoiis. 



At each timestep. fluid infiItrated the rock and =action proceeded untii chen-cd eqdibrïum was 

mched. This was doue for each of 30 000 mdes until the presmbed finai the-integrated fluid Bux (q,,,) 

was attained Results are presented as minerai assemblage maps and 6'*0 distniutions for different 

values of q, and 02(ln k) (Figs. 43 and 4.4). Uniess otherwise mentioued, redts  are for a q, of 3500 

mol/cm2, which fields a good fit to observed isograd and "0 fiont displacements at Alta 

4.4 Results 

Figure 4.3 Uustrates the effect of heterogeneous permeabiiity on the geometry of mineral zones 

and isograds. For a given q,, the sequence of minerai assemblages and displacement of rnined isograds 

predicted for 2D heterogeneous flow are similar to the LD solution (cf, Figs. 42B and 43). However, 

heterogeneous fluid tlow produces irreguIar isograds; in more permeable zones, isograds are displaced 

towards lower temperature (Fig. 4.3). Our resuits ùidicate that even moderately heterogeneous 

permeability fields yield irreguiar minerd isograds, as Uustrated in Figure 43C for a permeability field 

with c'(ln k) = 02, a value typical of refatively homogeneous uear-dace aquifers (e.g., Geihar, 1993). 

However, the preservation of forstecite-grade assemblages in tEte inner 50 m of the Alta (Fig. 4.1) and 

Ubehebe (Roselle, 1991) aureoles requires a more heterogeneous distriiution of periclase nich as that in 

Figure 43B, which records flow through a highly heterogeneous permeability field (c'(ln k) = 2.0). 

nie pattern of 180 depletion in the huer  aureole at AIta dso requires highly heterogeneous 

permeability (&(in k) = 2.0; Fig. 4*4). [n generai agreement with Gerdes et al. (1999, our redts show 

that fIow through a more homogeneous permeability field would not reproduce the observed 6% 

distribution (Fig. 4.4). The observed distribution of minerai assembIages and 180 alteration at AIta is 

consistent with down-T flow of 3500 mol/cm2 through a very heterogeneous pemeabiiity field. 

4.5 Discussion 

Our redts highlight two important featares of ceactive transport during contact metamorphkm at 

Aita: (1) the geometry of the pericIase isograd and the scatter Ui 6 ''0 values record mnüar fl uid-fîow 

heterogeneity; (2) this heterogeneity was extreme- S i d a r  isotopic and minerai assemblage distriiutiofls 

iu other aureoIes (e-g., Ubehebe, Saver Star, Beinn an Dubhaich) indicate that bighiy heterogeneous fluid 

flow may be a common feature ofcontact m e t a m t i r p h  
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Figure 4.4 Cornparison ofmodei resuits with Alta obsemtions. Top h e  is as m Figure 3B, with Pet 
and Brc fields combhed. Bottom hue  shows mode1 6 ' 6  distnilmtion for cp = 3500 moYcd 
throttgh permeability fier& with &@II k) = 02 (dashed) and &(In k) = 2.0 (soIid). Note agreement 
between mode1 6180 distniution for k)= 2.0 and 6 ' 6  distniution at Alta Aiso shown an 
span ofpmchse Isograd   am^^) and tremoIite mne (obüpe mie) at Alta 



PericIase and 6'80 distniutioas at Aita are both consistent with highly heterogeneous 

pemeabüity ($(In k) = 2.0; Fig. 44). Ody the most heterogeneous aear-surface aquifers show such 

hi& varÏabiIity (e-g., Gelliar, 1993). In fact, the range of pemeabiiity (nearly 5 orders of magnitude) 

suggested by cornparhg Aita data with mode1 redts exceeds by neariy two orders of magnitude that 

estimated by Ferry ( t 994a) for 266 samples of diverse rnetarnorphic rock types tiom across uorthem New 

England Given the Limited geographic extent of the Alta aureole (Fig. 4. LA), fluid flow was very 

heterogeneous there, and perhaps also at Ubehebe, where pencIase isograd geometry and 6 180 scatter are 

simiIar to those at AIta (Roselie, 1997). 

We interpret the extreme heterogeneity of fiuid flow in the Alta a m o k  to bbe the r e d t  of flow- 

focushg during metamorphism rather than a direct reflection of exe~me heterogeneity in the protolith. 

Flow-focusing is an expected consequence of infiltration-driven reaction involwig a decrease in solid 

volume (i.e., porosity enhancement) due to the developmait of positive feedback between [low, reaction 

and penneabiiity enhancement (e.g., Ortoleva et ai., 1987). Because prograde isograd reactions in 

siliceous dolomites involve a significant demase in solid volume ( e g ,  25% for the periclase isograd 

reaction), reaction enhancement of penneabiIity is a likely cause of the high heterogeneity of fluid fi ow. 

Thus, although the symnetamorphic pemeabiiity structure might mimic protolith heterogeneity, the 

heterogeneity in recorded the-integnited fluid flux in Aita dolomites was probably ampiified by 

metamorphic reaction. 

Attainment of flow foming depends on the reiative rates of Buid flow, minerai reaction, and 

compaction. Sluggish reaction khetics wüI tend to hornogenize the chemicai record of tIuid fi ow and 

permeabiiity because areas of fist fhid flow wüi be W e s t  h m  fïuid-rock eqWIibnum. Also, slow 

reaction rates will Iead to kinetic dispersion which wüi tend to inhibit flow-focuskg (Steefel and Lasaga, 

1990). We therefore suggest that the highly heterogeneous distriiution of periclase-grade rocks at Aita 

refi ects a close approach to equilibrium for the periclase-fomiing reaction. Because 6"0 scatter and 

pencIase isograd geometry record a simiîar flow heterogeneity, oxygen exchange probabIy dso cIosely 

approached equiiirium, as argued by Bowman et ai, (1994)- 

Flow focushg wiI i  be &%ited ifcompaction is more eEcient at destroying porosity than Dow 

and reaction are at cfeatlng Ït. The highiy heterogenmus fhid flow recorded at Aita and Ubehebe 

suggests tfiat metamorphic fhid flow was fast compared to compaction, The observation that regionally 

metamorphosed rocks record d e r  spatial variations in permeability (e.g, Ferry, L994a) mny refiect 



hdamental differences in the relative rates of fluid flow and compaction in contact and regional 

metamorphic environrnents. 



Chapter 5 

CONCLUSIONS 

This thesis presents the results of two separate studies: a field-based study of the tectono-thermal 

evolutioa ofthe Selkirk AiIochthon, a metamorphosed and defonned welt of supracrustai rocks in the 

southem Omheca crystalhe beit of British Columbia, Caaada (Chapters 2 and 3); and a study of the 

nature of muiti-dimensionai reactive fluid f i  ow during metamorphism of carbonate rocks, using a 

cornparison of numericdly simulated distrr'butions, and naturai distributions of minerd assemblages 

resulting Eom metamorphic fluid fi ow (Chapter 4). The saiient conclusions of these two studies are 

summarized here. 

Detailed characterization of the distniution of meiamorphic mineral assemblages, of the 

metamorphic reactioo history, and of the nature of structural elements related with broadly s y -  

metamorphic ductile deformation ui the Big Fish Creek area of the S e k k  Allochthon Ieads to the 

FoIlowing concIusions: 

1. Two distinct metamorphic events Hected rocks in study area: 

- M 1, the earlier event, is recorded by refict porphyroblastic minerais wbich were subjected to 

coolulg and retrogression prior to development of M2 prograde minerai assemblages, MI was probabiy 

regional in extent, 

- M2 Ïs characterïzed by a Bmvian  sequence of metamorphic zones in the study area From 

south to north, this fieId gradient indudes the foff owing metamorphic zones in rocks of  p e E c  

composition: chIorite. biotite, gamet + chlorite, stauroiite + biotite, kyanite + staurotite. Late-MZ 

anddusite is widespread in rocks of the gamet + chiotite, and staurolite + biotite zones, suggesting 

substantiai 1ate-W decompression. 

2. The Bigmouth Creek stock was emplaced in Iate Middle Jurassic as mdicated by magmatic &on U-Pb 

ages (157 3 3  Ma). Magmatic epidote in Bigmouth Creek granodionte saggests that empIacement 

depth was substantiaify greater than 20 k m  Earüest Cretaceous U-Pb ages ( f 40.7 * 0.8 Ma, and 137-4 * 
I .4 Ma) h m  Manite h m  the granodionte are mterpreted to be due to t h d  resennig at that time- 



3. Based on evidence for widespread mid-Jurassic metarnorphism in other areas of the Seikirk 

AlIochthon, and for deep emplacement of the Bigmouth Creek pluton at that tirne, Ml rnetamorphism is 

ùiterpreted to be of mid-Jurassic age. M .  is interpreted to be the resuit of the thermal pulse which reset 

U-Pb systematics of titanite h m  the Bigmouth Cmk pluton in EarIy Cretaceous time Thus, the timing 

of M 2  metamorphism is Early Cretaceous. 

4. Rocks in the area record intense, non-coaxiai strain which resulted fiom long-Iived ductile progressive 

deformation, and involved important components of orogen-transverse and orogen-pdel extension (i.e., 

shorteniug nomal to the shaiiow-dipphg dominant transposition foliation &, which approaches the 

regiond shear plane). These rocks are therefon interpreted to be part of a ductile shear zone of regional 

sigaincance, h a i n  named the Big Fish Creek shear zone, The presence of this shear zone at 

intemediate levels in the Selkirk Allochthon iiiustrates the distributed nature of ductile strain in the 

Selkirk Ailochthon in Mesozoic tirne. 

5. A mid-Jurassic age for M l  metamorphimi Unplies that pre- to syn-metamorphic progressive ductile 

deformation began at least as early as the Middle Jurassic. Late-M2 decornpression at Ieast as Iate as the 

EarIy Cretaceous predates the end of ductile deformation in the area This puts an Eariy Cretaceous upper 

boundary on syn-compressionai extension and gravitationdIy-driven thinning of the Seikirk Allochthon 

orogenic wedge. 

6. Structurai and metamorphic evidence for protracted compressional strain, and syncluonous, 

episodically at least, extension and thinning in the present study am, combined with similar 

interpretations at both higher, and Iower structurai levels by other workers, suggests that the SeIkirk 

Uochthon constituted a d-c orogenic wedge h m  as early as the Middle furassic, to at Ieast as Iate 

as the Late Cretaceous. The dynarnic behavior of this wedge was controiied by fa-field forces associated 

with convergence of accreted termes and the North American continental margin, by gravitational 

forces, and by rheoIogicaL modification and mtemai deformation of the wedge in response to these 

different e x t e d  controls. 

Chapter 4 de& with the nature ofpenneabüity dtrring m e t a m o r p h  at midatutal IeveIs. A 

good example of the impact of heterogeneons, and probabCy ternpordy evolving fhid flow and 

permeability in a metamorphic system is offered by the spatiaily variable extent of retrogression of 

pmgrade mherai phases to hydrous assembIages in rock of the Big Fish Creek arca Wodc prsented in 

Chapter 4 addresses the question ofthe spatial variabüity and the temporal. ewIution of fIuid flow and 



pemeability in metamorphic t e r n e s  and Ieads to conchsions which may have applicability to the nature 

ofretrogression in the Big Fish Creek area. Major concIusions of the study presented in Chapter 4, of 

two-dimensional reactive flow in siliceous dolomites are as foUows: 

L. Numerid models of two-dimensional reactive tluid ffow can reproduce the patterns of mineral 

assemblage distriiutions observed in natural metamorphic terranes. 

2. The spatial heîerogeneity of fluid fI ow predicted h m  comparison of numerid simulations with 

nafurai distributions of mineral assemblages is consistent with that predicted koom comparison of natural 

distriiutions and numericai simuiations of stabIe isotopic alteration, using the same pemeability 

distribution. This [ends support to the applicability of the numerrical simulations. 

3. Cornparison of naturaI and numerically simulated distriiutions of minerai assemblages and stable 

isotopic alteration suggests that the heterogeneity of permeability duhg metamorphic innItration of 

siliceous doIomites in the AIta, Utah contact aureole, was severai orders of magnitude Iarger than the 

infemd heterogeneity of penneability of the protolith This suggests that the heterogeneity oFhydraulic 

properties is amplified by ûuid ffow and reaction dwing metamorphism. 

4. [t is proposed that pmgrade reaction progress, which for most mctions invoIved in metamorphism of 

carbonate-rich rocks resdts in increased porosity, enhances permeabüity. This, in tum results in 

inmased fluid Eiow and reaction. Thus, a positive feedback mechankm between infiltration, reaction and 

permeability enhancement is established which results in progressive focussing of Buid ffow into more 

reactive zones. This has the effect of increasing the spatial heterogeneity of fl uid ff ow inferred h m  

comparison of naturai and s W a t e d  distributions. 
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Appendix 1: Photographie Plates 



Plate 1 Gamet morphology and evidence for two prograde gamet growth episodes separated by 
retrogression. A. Sample 94-NMNM75B, M2 staurotite + biotite zone. Gamet porphyroblast showhg 
a dominant, anhedrai inclusion-rich core, and thm, euhedrai rim. Note ~d of more or Iess randorniy 
oriented biotite flakes amund bottom part of grain, which is overgrowu by inclusion-poor gamet. 
Ptarte polarized Cight; width of fÏeId is 6 mm, B. Sarnple 94-NM-Il IB, M2 stamiite + biotite zone, 
The two gamet grains are within the s m e  strain shadow and probably represent two clasts h m  an 
original grain. The core portions of these grains are anhedrai and nlatively Uiclrision-cich whereas 
the rims are inclusion-poor and euhedrai to subhedrd. Euhedrai rims overgrow biotite + chlorite + 
quartz + plagioclase m a s  developed as a resuit of retropsion ofearly inclusion-nch gamet 
tzpresented by the anhedrai cores. AIso note that w h e ~  smali staurotite porphyroblasts are 
developed around the gamet, the mclusion-poor gamet rim is l e s  euhedral. Elementd composition 
maps and a quantitative compositional profile of  the Ieft grain are pmented in Plate ZA, aud Figure 
2.3, respectivety. Plane poIarized Light; width of field is 1 cm. C. Sample 94-NM-85C, M2 gamet 
zone. P a d d y  chlontized hclusion-rich gamet porphyroblast. The chionte * quartz + plagioclase 
biotite rind around the porpfiyrobIast outliaes its original shape. Note that biotite seems to be 
developed preferentidy outboard of the chlorite-rich rSi& Some of this biotite may have gram 
during M2 anci be prograde. No euhedrai rim is present on gamet. Aiso note that matrix foliation 
deffects around the onginai gamet outhe, and that inclusion traiIs in the porphyroblast are incIiued 
with respect to this foIiation. Plane polarked iight; width of field is 6 mm. D. SampIe 94-NM-7 1 A, 
M2 gamet zone. Gamet porphyroblast compIetely pseudomorphed by chiorite + biotite + quartz I 
plagioclase aggregate. Some of the biotite may have &rom during Er12 and be prograde. Ouiline of 
onginal porphyrobIast is still. vinile and matrix foliation gentiy deffects around it. Plane polarized 
Iight; width of field are 6 ~III. Note: anornaIous colours axe an artifact of printing. 





Plate 2 Elementaî composition maps of composite gamet A. SampIe 94-NM-I I lB, M 2  staurolite + 
biotite zone. This is the lefi grain show on Plate LB, and a quantitative compositional profile is 
shown in Figure 23. B. Sarnple 94-W7IB, M2 staurolite + biotite zone. Scde bars are 50 p. 
Note: anornaIous coIours are an artifact of printing. 





Plate 3 Chiorite-zone, and biotite-zone textures. A. SampIe 94-NM-45B, chiorite zone, Dominant 
foliation is defined by chlorite + muscovite-rich Iaminae and quartzose microiithons. Note waviness 
resuiting h m  gentle crendation of dominant fotiation. Width of field is 3 mm. B. SampIe 94-NM- 
2ME, chIorite zone, Syu-crenulation chiorite porphyroblast. lnctusion traiIs in the porphyroblasts 
defme a foliation, Si, which is more gentiy crendated than the dominant rnatrix foliation, S, 
(dominant foliation is sub-horizontal, and the crendation dips to the [efi). Width of field is 6 mm. 
C. SampIe 94-NM-48G, Iow-grade portion of M 2  biotite zone. Three foliations are present: a 
dominant crenulation cleavage (S,); an eariier, extensively transposed continuous cleavage (Sc) 
preserved as recrystdbed, foIded muscovite in microlithons; and a Iate crenulation (Sa) whkh is 
weii deveioped ody in some Izunhe. Biotite occurs primariiy as fine-grained flakes within chlorite 
+ biotite dots (artow). Width of field is 6 mm. D. SampIe 94-NM-118B, hi&-grade portion of M 2  
biotite zone. Large, hgulariy oriented biotite flakes, Note that the foliation, Si, defined by 
inclusion trails in these porphyroblasts is not reguiar fiom grain to grain, and does not paralle1 either 
of two extemai foliations, a continuous deavage (Sa, and a crenulation (S,). These spatial 
reIationships are explored in detail iu Chapter 3. Width of fieid is 6 mm. Note: auornafous colours 
are an artifact of printing. Note: anornaions colours are an d a c t  of printing. 





Plate 4 M2 minual textures* statuotite + biotite mne. A. Outcrop 96-NM-226. Fresh stauroiite 
locally fonning crosses, o c c ~  in stauroüte + biotite mtergrowth over gamet porphyroblasts. 
Also present are discrete staurolite porphyroblasts in groundmass away kom stauroiite + biotite dots 
after gamet. Coin is 23 cm in diameter. B. Outcrop 94-Mid- I O I. Muscovite chlonte 
pseudomorphs aAer coarse anddusite porphyroblasts defÏning a "chickenfeettt texture. Lens cap is 6 
cm in diameter. C, D. SampIe 96-NM-214K. Euhedrai staurotite porphyroblast partiaiiy included in 
poikiioblastic andalusite; C. plane-polarized tight; D. cross-polarized tight. Width of field is 6 mm. 
Note: anornaIous colours are an artifact of printing, 





Plate 5 M2 minerai textures, stauroiite + biotite zone and kyanite + statualite zone. A. SampIe 94- 
NM-L WD, stauoIite + biotite zone. MI gamet porphyroblast partiaiiy retrogressed ta a chIorite i- 
biotite + quartz + pIagiocIase mass which define its original shape, hctusion-rich reiict core of M 1 
garnet is h e d  by euhedral, inclusion-poor M2 overpwth. Small, euhedrai M2 gamet 
porphyroblasts are present, some of which overgrow matrix foliation (e.g, mail grain in upper right 
corner). M2 staurotite is deveIoped mund composite garnet and inctudes small M2 garnet grains. 
Width of field is 6 m. B. SampIe 94-NM-L35D, kyanite + staurolite zone. Close spatial 
association of kyanite, stauroiite and gamet. OnIy rehct gamet cemains. Note sets of paraHel 
bcntres in staurolite and kyanite porphymblasts, at high angle to rnatmc foliation, Width of fieid is 
6 mm. C, Sample 9rlNM-1 BE, hi@-grade portion of the staurolite + biotite zone. Large stauroIite 
porphyroblast cteariy deff ects ma& foIiation, and Si is strongiy incluied to Se. Note the dose 
association of gamet porpfiyrobIast partialiy visiite on right fiand side of photo, and stauroiite. 
Width of field is 6 mm. D. Sarnpie 94NM-1 BC, fiom same outcrop as C. S taumiite 
porphymblasts do not noticeabty deffect rnatrix foliation and show Si parde1 to S.. Width of field is 
6 mm. Note: anomaious colours are an artifact of printing, 





Plate 6 Retrogression and deformation of prograde M2 minerais. A. Sample 95-NM-17 1 B, 
staurolite + biotite zone. PartÏaiIy to completety retrogressed staurolite porphyroblasts. Composite 
M I -M2 gamet porphyro blast surromded by muscovite-rich aggregates which are pseudornorp hs  
d e r  large staurolite porphyr~blasts~ Oo the right hand side of the gamet, a mail relict staurolite 
grain is presewed in the core of a pseudomorph. Note ihat pseudomorph outlines defi ect matrix 
foliation- Also note post-M L hcture m garnet fdied by hcIusion-poor M2 garnet, and inclusion- 
poor subhedral rim. Width of field is 6 mm. B. SampIe 95-NM-175A, staurotite + biotite zone 
Completely retrogressed staurolite (?) porphyroblast Muscovite * chiorite pseudornorph (ps) &ter 
staurolite cIosely associated with pactiaUy chloritized and hctured gamet porphyrobIast, Note uiat 
shape of originaî staurolite is still discernable, and that it gently deflects matru< foliation. Width of 
field is 6 mm. C. Sample 96-NM-214J, staumtite + biotite (+ and) zone. F r a c a d  and boudinaged 
andalusite porphymblast. Biotite is seen to have deveIoped ma boudin neck in andalusite, just to 
right of center. Width of field is 6 mm. D. Sarnple 94-NM-L03D, staurolite + biotite (+ and) zone. 
Muscovite chIorite pseudomorph after andaIusite, with retict anddusite pmserved in core. Note 
aiignment of muscovite and chiorite flakes after andalusite with dominant ma& foliation. Width of 
field is 3 mm. Note: anornaious coiours are an artifact of printing. 





Plate 7 SiIlimanite-bearing rocks h m  western reaches of the study area (see Fig. 2.6). A. Sample 
95-NM-156, sillimanite + staurolite zone. Fibrolitic sillimanite + biotite intergrowth developed ou 
what is interpreted to have been a chionte-cÏch pseudomorph d e r  gamet, in close association with 
staurolite. Note local presence of tmdeformed chlorite which may be a product of early gamet 
retrogression. Width of field is 6 mm. B. Sample 95-158C. sillunanite + gamet + biotite zone. 
Late, euhedrai gamet developed over fibroiitic siIlimanite + biotite intergrowth on early gamet 
pseudomorph. Early gamet may have been split, as suggested by the biIobate outiine of the 
pseudomorph, and is interpreted top be of ML timing. Width of field is 6 mm. C. SampIe 95-NM- 
LRC, sillimanite + gamet + biotite mue. Late, euhedral overgrowth on partiaUy resorbed, 
mclusion-nch gamet con. Gamet core is hterpreted to be of MI tiÏnïng, and gamet overgrowth was 
the cesult ofstaurolite-breakdown reaction during M 2  (see text). Width of field is 6 mm. D. Simple 
95-Big-9, siIlimanite + gamet + biotite zone. Ma& sillimanite is nbrolitic to tkely cry staiiine, 
aligned in the dominant foliatiou, and folded dong with other matrix minerais. Width of fietd is 6 
m. Note: anornaIous coIours are an artifact of printhg. 





Plate 8 Macroscopic structural elements. A: Folded and transposed S. View Iooking east (outcrop 
94-NM-54) at tight fold in psammitic sequence. Note thickened hinge, and attenuated to pinched- 
out upper b b  of most prominent fold in the lower haifof the outcrop. B: N-S trending folds, 
outcrop 95-NM-L 50, looking no&. Isoclinal intrafo bai foId (arrow) in semi-pelitic sequence. C: 
View Iooking east at semi-pelite outcrop on main N-S Rdge in the centrai portion of the study ares 
(outcrop 94-NM-30). is defïned by the rayerhg aad schistosity, and dips moderately to the ESE. 
Unddations are the result of late, steep, SE-trendhg crenulation. Note pinchedout Iayers in the IeA 
haif of the outcrop (arrow). D: Two intersection (crenulation) lineations, outcrop 94-NM- I 1, 
southeni part of the study ana 'Che heation ninnuig h m  upper left to lower right is the more 
coaspicuous of the two, and is the cesuit of the intersection of steeplydipping, ESE-striking 
crenulation cleavage with the dominant foiiation ST. A Iess weli developed lineation is visNe which 
is a i  high angle to it. This is the NNE-trending Lineation. Crenulation cleavage associated with this 
üneation is very poorly deveIoped. Note: anomaious colours arc an artifact of priniing. 





Plate 9 Split or fractured gamet porphyroblasts. A: Hand sample fkom outcrop 94-NM-119, 
stauroiite + biotite zone, cut pardel to Lr heation, Note asymrnetnc fold of concordant quartz veiu 
in Iower part of sampIe, and intrafo[iaIiy refolded teucocractic layer near the center (large anow). 
Split gamet porphyroblasts (smaü arrows) show gaps at high an& to ST, the dominant foliation 
highlighted by compositional Iayering consisting of biotite-rich, and quartz-rich Iaminae. B: 
MinenVintersection Iineation, Lr, defhed by alignmeut of elongate biotite flakes on $ surface, 
outcrop 94-NM-4 t 1. Note split gamet porphyrobIasts with split at high angle to LG C: SampIe 96- 
NM-165C, Srnormal, Lr-pardel cut. Split gamet &th gap at bgh angle to Sr. Si in garnet 
hgments is approximately p d e l  to the extemai foüation &, indicating that no post-spiining 
rotation took place. Note that many fractures in staurolite porphyroblasts are sub-parailel to garnet 
spiit Aiso note locaI, thin, inclusion-poor overgrowth on split gamet h p e n t s .  Widtii of field is 
IO  m. D: Sample 94-NM-75B, composite S. DSerÎng extents of transposition In rnatrix and in 
garnet porphyroblast- Dominant foliation in Iarge gamet is a crenulatiou cIeavage (S,) which 
o v e r p ~ t s  earlier continuous cleavage preserved m micro tithons (Sa. In matrix, a later-cycle 
continuous cleavage (Sc) is parallei to S, in gamet, No clear trace of eariier Foliation is found. Late 
shear bands (S*) overprint dominant fotiation in both garnet and rnatrix- Width of field is 6 mm, 
Note: anomalous coIours are an artifact of printing. 





Plate 10 Different stages of progressive transposition of the dominant foiiation in the same outcrop, 
stauroiite + biotite zone. A, B: SampIe 94-NM-215& showhg S ,  mentdation of an eariier foliation 
(Sc) defined by the preferred orientation of muscovite flakes. The orientation ofthe crenulation 
foliation (Sa) is irreguiar and some later shear bands (Ssb) appear to cross-cut crenuiations (cg., in 
lower left quadrant of picnin, see B). Note t&at many large biotite flakes Lie paralIel to S ,  but have 
Si approximately paraIIet to Sc. Some biotite flakes appear to be randody oriented. This sample 
shows a less advanced stage of a tramposition cycle than sample in CD. C, D: Sample 94-NM- 
2 15B, showing strong crendation cIeavage (S,) paraIleI to Iayering, rnarked by muscovite-rich 
laminae. Note imgdar. anastomosing nahue of this stmng crendation cleavage, and compositional 
laye~glsegngation associated with it. Earüer foliation Sc is extensively aansposed, but preseored 
in quartz-rich ~ m i i l i t o n s  as recrystakeci, isochally folded ihm muscovite-rich laminae. Note 
large, foiiation-paralle[ fisfi-shaped biotite fiakes lying approximately parailel, and IocaiIy showhg 
Si ai ùigh angle, to S, (anow). Width of field is 6 mm for aiI photomicrographs. A and C are in 
pIane polarized Iight; B and D are in cross-polarized üght Note: anomaious coIours are an artifact 
of printing. 





Plate 11 Lineation-defining biotite porphymblasts in Lraormal and Lrparaliel sections. A, B: 
SampIe 94-NM-I66B, stawotite + biotite zone. A shows LrparalIeI cut in which most biotite fi &es 
lie paraIlet to ST. B shows LTnormai cut in which biotite m e s  Iie at shdow to moderate mglt to 
Sr. and show a preferred vergence with respect to if denning a foliation, W. Coin is appmximately 
17 mm in diameter- C, D: Sample 96-NM-205B, staurotite + biotite zone, C shows L-ormai cut- 
An S-C-type fabric is defhed by two shaiiow-dipping (in cEiis view), discontiüuous, cross-cutting 
fotiations (thick lines), forming eye-shaped domains (dashed). A IeA-dipping foliation is defmed by 
the preferred orientation of most matrk muscovite flakes, and is at shdiow angle to eariier 
compositionai layeri. highlighted by a quartz-rich band nrnning h m  Iower left to center ngbt 
(large arrow). Some medium-shed biotite flakes parailel this fotiation, A right-dipping foliation is 
fiighlighted by the preferred orientation of thin, medium-sized biotite flakes. Note that some biotite 
flakes [ie sub-horizontai in the figure, at angle to both Ie€t-dipphg and rigbt dipping foiiations, 
These flakes tend to be fish-shaped, and eiongate ~ctusions (Si) are at hi& angle to both foIiations- 
Aiso note other biotite flakes which are bIocky to rectanguiar, do not Iie pardel to a foliation, have 
Si p a d e l  to Local extemal foliation, and appear to overgrow both lefi- and right-dippiug fo M o n s  
(e.g., 2-3 flakes Iumped together in the upper right corner of the figure, smaii arrow). D shows LT 
paraLiel cut, One strong preferred orientation of pIaty mherals (sub-horizontal) is visible, and 
foliation is much more regdar iu this cut than in the Lrnormai cut, Most biotite flakes are eiongate 
to fish-shaped The majority of flakes lies sub-parailel to the foliation, but a few flakes lie at a 
shdow angle to it (arrows). Width of fieId for C, D is 6 mm. Note: anornaious cotours are an 
&act of printmg, 





Plate 12 Rotated and deformed biotite porphyroblasts. A: Sample 96-NM-20 LB, staurolite + biotite 
zone. STnormal, Lrparallel cut showing Iarge biotite fish with opposite senses of asymmetry (two 
flakes Ieft and nght of center, uiferred local sense of shear shown by arrows), Note Si in flake on the 
right is rotated relative to Sv AISO note pmch-and-ml1 aspect of [amination in quartz vein at 
bottom. B: Sample 96-NM-208A, stamlite + biotite zone. STaormd, LTparaiIel cut showing 
Iarge twinned biotite flakes. AIso note that different porphyroblasts appear to show different sense 
of rotation. C: Sample 96-NM--224EC, s taml i te  + biotite zone. !+normal, Lrnormd cut, 
Extensionai crendation (S,, Iower Ieft to upper ri@) and earlier, dominant foliation (Sc, sub- 
horizontai) anastomose to form an S-Cf fabric. Note close association of crenuiation with Iarge, 
rotated and locaIIy spiit biotite porphyroblasts D: Sample 96-NM-225F, staurolite + biotite zone. 
Two Iarge biotite flakes m the center have opposite shape asymmeûy, aud opposite apparent sense of 
rotation of Si dative to S, Width of field is 6 mm for all photomimgraphs. Note: anomaious 
colours are an artifact of prining, 





Plate 13 Split or fractureci porphyroblasts. A: SampIe 96-NM-201A, staurolite + biotite zone, 
normal, kparalle1 cut. Fractures in gamet (lower right) and gap in biotite (upper lefi) have simiIar 
orientation approximately perpendicular to dominant fohation S. Width of field is 6 mm. B: 
Sample 95-NM-L66B, staumtite + biotite zone, Srnomial, Lrparallel cu t  Post-kinematic staurolite 
porphyroblast is sptit, but relative dispIacement of cesuithg hgments is dEcuIt to estimate. Width 
of field is 6 mm. C: Sample 96-MM2 MJ, boudinaged anddusite porphyro Hast, showhg sptit at 
hi& angie to ST, and deveIopment of biotite in boudin neck just right of centw, Width of field is 6 
mm, D: Photomicrograph of sampie 94-NM-109, staurobte + biotite zone, showing boudinaged, 
eiongate feldspar grain. !& is approximateIy horizontal and spiits are at high angle to it. Width of 
field is 1 0 mm. Note: anornalous colom are an artifact of printing. 





Plate 14 Extensiond stnicturaI efements. A: Biotite-nch high-strain zone in semi-pelitic sequence, 
outcrop 96-NM-235, staurolite + biotite zone, Iooking West, Lrnomal cut, Note pinched-out 
psammite layers and quartz veins. An outcrop-scaie shear band is highlighted by passages of dense 
biotite-rich Iayers which cut through ST Iayering at shaiiow ange, h m  top left to bottom right of 
picture. Merred sense of shear is top-down-to-the-north, B: Hand sample 9 M - 7  I A, staurolite + 
bio tite zone, showing extensionai crendation cleavagefshear bands (Sib) at rnoderate angle to 
domÏnant foliation (Sc>, pmducing an S-C'-type fabric. Width of fieId is 8 cm. C: SampIe 9 6 W -  
200B, staurolite + biotite zone, &-normal, LTpardeI CUL Large extensionai shear band m s  h m  
upper left to Iower right. Note counterclockwise apparent rotation of Iarge chlorite f i  akes and maûk 
white micas immediately to right of shear band, Width of field is 6 mm. D: Hand sample 96-NM- 
223A, staurolite + biotite zone, Srnormal, stretching Iineation-pardel cut, View is to south, A 
feldspar gnin on the Iowa left corner is boudinaged, and the r d t i n g  split surfaces are at a <90° 
angle to Sr. Severai winged aad sigrnoidai feidspar porphyrocIasts bdicate a top-to-the-west sense 
of motion, comllSlstent with boudmaged clasts of feldspar. Coin is 17 mm in diameter. Note: 
anornabus coIours are an artifact of printing. 





Plate 15 Fol& with LrparalLe[ axes. A: FoIded quartz veins, outcrop 94-NM-82, gamet zone- 
Dismembered hinges of folded quartz veins fom ridges on the dominant foliation surface (which 
mostly parallels the outcrop srnface). Compass points north. B: Outcrop 94-NM-113. murotite + 
biotite zone. Dismembered hinges of folded quartz veins on ST surface approximately parailel Lr, 
highlighted by eIongate biotite grains (both trend Eom lower Ieft to upper nght on figure). Coin is 
24 mm in diameter. C: Same outcrop as  B, Iooking approximateiy noma1 to LT and foId axes, and 
showing asymmetric, tight foId of tliin, subîoncordant quartz vein. Note thin biotite segregation 
highlighting compositional layering-pardel dominant foliation. Coin is approximately 1.5 mm 
thick, Note: anomalous coIours are an artifad of printing. 





Piate 16 Stretching iineation. A: Outcrop 94-NM-127, staurotite + biotite zone, Iooking no&. 
S&ed gritty psammite with stretched quartz and feIdspar (white) porphyrocIasts. B: Sample 94- 
N M - I O  1, staurolite + biotite zone. Large, eiongate quartz grains with straight graÏn boundaries at 
high angle to foiiation define nibon quartz These grains show deformath hHins and sub-grain 
boundaries (open arrow), and smaü, dynamicaiiy recrystallized grains at their bottudaries (ciosed 
mw). Cross-polarized tight. Width of field is 6 mm. C, D: &-normal, Lrnomal and L~paralIel 
cuts, respectively, sarnple 94-NM-120Q, stauroiite + biotite zone, showing nibon quartz and 
strongiy stretched feldspar porphymclasts in C. Coin is 24 mm in diameter. Note: anomdous 
colours are au artif'act of printing. 





Appendix II: Outvop locations and Lt of samples 



pILiueA4Lî Locations ofoutcrops and samples discassed in tcxt 



List of samples 

SAMPLE TYPE GARNET CQMMENTS 

. - - - - - - - . - - - -- . . - - . - - -. - -- - 
development/ i lsp~~i ion of ST? cut at --an@ by h~ c m  cleavage -- - 

p_~e~~use-s~l'n c m ,  cleavage - . - - - - . - - - - -  - - -  
iJy isoclinal fold ovegrintd by latë~cr&ulatkÏn*~* - -  - - - -  - -- 

gt on vein wall and difision "halo" away from vein 





List of samples 
SAMPLE TYPE 

- .  - - 

chl-schist --- - 

chl-schist _ _ 
bt chl-schist -- 
chl-schisi - -. _ 

ctub schist -- 
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Appendk ICI: Minerai Anaiyses 



Chlorite and muscovite microprobe analyses 
,Chlorite 

Ti02 
A1203 
Cr203 
Fe0 
Ml@ 
Mn0 
Ca0 
Na20 
mo 
F 
Total 

Sample NM-111B NM-IlII3 NM-1IlB NM-1118 

Ti02 
A1203 
Cr203 
Fe0 
Mg0 
Mn0 
Ca0 
Na20 
K20 
F 
Total 

Muscovite 



Biotite analyses 

Sample NM-111B NM-1118 NM-111B NM-Il18 NM-111B NM-111B NM-111B NM-1llB NM-IllB NM-111B NM-111B 

F 0.4 I 0.43 0.42 0.39 0,39 0,40 0.22 0.24 0.28 0.39 OS4 
Total 94.40 90-37 93.87 93.59 95-39 94.75 91 .O1 91.17 94.02 93.1 1 94.47 

Ti02 l,47 1 .44 1.49 1.51 1.64 1 .S6 1.73 0.83 1.65 2.10 
A1203 18.59 18.7 1 18.58 18.4 l 1 9.0 1 18-48 18.93 18.67 17.66 16.88 
Cr203 0,OO 0-00 0,02 0.00 0,O 1 0.00 0.03 0.03 0.03 0.05 
Fe0 18.64 18.90 19.81 19.27 18-5 1 19.03 24.4 1 2 1 ,O8 2 t ,O9 18.66 
Ml30 10.14 10.1 1 10.28 10-2 1 10.03 9-99 10.01 12.13 9-55 1 1.65 
Mn0 O. 12 0.08 O. 13 0.09 0.08 0,OS 0.04 0.45 OS0 0.23 
Ca0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.08 0.04 
Ba0 0.09 O. 14 O, 14 0.12 0.06 0.15 O. 16 0.08 O, 13 0.1 1 
Na20 0,33 0.26 0.11 0.20 0-25 0.18 0.26 O, 13 0,48 0.53 
K20 9-0 1 9.0 1 8.79 9.07 9-24 9.05 9.22 3-49 8.33 7,OO 
F 0.45 0.39 0.32 0.38 0,45 0.40 0.38 0.18 0.34 0.24 
Total 94-79 94,8 1 94.48 94.44 9S,2S 93.99 93.89 89.87 94.76 93.13 



Appendix IV= Structural Measurements 





elements Transposition-related structura 

Outorop # 

94-NM-33 

94-NM-34 

Stretching Iineation 
trend 1 plunse 

1 

FT 
trend 

Grid position 
X 

3250 

900 

plunge 
ST 1 

Y 

1625 

S T  
strike strike 

37 

0, 
7 

49 
-___11-_1_3 

104 21 
99 

116 
40 

875 

800 
----- 

2350 

- 

- 

Gt split 
trend dip 

16 

19 .--, 

17 
25 
22 
28, 
54 
43 
24 

94-NM-37 

dip dip 

307 1 

2350 

94-NM138 
94-NM49 
9FNK../r0 
94-NM-4 1 
94wNM42 
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trmd I plunge 

,,- - 

2 2 - 1 -  +- 
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---ERqT 
725 47 3 3 
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.-- 
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. 3 175 

3ûûO 

--- 
3025 
2950 
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1150 
900 
850 

775 

1750 

1575 
1475 

7- 

-- 

94-NM4 1 
94-NM.52 
94-NM-53 

94wNMw54 A 

94-NM-$5 
94wNM-56 
94-NM-57 
94-NM-58 

120 40 
97 
9 1 

92 
65 
62 

46 
29 

28 
20 
29 

2900 
2875 
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2950 
2875 

60 
79 
56 
63 
37 
50 
64 
35 
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1225 
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1150 
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3975 
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4 1 
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t z I I x I I I  
2 5 7  
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Transposition-related structural el~ments 





Outcrop # 
S T  

strike 
Mineral lincation 

trend plunge 
I 

dip 
Grid position ST 

strike X dip 
Stretching lineaiian 

trend / plunge 
1 

Y 
FT 

trend 
1 

plunge 
Gt split 

trend dip 



Transposition-related structural elements 
Grid position ST ST 1 Mineral lineation , Siretching lineation FT I Gt split 1 

Outcrop # X Y strike dip strike dip trend plunge trend ' plunge trend plunge trend dip 
l 

y-- -- 

2600 2650 

2525 2500 
2525 2200 

303 14 

95pNM- 1 66 3075 5675 322 24 83 18 
305 22 -- 5 5 19 1 70 90 

- .  

315 25 1 
310 25 65 25' 

- 
------- 

95wNMw167 5500 279 23 1 I 80 13 3000, 
299 79 1 1 1  175 90 
3OQ 

-7- t - 
95-NM- 168 2875 5650 306 22 70 14 
95-NMwI 69 2875 5725 282 22 
95mNM- 170 2825 5750 308 25 
g3wmn-l 
95-NM- 1 72 

95-NM- 173 

95mNMw174 

PS*NM* 1 75 

1600 

1575 

1600 
- 

1635 
--- 

1650 

5400 

5325 

5300 
-- 

5275 

5325 

297 
246 
302 

14 
24 
22 7 

275 ' 
40 65 1 

y-- 
l 
I 
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23 
25 

- 268 
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2 6 , ~ p ' 2 0 7 -  
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3001 15 
i--- -- 1 j 

I T--' 
265 
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*3 1 
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